Maria Mandela Prünster 
  
Lorenzo Ricci 
  
Federico Brown 
  
Stefano Tiozzo 
email: tiozzo@obs-vlfr.fr
  
De novo neurogenesis in a budding chordate: co-option of larval anteroposterior patterning genes in a transitory neurogenic organ

Keywords: Ascidians, neurogenesis, regeneration, AP axis, Otx, neural gland, Botryllus schlosseri

During metamorphosis of solitary ascidians, part of the larval tubular nervous system is recruited to form the adult central nervous system (CNS) through neural stem-like cells called ependymal cells. The anteroposterior (AP) gene expression patterning of the larval CNS regionalize the distribution of the ependymal cells, which contains the positional information of the neurons of the adult nervous system.

In colonial ascidians, the CNS of asexually developed zooids has the same morphology of the one of the post-metamorphic zooids. However, its development follows a completely different organogenesis that lacks embryogenesis, a larval phase and metamorphosis.

In order to describe neurogenesis during asexual development (blastogenesis), we followed the expression of six CNS AP patterning genes conserved in chordates and five neural-related genes to determine neural cell identity in Botryllus schlosseri.

We observed that a neurogenesis occurs de novo on each blastogenic cycle starting from a neurogenic transitory structure, the dorsal tube. The dorsal tube partially co-opts the AP patterning of the larval CNS markers, and potentially combine the neurogenesis role and provider of positional clues for neuron patterning. This study shows how a larval

INTRODUCTION

During the development of most bilaterian, the central nervous system (CNS) becomes regionalized molecularly along its dorso-ventral and anteroposterior (AP) axes. Such partitioning is defined by a patterned expression of transcription factors (TFs). Dorsoventral regionalization has been suggested to have evolved independently [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF] . The AP order of gene expression is conserved even in animals with no centralized nervous system [START_REF] Pani | Ancient deuterostome origins of vertebrate brain signalling centres[END_REF] and such patterning can be important for the axis of entire organisms [START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF] .

In ascidians (Tunicata), the larval CNS is formed like in other chordates by the rolling up of a neural plate into a dorsal hollow tube, which becomes organized along the AP axis into four regions: the sensory vesicle (SV), the neck, the visceral ganglion (VG), and the tail nerve cord [START_REF] Hudson | The central nervous system of ascidian larvae[END_REF] . While the homology of these structures to corresponding regions in chordate CNS regionalization is still debated [START_REF] Hudson | The central nervous system of ascidian larvae[END_REF][START_REF] Wada | Tripartite organization of the ancestral chordate brain and the antiquity of placodes: insights from ascidian Pax-2/5/8, Hox and Otx genes[END_REF][START_REF] Ikuta | Dynamic change in the expression of developmental genes in the ascidian central nervous system: Revisit to the tripartite model and the origin of the midbrain-hindbrain boundary region[END_REF][START_REF] Dufour | Precraniate origin of cranial motoneurons[END_REF] , the expression of some TF genes characterizing the AP axis are conserved [START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF] . For instance, along the AP axis, Otx is expressed anteriorly 8,9 , and Pax2/5/8 and Gli more posteriorly [START_REF] Imai | Gene regulatory networks underlying the compartmentalization of the Ciona central nervous system[END_REF] , while several Hox genes are expressed even more posterior, in the VG [START_REF] Locascio | Patterning the ascidian nervous system: structure, expression and transgenic analysis of the CiHox3 gene[END_REF] and in the nerve cord [START_REF] Ikuta | Ciona intestinalis Hox gene cluster: Its dispersed structure and residual colinear expression in development[END_REF] . This order of gene expression reflects the patterns of expression of orthologous genes not only of vertebrate, but also of the cephalochordate and the hemichordate nervous systems [START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF] .

During their biphasic life history ascidians undergo a severe remodeling of their nervous system. The swimming tadpole-like larva with the typical chordate body plan metamorphoses into a sessile filter feeding zooid [START_REF] Cloney | Ascidian larvae and the events of metamorphosis[END_REF] . Throughout this process it loses the larval sensory organs and tail used in locomotion. The post-metamorphic zooid substitutes the larval CNS by the adult neural complex. The neural complex [START_REF] Mackie | The nervous system in adult tunicates: current research directions[END_REF] consists of a cerebral ganglion, which innervates the body wall [START_REF] Tiozzo | Development of the neuromuscular system during asexual propagation in an invertebrate chordate[END_REF][START_REF] Burighel | Urochordata : Ascidiacea[END_REF][START_REF] Osugi | The nervous system of the adult ascidian Ciona intestinalis Type A (Ciona robusta): Insights from transgenic animal models[END_REF] and the neural gland (NG) [START_REF] Lane | Neurosecretory Cells in the Cerebral Ganglion of Adult Tunicates: Fine Structure and Distribution of Phosphatases[END_REF][START_REF] Deyts | Morphological and gene expression similarities suggest that the ascidian neural gland may be osmoregulatory and homologous to vertebrate peri-ventricular organs[END_REF] , which opens anteriorly into the branchial chamber through a ciliated funnel-shaped duct (CF) and continues posteriorly forming the dorsal strand, or dorsal organ (DO) [START_REF] Terakado | Placode Formation and Generation of Gonadotropin-Releasing Hormone (GnRH) Neurons in Ascidians[END_REF] .

