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ABSTRACT

The experimental induction of twins (sea urchin) or conjoined (zebrafish) specimens challenges the plasticity and robustness of the developing embryo. We showed that individuals in twin and conjoined pairs follow different developmental paths that are in fact quite different than wild-type. We hypothesize that these different paths reveal the organism's developmental plasticity.

In both species, twinning is interpreted to rely on i) the lability of morphogen gradients setting the embryonic axes, ii) the repertoire of cell behaviors during blastulation and gastrulation in response to morphogen gradients and biomechanical cues and/or iii) the regulation of morphogenetic field size.

We showed that the development of sea urchin twins explores a realm of possibilities different from that of typical embryos. The twins develop first as a single and flat cell layer before compacting into a bona fide blastula. These developing twins are represented by 3 phenotypic categories depending on the number of germ layer precursors (correct number or not) and their contacts (correct contacts or not). However, these 3 classes led to similar percentage of normal pluteus larvae. We demonstrate that cellular reorganization is not required to restore the normal contacts between the different cell types implying that development proceeds through fate changes. In addition, larvae from twins have a normal number of primary mesenchymal cells and this does not involve further cell division. This situation is reminiscent of the ablation of micromeres with transfating compensating for the loss, leading to a proper number of primary mesenchyme cells (PMCs) and is thus likely to involve the transfating of secondary mesenchyme cells (SMCs).

Conjoined zebrafish are generated through Nodal pathway overexpression, transplantation of the Spemann organizer at the onset of gastrulation, or in the maternal homozygous mutant Janus. Our work focused on the first case. The interplay of signaling pathways in setting embryonic axes and inducing a Spemann-type organizing center has been extensively studied in zebrafish. However, the current state-of-the-art does not explain the link between biochemical cues and individual cell behaviors, and from them the emergence of morphogenetic fields and the regulation of their size. If not in opposite positions, the extent of field size regulation is dependent on the position of the induced or transplanted organizer. The cell lineage of conjoined zebrafish reconstructed from 3D+time live imaging reveals cell behaviors underlying the fusion of identical fields.

PUBLIC STATEMENT

Embryogenesis is a remarkably dynamic process and regulated with precision. Although much is known about the involvement of genes in the processes underlying morphogenesis, we are far from understanding the integration of different levels of organization in order to predict the progression of development in normal and pathological conditions. This project marks a major step in the integration of cellular, genetic, and molecular dynamics in formal explanatory and predictive models via in vivo observations of cell dynamics and the quantification of phenotypic differences at the cellular level and their behavior between normal individuals and twins in two model organisms: the sea urchin and the zebrafish.

RESUME

L'induction expérimentale de jumeaux (oursin) ou de siamois (poisson zébré) sollicite la plasticité et la robustesse de l'embryon en développement. Nous avons montré que les individus jumeaux et les paires de siamois suivent des voies de développement différentes de celles du type normal. Nous émettons l'hypothèse que ces différents chemins révèlent la plasticité développementale de l'organisme. Chez les deux espèces, la formation de jumeaux ou siamois est interprétée comme reposant sur i) la labilité des gradients de morphogènes déterminant les axes embryonnaires, ii) le répertoire des comportements cellulaires au cours de la blastulation et de la gastrulation en réponse aux gradients de morphogènes et aux signaux biomécaniques et/ou iii) les processus de régulation de la taille des champs morphogénétiques. Nous avons montré que le développement des jumeaux d'oursins explore un domaine de possibilités différent de celui des embryons typiques. Les jumeaux se développent d'abord sous forme d'une couche cellulaire unique et plate avant de se compacter en véritable blastula. Les jumeaux en développement appartiennent à Résumé de thèse vulgarisé pour le grand public L'embryogenèse est un processus remarquablement dynamique et régulé avec précision. Bien que l'on en sache beaucoup sur l'implication des gènes dans les processus sous-jacents à la morphogenèse, nous sommes loin de pouvoir comprendre l'intégration des différents niveaux d'organisation en jeu et de prévoir l'évolution du développement dans des conditions normales et pathologiques. Ce projet se veut une étape majeure dans l'intégration des dynamiques cellulaires, génétique et moléculaire dans des modèles formels explicatifs et prédictifs via l'observation in vivo des dynamiques cellulaires et la quantification des différences phénotypiques à l'échelle des cellules et de leurs comportements entre les individus normaux et les jumeaux chez deux organismes modèles: l'oursin et le poisson zébré.
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Resumé en français