The adult ganglion is derived from cell progenitors of the transitory larval CNS. In Ciona only one third of the larval nervous system are neurons and the rest are glia-like cells, classified as ependymal cells [START_REF] Nicol | Cell counts and maps in the larval central nervous system of the ascidian ciona intestinalis (L.)[END_REF] . Most larval neurons disappear during metamorphosis, whereas the ependymal cells of the larval brain differentiate into the neurons of the adult ganglion [START_REF] Horie | Ependymal cells of chordate larvae are stem-like cells that form the adult nervous system[END_REF] . Interestingly, cell tracing experiments showed that the patterning of the larval CNS provides the positional information along the AP axis of the adult CNS neurons 7,22-24 . This is an example where a transitional structure, the larval CNS, serves as a scaffold to build the adult definitive structure, the adult CNS [START_REF] Minelli | The development of animal form : ontogeny, morphology, and evolution[END_REF] .

In colonial species of ascidians, such as Botryllus schlosseri, the post-metamorphic zooid (oozooid), derived from a larva, begins a cyclic asexual budding process named blastogenesis that leads to the development of other adult zooids (blastozooids) [START_REF] Manni | Ontology for the asexual development and anatomy of the colonial chordate botryllus schlosseri[END_REF] . During blastogenesis all organs, including the nervous system, are created anew from preexisting epithelia, without passing through a larval stage (Suppl. Mat. 1). Regardless their different ontogenetic origin, the overall anatomy of the CNS in oozooids and blastozooids is identical. During blastogenic neurogenesis, the neural complex originates from an epithelial thickening that evaginates from the dorsal inner vesicle of the young bud forming a tubular structure, the dorsal tube, which elongates anteriorly along the AP axes [START_REF] Manni | Ontology for the asexual development and anatomy of the colonial chordate botryllus schlosseri[END_REF][START_REF] Burighel | Neurogenic role of the neural gland in the development of the ascidian, Botryllus schlosseri (Tunicata, Urochordata)[END_REF] . The dorsal tube gives rise to the neural gland and by delamination of migratory cells to the cerebral ganglion [START_REF] Manni | Ontology for the asexual development and anatomy of the colonial chordate botryllus schlosseri[END_REF][START_REF] Burighel | Neurogenic role of the neural gland in the development of the ascidian, Botryllus schlosseri (Tunicata, Urochordata)[END_REF] .

To explore whether the larval AP patterning process has been co-opted during blastogenetic CNS development in Botryllus schlosseri, we studied the expression of six genes with highly conserved roles among chordate CNS AP patterning. To further extend comparisons with non ascidian chordates CNS patterning we included Botryllus orthologues of IrxB and Pou3, where presence or expression in ascidians is less documented (Suppl. Mat. 3) [START_REF] Imai | Gene expression profiles of transcription factors and signaling molecules in the ascidian embryo: towards a comprehensive understanding of gene networks[END_REF][START_REF] Candiani | Cloning and developmental expression of AmphiBrn1/2/4, a POU III gene in amphioxus[END_REF] Five additional genes were chosen to determine neural fate of cells originating in the dorsal tube . The selected genes have been described in Table 1. Briefly, Otx, Gli, IrxB, Pou3, Hox3 and Pax 3/7 have been reported to play a role during the AP patterning in many chordates [START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF] including in some ascidian [START_REF] Wada | Patterning the protochordate neural tube[END_REF] , whereas Zicr.a, Ebf, Etr, Notch and Pou4 have been shown to be involved in neural fate determination and neurogenesis in ascidians and other chordates .

We followed the expression dynamics of these 11 genes during blastogenetic development and observed that the dorsal tube, partially co-opt the anteroposterior patterning of the larval CNS markers, potentially providing positional clues for the establishment of the entire neural complex. 

MATERIALS AND METHODS

Animal husbandry

Botryllus schlosseri colonies were raised on 50x70x1 mm glass slides as described previously [START_REF] Langenbacher | Whole-mount fluorescent in situ hybridization staining of the colonial tunicate Botryllus schlosseri[END_REF] . A Botryllus colony consists of three coexisting generations that arise asexually: the adult filter feeding zooids, their buds, called primary buds, and their buds (secondary buds or budlets). Budding (blastogenesis) was staged according to Lauzon et al. (2002) [START_REF] Lauzon | Cyclical Generation and Degeneration of Organs in a Colonial Urochordate Involves Crosstalk between Old and New: A Model for Development and Regeneration[END_REF] . First, a secondary bud appears as a thickening of the peribranchial epithelia and overlying epidermis of the previous generation (stages A1-A2). Second, the peribranchial evagination closes off and forms a vesicle, whereas the overlying epidermis maintains a connection to the parental zooid giving the impression of a double vesicle (stages B1-B2). Third, organogenesis begins as the inner vesicle folds into three distinct chambers: the central branchial chamber, and two lateral peribranchial chambers (stages C1-C2). While the adult zooid undergoes programmed cell death, and the primary bud takes over his place to become the next generation of zooid (stage D) and the secondary bud becomes the primary (A).

Gene identification and phylogeny

RNA sequences were retrieved by tblastn from the Botryllus schlosseri transcriptome database http://octopus.obs-lfr.fr/public/botryllus/blast_botryllus.php, full length sequences of the tunicate proteins are retrieved from Aniseed (https://www.aniseed.cnrs.fr/), and others from NCBI (Suppl. Mat. 2). Alignments were generated using MAFFT, and sequences trimmed by the TrimAl Gappyout method. Maximum likelihood trees were compiled using PhyML 61 (Suppl. Mat. 3-11).

Fluorescent in situ hybridization (FISH)

Antisense mRNA probes were designed within the coding region of each gene (Supp. Mat.

12) FISH was carried out as previously described in Ricci et al. ( 2016) [START_REF] Ricci | Redeployment of germ layers related TFs shows regionalized expression during two non-embryonic developments[END_REF] with the following modifications: 1% Dextran sulfate was added to the Hybridization buffer and the revelation solution. The anti-Digoxigenin Antibody (HRP) (Roche, #11207733910) was pre-adsorbed for 1 hour in hybridization solution with a mix of fixed colonies at different stages. When the tunic was exhibiting a very strong background the animals were manually removed from the tunic after rehydration, post fixed in 4% PFA for 1h and transferred into washing baskets in 24-well plates. DIG-probe detection was performed with bench-made FITC-Tyramide by 3h incubation. For double FISH, the hybridization of DIG labeled and Fluorescein labeled probes was performed at the same time, fluorescein probes were detected with Cy3-Tyramide.

Imaging

Confocal images were acquired using a Leica SP8 (40x/1.1 Water WD 0.6 HCX PL APO CS2) and processed with ImageJ [START_REF] Rueden | ImageJ2: ImageJ for the next generation of scientific image data[END_REF] and Inkscape.

RESULTS

Early expression of neural patterning genes during blastogenesis

At the onset of blastogenesis the secondary bud forms a double vesicle, the inner vesicle starts to fold giving rise to various structures including the dorsal tube [START_REF] Manni | Ontology for the asexual development and anatomy of the colonial chordate botryllus schlosseri[END_REF] (Materials and methods). The dorsal tube begins as a dorsal thickening of the epithelium of the inner vesicle [START_REF] Burighel | Neurogenic role of the neural gland in the development of the ascidian, Botryllus schlosseri (Tunicata, Urochordata)[END_REF] . In this region Otx and IrxB were expressed starting from the double vesicle stage (stage B2, Fig. 1 A,B). This expression was maintained when the primordium of the dorsal tube started to evaginate (stage C1, Fig. 1C). At this stage the first AP pattern was detected (Fig. 1 D-D''): Pou3 was expressed anteriorly in few cells in the forming dorsal tube (Fig. 1D), moving posteriorly Pou3 was co-expressed with the posterior marker Hox3 (Fig. 1D') and more posteriorly few cells expressed only Hox3 (Fig. 1D''). The area of the evaginating dorsal tube co-expressed also the neural makers Zic-r.a and Ebf (Fig. 1E-G).

While the domain of expression of Zic-r.a was broader (Fig. 1F), Ebf was expressed only in a set of cells at the posterior side of the Zic-r.a domain (Fig. 1G).