L'induction expérimentale de jumeaux (oursin) ou de siamois (poisson zébré) sollicite la plasticité et la robustesse de l'embryon en développement. Nous avons montré que les individus jumeaux et les paires de siamois suivent des voies de développement différentes de celles du type normal. Nous émettons l'hypothèse que ces différents chemins révèlent la plasticité développementale de l'organisme. Chez les deux espèces, la formation de jumeaux ou siamois est interprétée comme reposant sur i) la labilité des gradients de morphogènes déterminant les axes embryonnaires, ii) le répertoire des comportements cellulaires au cours de la blastulation et de la gastrulation en réponse aux gradients de morphogènes et aux signaux biomécaniques et/ou iii) les processus de régulation de la taille des champs morphogénétiques. Nous avons montré que le développement des jumeaux d'oursins, "singletons", explore un domaine de possibilités différent de celui des embryons typiques. Les jumeaux se développent d'abord sous forme d'une couche cellulaire unique et plate avant de se compacter en véritable blastula. Les jumeaux en développement appartiennent à 3 catégories phénotypiques en fonction du nombre de précurseurs de feuillets embryonnaires (nombre correct ou non) et de leurs contacts (contacts correct ou non). Cependant, les 3 classes conduisent à un pourcentage similaire de larves de pluteus normales.

Mon travail dans thèse porte sur la morphogenèse embryonnaire dans le Deutérostome, en utilisant Danio rerio et Paracentrotus lividus comme modèles animaux, afin de contribuer à une compréhension prédictive du développement par l'analyse de jumeaux induits. La construction exhaustive de son réseau de réglementation des gènes (RRG; [START_REF] Peter | Predictive computation of genomic logic processing functions in embryonic development[END_REF] et son petit nombre de cellules font de l'oursin un modèle de choix pour explorer ces hypothèses. L'interaction des voies de signalisation pour la fixation des axes embryonnaires et l'induction d'un centre d'organisation de type Spemann a été étudiée de manière approfondie chez le poisson zèbre [START_REF] Xu | Construction of a Vertebrate Embryo from Two Opposing Morphogen Gradients[END_REF].

Cependant, ils n'expliquent pas le lien entre les signals biochimiques et les comportements de cellules individuelles, ni l'émergence de champs morphogénétiques et leur régulation de taille. Nous émettons l'hypothèse que l'architecture et la dynamique de RRG au niveau d'une cellule le long de sa lignée expliquent la formation des axes embryonnaires et des comportements cellulaires spécifiques. Nous émettons l'hypothèse que les comportements monocellulaires conduiront à des comportements cellulaires collectifs sous-jacents à la mécanique des tissus qui façonne la blastule et la gastrule. Par conséquent, cette thèse a les objectifs spécifiques suivants:

Objectif spécifique 1: Élucider et quantifier les caractères phénotypiques multiniveaux de P. lividus "singletons" depuis le début de la motilité afin de déterminer les mécanismes compensatoires menant au succès du développement via l'imagerie 3D + temps et la reconstruction de leur arbre de lignage cellulaire. À cette fin, nous devons surmonter le goulot d'étranglement de l'imagerie à long terme de P. lividus au-delà du stade de motilité.

Objectif spécifique 2: Élucider les comportements cellulaires des axes endogènes et induits des spécimens de D. rerio lors de l'injection d'acvr1ba*, ainsi que la régulation éventuelle de la taille de leur champ morphogénétique via l'imagerie 3D + temps et le suivi cellulaire.

Dans cette thése, nous démontrons qu'une réorganisation cellulaire qui rétablirait des contacts normaux entre les différents types cellulaires n'est pas nécessaire, ce qui implique que le développement passe par des changements de destinées cellulaires. En outre, les larves de jumeaux ont un nombre normal de cellules mésenchymateuses primaires, sans division cellulaire supplémentaire. Cette situation est réminiscente de l'ablation des micromeres dont la perte est compensée par un changement de destinée cellulaires des cellules mésenchymateuses secondaires.