Dynamic of expression during the elongation of the dorsal tube

In the secondary bud, during stages C2 the forming dorsal tube extends anteriorly as a blind tube (Fig. 2A) to meet the inner vesicle and fuse to the future branchial chamber at stage D (Fig. 2B-C). In the meantime, cells detach from the walls of the dorsal tube to the overlying mesenchyme [START_REF] Manni | Ontology for the asexual development and anatomy of the colonial chordate botryllus schlosseri[END_REF][START_REF] Burighel | Neurogenic role of the neural gland in the development of the ascidian, Botryllus schlosseri (Tunicata, Urochordata)[END_REF] . During the elongation of the dorsal tube Otx transcripts were expressed at the anterior pole with a gradual increase in expression to the ventral side, over the dorsal epithelia of the future branchial basket and atrial chambers, as well as in other more posterior regions (Fig. 2D). During dorsal tube elongation, IrxB was expressed around the dorsal tube and in scattered cells of the tube (Fig. 2E). The expression of Gli was first detected along the entire dorsal tube (Fig. 2F) and then became restricted in the median region of the dorsal tube after the anterior fusion of the tube (Fig. 2G). During dorsal tube elongation Pou3 expression shifted posteriorly and overlaps with Hox3 expression (Fig. 2H). During anterior fusion of the dorsal tube Hox3 was detected in the posterior end of the tube, and in mesenchymal cells around the dorsal tube (Fig. 2I).

Pax3/7 patterns Ciona CNS in three regions anterior and posterior part of the SV, the neck and the caudal nerve cord [START_REF] Mazet | Pax gene expression in the developing central nervous system of Ciona intestinalis[END_REF] . In the Botryllus C2 secondary bud, Pax3/7 was expressed in the anterior dorsal side of the elongating dorsal tube (Fig. 2J), and in the epidermis that overlies the tube. After the fusion of the tube (stage D), Pax3/7 transcripts were no longer localized in the epidermis, but in mesenchymal cells overlying the dorsal tube (Fig. 2K).

The detection of the pan-neuronal marker ELAV related gene Etr was observed from stage C2 in scattered cells of the dorsal tube and in the mesenchymal cells around the tube (Fig. 2J). Some Etr+ cells in the tube and in the mesenchyme also co-expressed Pax3/7 (Fig. 2J). The larval neural tube marker Zic-r.a retained expression along the dorsal tube during elongation (Fig. 2L) and after fusion. In stage C2 the neural marker Ebf was expressed in single cells along the entire dorsal tube and the overlying mesenchyme (Fig. 2L,M), some of these cells co-expressed the second Pou-domain containing transcription factor Pou4 (Fig. 2M), a TF necessary for terminal differentiation of specific sensory neurons in different metazoan phyla [START_REF] Candiani | Ci-POU-IV expression identifies PNS neurons in embryos and larvae of the ascidian Ciona intestinalis[END_REF] . Notch (Fig. 2N) was expressed in scattered cells all along the tube during its elongation and fusion.

AP patterning of the dorsal tube during the formation of cerebral ganglion

At stage A1 of the colony, the CNS of the primary bud is further developed than the secondary bud at stage C mentioned above (Fig. 3A-B). The posterior side of the dorsal tube detaches [START_REF] Manni | Ontology for the asexual development and anatomy of the colonial chordate botryllus schlosseri[END_REF] , and a delamination of cells from the tube migrate ventrally forming the cerebral ganglion [START_REF] Manni | Ontology for the asexual development and anatomy of the colonial chordate botryllus schlosseri[END_REF][START_REF] Burighel | Neurogenic role of the neural gland in the development of the ascidian, Botryllus schlosseri (Tunicata, Urochordata)[END_REF][START_REF] Manni | Are neural crest and placodes exclusive to vertebrates?[END_REF] . At this stage Otx expression was confined to the anterior pole of the tube, as well as to the dorsal epithelia of the branchial basket and peribranchial chambers (Fig. 3 C, C'). IrxB expression was restrained to a central region of the dorsal tube (Fig. 3D,D'). Gli maintained its domain of expression in the middle of the dorsal tube posterior to the Otx expression domain and showing only a small overlap (Fig. 3E). Only a scattered part of the Gli expressing cells co-expressed the neural marker Ebf (Fig. 3F, F a , F'). Pou3 expression split in two domains: low expression in anterior cells and strong expression on cells located on the posterior third of the dorsal tube (Fig. 3G,G').

The patterning markers Hox3 (Fig. 3H,H expressed Etr (Fig. 3K'). Notch (Fig. 3M) was expressed over the entire length of the dorsal tube.

DISCUSSION

Dorsal tube formation and neurulation share similar AP patterning

Our data highlight comparable AP expression patterns between the stereotypical chordate neurulation [START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF][START_REF] Wada | Tripartite organization of the ancestral chordate brain and the antiquity of placodes: insights from ascidian Pax-2/5/8, Hox and Otx genes[END_REF][START_REF] Albuixech-Crespo | Molecular regionalization of the developing amphioxus neural tube challenges major partitions of the vertebrate brain[END_REF] (Fig. 5), and the formation of the blastogenetic dorsal tube in B. schlosseri.