Les poissons zébrés siamois peuvent être obtenus par la surexpression de le signal nodale, la transplantation de l'organisateur de Spemann au début de la gastrulation, ou chez le mutant homozygote maternel Janus. Notre travail s'est concentré sur le premier cas. L'interaction des voies de signalisation dans la détermination des axes embryonnaires et dans l'instauration d'un centre d'organisation de type Spemann a fait l'objet de nombreuses études chez le poisson zébré. Lorsque organisateur endogène et organisateur induit ne sont pas en positions parfaitement opposées, l'étendue de la régulation de la taille des champs morphogénétique dépend de la position de l'organisateur induit. Le lignage cellulaire de poissons zébrés siamois reconstruit à partir de d'imagerie 3D + temps in toto révèle les comportements cellulaires sous-jacents à la fusion de champs morphogénétiques identiques. Ce projet se veut une étape majeure dans l'intégration des dynamiques cellulaires, génétique et moléculaire dans des modèles formels explicatifs et prédictifs via l'observation in vivo des dynamiques cellulaires et la quantification des différences phénotypiques à l'échelle des cellules et de leurs comportements entre les individus normaux et les jumeaux chez deux organismes modèles. The processes that govern embryo development from fertilization to a complete adult organism have not been fully elucidated. In order to further understand the underlying processes during early embryogenesis we utilize the Mediterranean purple sea urchin, Paracentrotus lividus, and the zebrafish, Danio rerio as our model organisms. Here, we briefly go over the general concepts of life, patterning, and the organizer phenomenon. Then, we dive into variability and discuss its role in evolution, the twinning phenomenon, and our rationale for the utilization of the two animal models. Finally, we discuss what is currently known in each model organism, and our rationale and complex systems approach in addressing the hypotheses we aim to answer in this dissertation.

IX LIST OF FIGURES

Life

Defining life, and what constitutes an organism, is an arduous undertaking. Current definitions generally encompass the following characteristics that organisms are: 1) composed of cells 2) metabolize 3) have a life cycle 4) maintain homeostasis 5) adapt 6) grow 7) sexually/asexually reproduce. Children are taught from a young age that life begins at fertilization, though that can also be argued from both a philosophical and biological standpoint. From the moment that the sperm meets the egg a multifaceted genesis of life has commenced, and along with that the induction of a complex unidirectional genetic program. However, this is a classical and dogmatic view.

After fertilization metazoan embryos undergo cleavage, gastrulation, organogenesis, and eventually reach maturity. Morphogenesis is the process of how cells of the developing embryo move and organize to form tissues, organs, and the eventual organ systems of the adult organism. This process is due to a combination of chemical (with the involvement of "morphogen") and mechanical (including adhesion) cues. When the zygote is formed, it begins to divide and, in a number of species, cells are said to be totipotent, meaning the cells can still give rise to any cell type. As the cells divide, their developmental potential decreases over time, and eventually their fate is determined.

The complexity in assembling a multi-tissue organism from a single cell involves pattern formation, also known as patterning. This patterning is genetically controlled and involves the specification and determination of initially equivalent cells to specific fates and differentiated functions. This can be seen as a bottom-up process in that "morphogen" gradients activate the expression of transcription factors which turn on genes that trigger cell adhesion, extracellular matrix synthesis and organization and cell contractility. These differences in cell adhesion and extracellular matrix properties are regulated independently in cells, and can compound with each other to dictate sorting, packing and eventual arrangement in cell layers. Then this process feeds back into itself, as different adhesion properties lead to modifications of cell size/shape, and their eventual motility and migration patterns.

Thus, leading to changes in cell-cell contacts and changes in chemical signals.

Setting the body axes is a major step in embryonic patterning and a lot of work has been devoted to deciphering and modeling the establishment of dorsal-ventral and anterior-posterior axes and also left-right asymmetry. However, before diving into different models and processes for setting embryonic axes, we must first define the term "morphogen". This term was first coined by Alan Turing in his pivotal paper "The Chemical Basis of Morphogenesis." He used this morphogen to describe a substance with non-uniform distribution which is responsible for pattern formation in a developing organism. Morphogens were later described as signaling molecules which act directly on cells. Now, we can dive into different mechanisms of patterning in metazoan embryogenesis, starting with the classical French flag model. When students learn about morphogen gradients, they are first taught the French flag model (Figure 1.1). This idea, originally from Wolpert (1968), states that there is a morphogen source (synthesizes the morphogen; lime green cell) and a sink (degrades the morphogen; pink cell) that produces to a linear gradient through a series of undifferentiated cells. There are thresholds of the morphogen concentration, indicated by T1 and T2, which the cells are exposed to and can sense, thus providing them with positional information. This, in turn, activates genes which are associated with the thresholds and are indicated by the colors red, white, and blue [START_REF] Gilbert | Developmental Biology[END_REF].

Setting the embryonic axes -French flag model

However, in real biological systems diffusion does not generate linear gradients as seen and quantified in Drosophila (Figure 1.2; Reviewed in [START_REF] Bothma | Morphogen Gradients : Limits to Signaling or Limits to Measurement ?[END_REF]). In addition, the question of a morphogen gradient is formed and how morphogens are transported has been debated and modeled [START_REF] Muller | Morphogen transport[END_REF]. From free diffusion to facilitated diffusion, the current literature supports the idea of hindered diffusion, and, in some cases, source-sink model as observed in the zebrafish BMP gradient [START_REF] Muller | Morphogen transport[END_REF][START_REF] Zinski | Systems biology derived source-sink mechanism of bmp gradient formation[END_REF]. [START_REF] Kanodia | Dynamics of the Dorsal morphogen gradient[END_REF][START_REF] Liberman | Quantitative imaging of the Dorsal nuclear gradient reveals limitations to threshold-dependent patterning in Drosophila[END_REF]their profiles (B). In addition, the expression limits of key target genes twist (twi), snail (sna), rhomboid (rho) and zen. Figure from [START_REF] Bothma | Morphogen Gradients : Limits to Signaling or Limits to Measurement ?[END_REF][START_REF] Kanodia | Dynamics of the Dorsal morphogen gradient[END_REF][START_REF] Liberman | Quantitative imaging of the Dorsal nuclear gradient reveals limitations to threshold-dependent patterning in Drosophila[END_REF] The morphogen concept implies that the cells sense and respond to morphogens' concentration through morphogen-receptor interaction via activating specific sets of target genes. Anterior-posterior (A-P) patterning in Drosophila is a paradigmatic example of maternal morphogen gradient setting, and how it triggers a temporal cascade of transcription factors expression leading to the spatial organization of cellular compartments (Figure 1.3). In this example, two maternal effect genes bicoid and nanos and their resulting protein concentration gradient patterns the A-P axis in Drosophila embryogenesis. In addition, bicoid is one of the few proteins that have been shown to bind to both DNA and RNA, and therefore can regulate both transcription and translation due to its homeodomain [START_REF] Dubnau | RNA recognition and translational regulation by a homeodomain protein[END_REF]. 

Setting the embryonic axes -maternal gradient -the paradigmatic example of Drosophila antero-posterior patterning

Embryonic patterning, cell determination and further differentiation can be in part triggered by the egg organization, and deposition of maternal determinants during oogenesis. The latter can set diffusion gradients as observed in the Drosophila embryo. The syncytial blastoderm, which means that all the cleavage nuclei are contained within a common cytoplasm, allows the generation of a bona fide morphogen diffusion gradient. Discovered by Nüsslein-Volhard and Driever maternal mRNA bicoid is located in the anterior region (Driever andNüsslein-Volhard, 1988a, 1988b), while nanos is located posteriorly. Hunchback and caudal mRNA are at consistent levels throughout the oocyte.

Bicoid is responsible for patterning the acron, head and thorax, while caudal and nanos are responsible for the telson and abdomen. Nanos represses hunchback, and bicoid represses caudal (Figure 1.3). This bicoid model was the first morphogen model to show that information in pattern formation is quantitative, but it was groundbreaking in the sense that it also disclosed the ability of cells and nuclei to measure and respond to specific concentrations [START_REF] Gilbert | Developmental Biology[END_REF]. These maternal inputs, activate gap genes, which then activate hox genes, which in turn set up the anteriorposteror axis. 

The hox genes and antero-posterior patterning

Hox genes, known as homeotic genes, subset of homeobox containing genes, are regulatory genes that pattern the anterior-posterior axis in animals. Hox genes were first described in fruit flies, due to the phenotype that was observed when they were mutated, i.e. a leg growing where the antenna should be located. Different regions of the fly express different hox genes (Figure 1.5). They are implicated in being responsible for the specification of regional identity to form the correct structure at the correct location. Hox genes are approximately 180 base pairs in length and contain a homeobox sequence which encodes a homeobox domain, which binds to DNA. In 1984, the demonstration of the evolutionary conservation of hox genes revolutionized the field of evolutionary developmental biology and shed new light on the conservation of genetic mechanism underlying embryonic patterning [START_REF] Mcginnis | A conserved DNA sequence in homeotic genes of the Drosophila Antennapedia and bithorax complexes[END_REF][START_REF] Scott | Structural Relationships among Genes That Control Development: Sequence Homology between the Antennapedia, Ultrabithorax, and Fushi Tarazu Loci of Drosophila[END_REF]. They are systematically involved in antero-posterior patterning in metazoans including patterning the central nervous system in mammals. hox genes are conserved amongst bilaterians and hox-like genes are present in cnidarians and placozoa. Sponges however do not have hox genes. Therefore, hox genes probably arose early in the evolution of metazoans [START_REF] Gilbert | Developmental Biology[END_REF].