As described before the dorsal tube is a developmental structure that generates the adult neural complex during asexual development [START_REF] Manni | Ontology for the asexual development and anatomy of the colonial chordate botryllus schlosseri[END_REF] . Here we show a common tripartite molecular regionalization during chordate CNS tubular formation, independent of its developmental origin, whereas Otx is expressed anteriorly, IrxB and Gli in a central region, and Hox3 and Pax3/7 at the posterior end of the tube. The regionalized expression of these genes is transient and begins in the young bud, at stage B2, in a region defined by the presence of TFs associated to ectodermal tissue fates [START_REF] Ricci | Redeployment of germ layers related TFs shows regionalized expression during two non-embryonic developments[END_REF] . Within this epithelial domain of the internal vesicle of the young bud, the dorsal tube arises as a thickening, and displays a bipartite expression of the transcription factors Pou3 and Hox3. While not reported in ascidian neural patterning, Pou3 has been shown to regionalize the nervous system during development of several taxa [START_REF] Wollesen | POU genes are expressed during the formation of individual ganglia of the cephalopod central nervous system[END_REF][START_REF] Alvarez-Bolado | Model of forebrain regionalization based on spatiotemporal patterns of POU-III homeobox gene expression, birthdates, and morphological features[END_REF] . In early stages of larval development of ascidians, the CNS exhibits an early bipartition reflected by an absence of a gap between Otx and Hox gene expression 6 , which is followed by a the later insertion of a Pax2/5/8a+/Otx-/Hox-domain that establishes the tripartite partitioning of the larval brain (Wada and Satoh, 2001). Concordantly, in Botryllus blastogenesis, we find the formation of a middle region during the progression of the dorsal tube elongation, which corresponds to a region of expression of IrxB and Gli between the Otx and Hox3 domains at stage D.

While present in the B. schlosseri genome, in this study we were not able to amplify Pax2/5/8a, a marker of the neck region in Ciona; hence we used the zinc finger TF Gli, a downstream target of Pax2/5/8a [START_REF] Imai | Gene regulatory networks underlying the compartmentalization of the Ciona central nervous system[END_REF] . In addition, we analyzed IrxB, which has not been clearly described in solitary ascidians, but in vertebrates is expressed posterior to the zona limitans intrathalamica, the border between the thalamus and prethalamus [START_REF] Rodríguez-Seguel | The Xenopus Irx genes are essential for neural patterning and define the border between prethalamus and thalamus through mutual antagonism with the anterior repressors Fezf and Arx[END_REF][START_REF] Sena | An Evolutionarily Conserved Network Mediates Development of the zona limitans intrathalamica, a Sonic Hedgehog-Secreting Caudal Forebrain Signaling Center[END_REF] .Both Gli and IrxB were expressed in the central gap region between Otx and Hox in stage A1 bud.

Interestingly, before expression became restricted to the mid region prior the dorsal tube differentiation, the expression of both TFs started broader during dorsal tube elongation in the early tubulogenesis. Such extended AP domain might reflect a generally broader expression of both, Gli and IrxB, observed in non-ascidian chordates (Fig. 5C) [START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF] .

The tripartite regionalization of the dorsal tube reflects largely the divisions of the larval ascidian brain. In contrast, genetic markers of the nerve cord in the larval tail were not expressed during dorsal tube blastogenetic development. For instance, posterior Hox5

(Gionti et al, 1998) was detected in the peribranchial chamber only, but not in the dorsal tube (Suppl. Mat. 13).

The AP patterning genes analyzed here are not exclusively expressed during larval CNS development, but are also involved in the regionalization of other tunicate tissues with AP extension, such as the endostyle [START_REF] Cañestro | Evolution of the thyroid: Anteriorposterior regionalization of the Oikopleura endostyle revealed by Otx, Pax2/5/8, and Hox1 expression[END_REF] . They are also known to be expressed in postmetamorphic structures, such as the heart and pharynx [START_REF] Yoshida | Hox-mediated endodermal identity patterns pharyngeal muscle formation in the chordate pharynx[END_REF][START_REF] Hinman | Retinoic acid perturbs Otx gene expression in the ascidian pharynx[END_REF][START_REF] Ogasawara | Expression of endostylespecific genes in the ascidian Halocynthia roretzi[END_REF] . The three AP tripartite molecular domains observed here may be responsible for the morphogenetic boundaries of the neural gland complex, i.e. CF/NG/DO (Fig. 3.A). Hence, an anterior Otx+ domain delimits the territory of the CF, a median Gli+/IrxB+ delimits the median NG, and a posterior Pax3/7+/Hox3+ domain defines the posterior DO respectively (Fig. 5). We hypothesize further that the three domains may also be important for generating different neuronal cell types that delaminate and eventually reside in the CG.

Dorsal tube as center of neurogenesis during blastogenetic development

Histological and ultrastructural description of asexual neurogenesis defines the dorsal tube also as a cellular source for cerebral ganglion development. In particular Burighel et al.