Hox genes are usually found in clusters in the genomes of animals. Changes in sequence and number have been implied in the evolution of animal body plans. Therefore, we can trace the evolution of animals through evolution of hox genes. For example, humans have 4 clusters of hox genes at different chromosomal locations. The location of the hox genes along the chromosome corresponds to their spatiotemporal expression, however the connection between temporal and spatial distribution remains to be revealed [START_REF] Montavon | Hox gene regulation and timing in embryogenesis[END_REF]. Each cluster has varying number of genes, indicating duplication and losses. It has been suggested that bicoid is derived from Hox3 in vertebrates [START_REF] Stauber | The anterior determinant bicoid of Drosophila is a derived Hox class 3 gene[END_REF]. The search for the vertebrate bicoid homolog has been unsuccessful. However, in Xenopus, goosecoid is a homeobox gene that has similar DNA-binding capacities to bicoid and is responsible for setting the body axis, and is located in the "organizer" [START_REF] Blumberg | Organizer-Specific Homeobox Genes in Xenopus laevis Embryos[END_REF]. Here, the Antennapedia complex is composed of 4 genes: labial (lab), deformed (dfd), sex combs reduced (scr), and Anntenapedia (Antp). The bithorax complex is composed of the Ultrabithorax gene (Ubx), abdominal-A (abdA), and abdominal-B (AbdB). There is an additional gene in the antennapedia complex not shown, the proboscipedia (pb). The hox proteins determine the appendages that will form in the segment, thus providing segment identity, however they do not give rise to the segments themselves. Figure from [START_REF] Gilbert | Developmental Biology[END_REF].

Setting the embryonic axes -the dorso-ventral axis & the Spemann organizer

The classical experiments of Spemann and Mangold opened a fruitful line of research bringing to light the concept of embryonic induction and the organizer. The latter was coined to characterize the property of a small cell population instrumental in patterning neighboring tissues. Homologous organizer regions have been identified in Deuterostomes. They typically have the ability to selfdifferentiate and initiate gastrulation movements, as the blastopore lip in amphibians or the micromeres in sea urchins [START_REF] Spemann | Induction of Embryonic Primordia by Implantation of Organizers from a Different Species[END_REF][START_REF] Page | Analysis of competence in cultured sea urchin micromeres[END_REF]. As the classical experiment performed by Mangold and Spemann showed, transplantation of the dorsal lip of the blastopore into the ventral side led to conjoined twins in amphibians [START_REF] Spemann | Induction of Embryonic Primordia by Implantation of Organizers from a Different Species[END_REF].

In Xenopus, the dorsal organizer is set by cortical rotation, which is the result of the sperm entry to the animal pole of the egg. The ventral side is then formed on the opposite side. The cortical rotation is due to the fact that the sperm centriole acts as an organizer for the egg's microtubules. This causes cortical rotation and moves dorsalizing factors to the future dorsal size and the activation of canonical Wnt, and eventual involution occurring at the blastopore lip. Spemann organizer functional homologues have been described in the zebrafish and chick, and are called the embryonic shield and Hensen's node respectively [START_REF] Anderson | Organizers in Development[END_REF].

Multi-cellular animals are known for their ability to produce offspring with "little" variation in macroscopic characteristics (i.e. one head and four appendages). In addition, quantitative experiments have been performed in Drosophila early embryogenesis have elucidated the extent of this reproducibility [START_REF] Gregor | Probing the Limits to Positional Information[END_REF][START_REF] Dubuis | Accurate measurements of dynamics and reproducibility in small genetic networks[END_REF]. In any case, individual biological varations result in robust outputs.

Variability, plasticity, and its role in development and evolution

Variation and selection are driving biological evolution [START_REF] Darwin | On the origin of species by means of natural selection, or, the preservation of favoured races in the struggle for life[END_REF]. Phenotypic variation, from an evolutionary standpoint, stems from variation in genetic information. Sexual reproduction is one of three main processes underlying the generation of genetic diversity in a population. Genetic recombination occurs during meiosis, called crossing over, which results in recombinant chromosomes, and when these new chromosomes combine after a sperm meets an egg, a sort of genetic reshuffling occurs. The offspring resulting from this may be more or less fit than others. The other two methods include mutations, changes in DNA, and gene flow, movement of genes between populations.