(1998) [START_REF] Burighel | Neurogenic role of the neural gland in the development of the ascidian, Botryllus schlosseri (Tunicata, Urochordata)[END_REF] described the delamination and migration of cells from the dorsal tubular epithelium which migrate, cluster and differentiate into the neurons of the cerebral ganglion. In addition, the patterning observed in the dorsal tube occurs in tandem with the expression of neural and neurogenic markers such as Etr, Zic-r.a, Ebf and Pou genes.

Thus expression dynamics suggests a progressive neural fate determination from a population of cells in the dorsal tube epithelia, and in cells delaminating from it, which corresponds to morphological observations present in literature [START_REF] Burighel | Neurogenic role of the neural gland in the development of the ascidian, Botryllus schlosseri (Tunicata, Urochordata)[END_REF][START_REF] Manni | Mechanism of neurogenesis during the embryonic development of a tunicate[END_REF] . It has previously been suggested that during larval development and metamorphosis in B. schlosseri, most of the adult neural complex originated from the neurohypophyseal duct in the larval CNS [START_REF] Manni | Mechanism of neurogenesis during the embryonic development of a tunicate[END_REF] , which followed a similar morphogenetic mechanism to that described during blastogenesis [START_REF] Manni | Common and divergent pathways in alternative developmental processes of ascidians[END_REF] . On the other hand, in Ciona metamorphosis, the post-metamorphic ganglion was formed from ependymal cells of the CNS, and the position of cells along the AP axis reflects their eventual positioning in the adult cerebral ganglion, suggesting that it was the patterning of the larval nervous system that provide the positional information to pattern the adult cerebral ganglion [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][START_REF] Sasakura | Formation of adult organs through metamorphosis in ascidians[END_REF][START_REF] Hozumi | Neuronal map reveals the highly regionalized pattern of the juvenile central nervous system of the ascidian Ciona intestinalis[END_REF] . While the patterning of the larval CNS is conserved in B.

schlosseri (Suppl. Mat. 13) we did not detect any patterning genes in the neurohypophyseal duct. It is then intriguing to speculate that, in a non-embryonic context, the patterning of the dorsal tube may provide the spatial cues for neuronal guidance and development in the cerebral ganglion.

Dorsal tube: neural and non-neural nature

During dorsal tube differentiation, not all the Ebf+ mesenchymal cells express the neural differentiation markers Etr 50 or Pou4. In Ciona, Ebf is not only responsible for the decision of cholinergic motor neuron over ependymal cells fate in the larval CNS [START_REF] Kratsios | Coordinated regulation of cholinergic motor neuron traits through a conserved terminal selector gene[END_REF] but is also important for muscle formation [START_REF] Razy-Krajka | Collier/OLF/EBF-Dependent Transcriptional Dynamics Control Pharyngeal Muscle Specification from Primed Cardiopharyngeal Progenitors[END_REF] . Interestingly, we also detected myogenic TFs in the Botryllus dorsal tube and delaminating cells (Prünster, in prep.). Therefore, we argue that the dorsal tube and delaminating mesenchymal cells are not exclusively committed to neural fates.

Even though the ascidian specific transcription factor Zic-r.a is a maternal factor that determines muscular fate primary [START_REF] Nishida | macho-1 encodes a localized mRNA in ascidian eggs that specifies muscle fate during embryogenesis[END_REF][START_REF] Sawada | Macho-1 functions as transcriptional activator for muscle formation in embryos of the ascidian Halocynthia roretzi[END_REF] its zygotic expression in the anterior part of the sensory vesicle, in the neck, the ganglion, and along the nerve cord suggests a secondary role in neural development [START_REF] Satou | Macho-1-related genes in Ciona embryos[END_REF]78 . In Botryllus asexual development Zic-r.a represents a pan-dorsal tube marker, from the onset of dorsal tube formation until its final differentiation into the CF, NG and DO. Without clear live tracking of the dorsal tube derived epithelial mesenchymal cells it is not possible to follow the dynamics of any delaminating cells.

Nevertheless, these patterns of expression suggest that the dorsal tube is not exclusively a source of neural cells but may contribute to other cell types. While the role of the dorsal tube has not been functionally tested, this structure shows complex dynamics of cell commitment, cell differentiation, and cell migration. In this context, the presence of Notch+ cells, could play an inhibitory role on their differentiation [START_REF] Nye | An activated Notch suppresses neurogenesis and myogenesis but not gliogenesis in mammalian cells[END_REF][START_REF] Tanigaki | Two Opposing Roles of RBP-J in Notch Signaling[END_REF] . Unfortunately, chemically blocking Notch pathway resulted into a lethal phenotype (data not shown), so any effect on cell type specification could not be addressed.