Transmitted variation provides the initial conditions of embryonic development. The egg cell volume, the concentration of various chemicals and their distribution, or the genetic differences between 1-cell stage eggs, are all considered to be part of the transmitted variation. Ensuing epigenetic modifications and stochastic events are part of the acquired variation and are self-generated during development.

Developmental variability does not preclude the successful outcome of embryogenesis. In addition, it is a substantial part of the body's potential in terms of its resilience and of the species in terms of evolution. The processes underlying biological variation and developmental variability are still largely unknown, however, qualitative studies proposed formal mathematical descriptions of variability [START_REF] Helanterä | The Price Equation and Extended Inheritance[END_REF]Danchin et al., 2011). Yet, in order to further understand the multi-scale processes underlying biological variability requires that we quantitatively measure and statistically analyze the extent of variation in populations. Previous studies focused on the variability of gene expression in bacteria strains and in ecosystems [START_REF] Elowitz | Stochastic gene expression in a single cell[END_REF][START_REF] Swain | Intrinsic and extrinsic contributions to stochasticity in gene expression[END_REF][START_REF] Buckley | Causes and consequences of variation in plant population growth rate: a synthesis of matrix population models in a phylogenetic context[END_REF], but the quantification of phenotypic variation at cellular and sub-cellular levels in populations of developing deuterostome embryos remains a difficult objective.

Twinning phenomenon: occurrence and underlying mechanisms

In twin pairs, transmitted variation is minimal, therefore we can use twins as model to infer acquired variation from its phenotypic consequences. The phenomenon of twins has enticed scientists and the general public for centuries, more famously because of the Barnum's Grand Traveling American Museum and the famous conjoined twins from the 1800s, Chang and Eng Bunker from Thailand, who popularized the name "Siamese twins." Every so often on social media and the news will show the birth of a domesticated animal with two heads faces, or polycephaly. This is seen commonly in calves, sheep, and domesticated cats. In addition to mammals it is also seen in snakes, turtles, and sharks (Figure 1.6). The precise mechanisms underlying these cases are largely unknown.

In most cases, embryos usually die in utero, in ovo, or shortly after birth. The experimental induction of twins can be done by one of several means: 1) chemical 2) microsurgical 3) via microinjection of signaling molecules 4) or through genetic modification. 1) Twins can be generated chemically in sand dollars with reducing agents, (DTT) and -mercaptoethanol [START_REF] Mazia | The Production of Twin Embryos in Dendraster by Means of Mercaptoethanol (Mnothioethylene Glycol)[END_REF][START_REF] Vacquier | Twinning of Sand Dollar Embryos By Means of[END_REF]; classical experiments by Hans Driesch separated the sea urchin blastomeres via calcium-free washes and vigorous shaking [START_REF] Driesch | Entwicklungsmechanische Studien I-II[END_REF]; 2) Classical experiments from Xenopus and zebrafish show that transplantation of their dorsal organizers results in conjoined animals [START_REF] Spemann | Induction of Embryonic Primordia by Implantation of Organizers from a Different Species[END_REF][START_REF] Shih | Characterizing the zebrafish organizer: microsurgical analysis at the early-shield stage[END_REF]; 3) The induction of a second axis via the injection of nodal and constitutive nodal receptors is possible [START_REF] Toyama | Nodal induces ectopic goosecoid and lim1 expression and axis duplication in zebrafish[END_REF][START_REF] Peyriéras | Inhibitory interactions controlling organizer activity in fish[END_REF]. 4) Genetic mutation in the zebrafish causing the separation of the blastoderm at the surface of the yolk cell (janus), results in conjoined twins [START_REF] Abdelilah-Seyfried | Implicatons for dorsoventral axis formation determination from the zebrafish mutant janus[END_REF][START_REF] Abdelilah | Pattern formation in janus-mutant zebrafish embryos[END_REF]. In humans only monozygotic twins are real twins. Monozygotic twins result from the embryo splitting and are considered as genetically identical. Dizygotic fraternal twins are a result of the female releasing two eggs that are fertilized by two sperm and are thus regular siblings. The mechanisms of monozygotic twinning still remain a mystery. However, the twin phenomenon has been used to study epigenetics, or acquired variation, between twin pairs [START_REF] Generali | Lessons learned from twins in autoimmune and chronic inflammatory diseases[END_REF].