Neural complex: neural and non-neural nature

Despite its name, the neural gland and associated structures, including the CF and the DO, have been considered the non-neuronal part of the neural complex [START_REF] Mackie | The nervous system in adult tunicates: current research directions[END_REF] . Some authors support the homology of the ascidian neural gland complex with the vertebrate pituitary or adenohypophysis [START_REF] Burighel | Neurogenic role of the neural gland in the development of the ascidian, Botryllus schlosseri (Tunicata, Urochordata)[END_REF][START_REF] Pestarino | A pituitary-like role of the neural gland of an ascidian[END_REF] , whereas others dismiss this homology and infer an osmoregulatory function [START_REF] Deyts | Morphological and gene expression similarities suggest that the ascidian neural gland may be osmoregulatory and homologous to vertebrate peri-ventricular organs[END_REF] (reviewed in Burighel and Cloney, 1997) [START_REF] Burighel | Urochordata : Ascidiacea[END_REF] . When analyzed histologically, the NG is a homogeneous structure with no obvious differences along the AP axis [START_REF] Deyts | Morphological and gene expression similarities suggest that the ascidian neural gland may be osmoregulatory and homologous to vertebrate peri-ventricular organs[END_REF][START_REF] Lane | The neural gland in tunicates: fine structure and intracellular distribution of phosphatases[END_REF] and composed of mainly phagocytic cells, without evidence of neuronal cell types [START_REF] Ruppert | Structure, Ultrastructure and Function of the Neural Gland Complex of Ascidia interrupta (Chordata, Ascidiacea): Clarification of Hypotheses Regarding the Evolution of the Vertebrate Anterior Pituitary[END_REF] 

Conclusion

During non-embryonic developments such as Botryllus blastogenesis, different morphogenetic and ontogenetic events lead to similar structures, often co-opting molecular regulatory pathways from embryogenesis [START_REF] Ricci | Identification of differentially expressed genes from multipotent epithelia at the onset of an asexual development[END_REF][START_REF] Tiozzo | Embryonic versus blastogenetic development in the compound ascidian Botryllus schlosseri: Insights from Pitx expression patterns[END_REF][START_REF] Tiozzo | Functional analysis of Pitx during asexual regeneration in a basal chordate[END_REF] . The observation of a transitory tubular structure that leads to the development of an adult CNS during asexual development, allows us to draw a raw map of gene expression patterns that show a remarkable similarity to AP patterning of larval CNS development. This is the first study that describes a molecular patterning event during a non-embryonic development of an ascidian. The development of two tubular neurogenic structures, one during embryogenesis and metamorphosis, and another during blastogenesis, strongly suggests co-option of a patterning between two different ontogenesis. In this case, the partial co-option of the dorsal tube patterning could represent a provisional scaffolding in blastogenesis, just like the larval CNS functions as a provisional scaffold for the adult CNS during the sexual development. Asterisk indicates unspecific staining of the probe in the tunic. The scale bar is 50 µm.

Nuclei are stained with Hoechst (cyan). 

  ') and Pax3/7 (Fig.3I, I') were both expressed in the posterior portion of the dorsal tube. Pax3/7 was no longer expressed in the anterior tube, but showed an additional expression in mesenchymal cells located in the dorsal and anterior region of the dorsal tube. Zic-r.a (Fig.3J, J') was expressed over the entire length of the dorsal tube. The neural markers Ebf, Etr (Fig.3K, K'), and Pou4 (Fig.3L) were expressed in scattered cells along the dorsal tube. Only part of the Ebf+ cells co-

  . Our observations of a differential expression of Pax3/7 and Hox3 along the AP axis of the NG in Botryllus indicates a molecular maintenance of territory identity after the separation of the CF, NG, and DO. In addition, a continuous expression of the neural marker Etr and Pou4 both in the differentiated ganglion as well as in cells of the NG suggests a perpetual differentiation of neurons in this region.

Fig. 1 .

 1 Fig. 1. AP patterning and neurogenic markers are expressed early in the B. schlosseri secondary bud stage B2. Confocal sections of budlets (A, B, D-G), dorsal is upwards. (C) Schematic drawing of Botryllus schlosseri budlet in stage C1 shows the first event of dorsal evagination of the inner vesicle (green) and the formation of peribranchial chambers that will give rise to the atrial chamber (ochre), with an expansion of mRNA expression projected on top. (D-D'') yellow arrow pointing to Pou3, with arrowhead to Hox3 expression. Genes (yellow or magenta) are indicated in the lower left corner. Dashed lines indicate the border with the primary bud (Pb) and dashed circles outline the gonads. Scale bar is 50 µm. Nuclei are stained with Hoechst (cyan).

Fig. 2 .