Rationale for models

The two species of sea urchins, Strongylocentrotus purpuratus and Paracentrotus lividus, are some of the best model organisms to envision an integrated model of genetic, molecular, and cellular dynamics underlying embryonic processes in deuterostomes thanks to the decades of work to construct the gene regulatory network (GRN) for S. purpuratus [START_REF] Peter | Evolution of gene regulatory networks controlling body plan development[END_REF][START_REF] Peter | Predictive computation of genomic logic processing functions in embryonic development[END_REF] , along with more recent efforts to reconstruct cell dynamics in developing embryos from in toto 3D+time imaging [START_REF] Rizzi | Towards 3D in silico modeling of the sea urchin embryonic development[END_REF]Villoutreix et al., 2016). The zebrafish was chosen as a vertebrate model organism due to the fact that it is easily accessible, amenable to in toto live imaging due to having transparent embryonic tissues, has a foundational GRN, and benefits from the tools of the zebrafish community [START_REF] Chan | Developmental gene regulatory networks in the zebrafish embryo[END_REF][START_REF] Mikut | Automated Processing of Zebrafish Imaging Data: A Survey[END_REF]Zebrafish Information Network;ZFIN).

ZEBRAFISH

History of the zebrafish model

The use of zebrafish as a model all began with George Streisinger at the University of Oregon in the 1960s. He was interested in finding a vertebrate model that was simpler and easier to maintain than mouse to study the nervous system. This led to using the zebrafish, a common fish found in home aquariums, as a new animal model. The advantage of the zebrafish model over mice is that they are easier to maintain, have more offspring, and they fertilize externally. Furthermore, being that their embryos develop externally, and are transparent, vastly facilitates visualization of individual cells and their development. The explosion of zebrafish research came after the two large genetic screens in the 1990s led by Christiane Nüsslein-Volhard and Wolfgang Driever, who both came from the Drosophila community. The use of the zebrafish as a model in biomedical research is now in several countries with thousands of laboratories.

Cleavage stages

The cleavage process is initiated after the spermatozoa enter the egg through the micropyle, there a single sperm releases its genetic material into the egg which leads to the fusion of the male and female pronuclei. With the fusion of the gametes, a cortical reaction occurs and causes the chorion to lift away from the zygote. There are changes in the waves of calcium and this causes the non-yolk cytoplasm to stream to the animal pole. The accumulation of non-yolk cytoplasm makes the blastodisc.

After the first cleavage, which happens about 40 to 45 minutes post-fertilization, and occurs in the vertical plane of the blastodisc, the two cells that result are incompletely separated from the yolk. Each subsequent cleavage happens about every 15 minutes in a meroblastic discoidal pattern. The second cleavage occurs perpendicularly to the first cleavage plane, and results in a 2 x 2 cell array that is ellipsoid in its shape. The third cleavage occurs perpendicularly to the second and parallel to the first and cuts the embryo into a 2 x 4 cell array. The fourth cleavage occurs perpendicular to the third and parallel to the second cleavage plane divides the embryo to a 4 x 4 array in a rectangular shape. It is at this point where the first complete cleavages occur with the four cells on the interior of the 4 x 4 array surrounded by the 12 marginal cells. The fifth cleavage occurs in four planes that are perpendicular to the fourth and parallel to the first and third cleavage lanes resulting in a 4 x 8 array. The sixth division is in the equatorial/horizontal plane and causes some cells to be the inside cells, which are then referred to as deep cells at the 64-cell stage. At the 128-cell stage the embryo is considered a blastula [START_REF] Kimmel | Stages of embryonic development of the zebrafish[END_REF]. More recently, this qualitative view has been disputed when it comes to the 32-cell stage being a single cell layer (Olivier et al. 2010). In addition, there is progressive asynchrony rather than the abrupt changes that have been described previously (Olivier et al. 2010;[START_REF] Kimmel | Stages of embryonic development of the zebrafish[END_REF]. Prior to gastrulation per se with involution and ingression movements and the formation of germ layers, epiboly starts with the spreading and thinning of the yolk syncytial layer and blastoderm over the yolk, making the blastoderm cover approximately 50% of the yolk. At this time, epiboly slows down and a marginal thickening referred to as the embryonic shield, appears on the dorsal side, indicating the onset of gastrulation. Different regions can be distinguished: 1) the enveloping layer (EVL) 2) epiblast 3) hypoblast 4) and the yolk syncytial layer. In parallel to the involution of the hypoblast cells, epiboly resumes and the blastoderm progresses toward the vegetal pole to cover the entire yolk, with the epiblast (presumptive ectoderm) migrating toward the blastoderm margin, and the hypoblast (presumptive mesendoderm) migrating toward the animal pole [START_REF] Kimmel | Stages of embryonic development of the zebrafish[END_REF].