 2 Fig. 2. Dynamic anteroposterior marker genes are expressed coupled with neurogenic genes in B. schlosseri during dorsal tube elongation and fusion. (A) Schematic drawing of Botryllus schlosseri budlet in stage C2 shows dorsal evagination, elongation, and tubularization of the inner vesicle. Overlying mesenchymal cells (green) move ventrally (green arrow), while the peribranchial chambers form (ochre). States of expression (close-up in grey) are represented in the upper right corner of corresponding figures. (B-C) Schematic drawing of the budlet in stage D shows the dorsal tube (green) attaching anteriorly to the branchial chamber (light ochre); presumptive gonads (blue) are located laterally (B) and transversally (C). (E, F, H, J, L, M, N) Confocal sections of budlets in stage C2 and stage D (D, G, I, K). Genes (yellow or magenta) are indicated in the lower left corner in. The color border indicates colony stages (A-C). Dashed lines indicate the border with the primary bud (Pb).

Fig. 3 .

 3 Fig. 3. AP neurogenic genes during ganglion development in the B. schlosseri primary bud. (A-B) Schematic drawing of Botryllus schlosseri bud in stage A1, the dorsal tube is detached posteriorly and the cerebral ganglion is shown as a cluster of cells ventral to the tube (green), and the forming peribranchial chambers are fused dorsally (ochre). The green box in (A) represents a close-up view of the dorsal tube shown in the pictures on the right column. Oral siphon (os) and atrial siphon (as) remain closed. (B) Cuts trough dorsal tube indicate where confocal section of F and Fa were taken. (C-F',H,J-M) Confocal images of the dorsal side in stage A1 buds (G,I). Genes are indicated in the lower left corner of the pictures in yellow or magenta. (C',D',F",G'-K') Close-up view of the dorsal tube, black bar indicates the expansion of expression, dashed bar indicates scattered expression, grey relative low expression. (F') Arrow indicates co-expression of Ebf and Gli (K') Ebf expression. Asterisks indicate nonspecific staining of the probe trapping in the tunic and gonad, dashed circles outline the gonads. Scale bar is 50 µm and 10 µm in right column. Nuclei are stained with Hoechst (cyan).

Fig. 4 .

 4 Fig. 4. AP patterning and neurogenic markers in the neural complex of B. schlosseri. (A) Schematic drawing of Botryllus schlosseri neural complex. (B,C,E,G,I,J) Confocal projection images of stacks of the neural complex and (D,F, F',F", H) confocal sections. (F) Bright field images of a zooid prior to siphon opening, close-up in (F'). Genes (yellow or magenta) are indicated in the lower left corner. Scale bar is 50 µm. Nuclei are stained with Hoechst (cyan).

Fig. 5 .

 5 Fig. 5. AP patterning genes during larval CNS development and asexual dorsal tube development. (A) AP patterning domains of expression in the larval CNS of Ciona and the dorsal tube in a stage A1 bud of Botryllus schlosseri (B) Stage B2 (C) adult neural complex prior to siphon opening in B. schlosseri. (D) Chordate AP patterning genes in Amphioxus or a generic vertebrate (rat or chicken). Gene expression domains based on Alvarez-Blado et al.1995, Hudson & Lemaire, 2001, Matsunaga et al, 2001, Mazet et al. 2003, Imai et al. 2009, Holland et al. 2013, Albuxech-Crespo et al. 2017. ND, neurohypophyseal duct; SV, sensory vesicle; PSV, posterior
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Expression of CNS patterning genes and neural markers in the adult neural complex

The mature neural complex of a B. schlosseri blastozooid is composed of four structures: the ciliated funnel (CF), which is in continuity with the neural gland (NG), the dorsal organ (DO), and the cerebral ganglion (CG) [START_REF] Manni | Ontology for the asexual development and anatomy of the colonial chordate botryllus schlosseri[END_REF] (Fig. 4A).

The CNS patterning genes that were still expressed in the fully developed neural complex include: IrxB, which was expressed in scattered cells in the NG and CG (Fig. 4B); Pou3, which was expressed in NG, CG and DO (Fig. 4C); Hox3, expressed in the posterior region of the NG, the DO, and in a patch of cells in the postero-ventral side of the CG (Fig. 4D); and Pax3/7 that was expressed at the anterior pole of the NG and the antero-dorsal region of the CG (Fig. 4E). Gli and Otx were not detected in the adult neural complex. Zicr.a was expressed throughout the CF, NG and DO but not in the CG (Fig. 4F,F',F"). Ebf was expressed in scattered cells of both CG and NG (Fig. 4G,H). Etr was expressed in the entire CG and in scattered cells of the NG (Fig. 5H). Expression of the transmembrane protein Notch was restricted to the NG region (Fig. 4I), whereas Pou4 was expressed in the CG and NG (Fig. 4J).