Gastrulation

The embryonic shield is functionally comparable to the dorsal lip of the blastopore in Xenopus, due to the fact when transplanted it can form a secondary axis [START_REF] Shih | Characterizing the zebrafish organizer: microsurgical analysis at the early-shield stage[END_REF] and is important in setting the Dorsal-Ventral axis. Convergence and extension bring the hypoblast and epiblast to the embryonic shield. The part of the hypoblast that is internalized in the shield gives rise to the axial mesendoderm, and the first cells that involute are part of the anterior axial mesendoderm, which will give rise to the prechordal plate. The prechordal plate will give rise to the hatching gland, pharyngeal endoderm, and head muscle. These cells usually migrate as one cell mass, deemed collective migration.

The remaining hypoblast (mesendoderm) converges and extends in both directions forming the chordamesoderm, the precursor of the notochord. When epiboly is completed so is gastrulation, and it is marked by the formation of the tailbud [START_REF] Kimmel | Stages of embryonic development of the zebrafish[END_REF] .

Dorsal-Ventral Patternining in Zebrafish

In zebrafish, dorsal-ventral patterning is vastly described [START_REF] Solnica-Krezel | Pattern Formation in Zebrafish[END_REF], and involves a symphony of signaling molecules that are required in shaping a 3-dimensional organism, with numerous tissues which have to segregrate themselves from their common precursors. However, there are two major conductors, BMP and Nodal. Multiple models have been proposed which discuss how these signals are generated and how their respective gradients are established. These models include source-sink, transcriptional determination, relay, and facilitated diffusion (shuttling; Reviewed in [START_REF] Muller | Morphogen transport[END_REF]. In zebrafish, endoderm formation is regulated in a combinatorial manner among Nodal, BMP, and Fgf. With BMP being located on the ventral side, and Nodal is on the dorsal side of the developing zebrafish embryo.

The process leading to graded BMP is progressive. The transcription of zygotic BMPs is initially ubiquitous, and the dorsal-ventral symmetry is broken when bmp2b is repressed by Dharma.

Afterwards, graded BMP ligand expression and BMP activity are maintainted through auto-regulation.

In contrast, dorsal determinants are actively induced. A simplified representation is in the figure below (Figure 1.8;[START_REF] Ramel | The ventral to dorsal BMP activity gradient in the early zebrafish embryo is determined by graded expression of BMP ligands[END_REF]. Prior work has suggested that the dorsal side is said to be determined by the shuttling of maternal squint (sqt) to the presumptive dorsal side by the 4-cell stage [START_REF] Gore | The zebrafish dorsal axis is apparent at the four-cell stage[END_REF], followed by the nuclear accumulation of -catenin. The successful outcome of embryonic development is dependent on the successful generation of these gradients from a molecular and physiological standpoint. The Nodal pathway is essential to the formation of the embryonic shield. Nodal is a member of the TGF-superfamily of signaling factors, and whose signal is transduced via serine/threonine kinase receptors and Smad cytoplasmic proteins. The Nodal ligands (Ndr1/squint and Ndr2/Cyclops) bind to their receptors (Acvr1 and Acvr2), and co-receptor (Tdfg1/Oep). The binding leads to the phosphorylation of Acvr1 and the phosphorylation of Smad2/3, the phosphorylated form of Smad2/3 binds to Smad4, translocates into the nucleus and leads to the transcription of target genes including all the components of the pathway (Ndr1/2, Acvr1/2, and Tdgf1) and its inhibitors (Lefty1/2). The former building a positive loop. Other direct targets of the pathway include the transcription factors goosecoid (gsc), no tail (tbxta), and sox32 which specify mesendoderm. This is summarized in Figure 1.9. In this dissertation, we used a constitutively active form of the type 1 receptor (Acvr1ba) to induce a secondary shield [START_REF] Peyriéras | Inhibitory interactions controlling organizer activity in fish[END_REF], along with goosecoid reporter as a readout of Nodal activity [START_REF] Joore | Regulation of the zebrafish goosecoid promoter by mesoderm inducing factors and Xwnt1[END_REF]. In addition, downstream of Nodal signaling, Fgf signaling has been shown to be required for inducing One-eyed-pinhead [START_REF] Mathieu | Nodal and Fgf pathways interact through a positive regulatory loop and synergize to maintain mesodermal cell populations[END_REF].

Nodal signaling pathway in Danio rerio

Being that Nodal and its components are important in the formation of the embryonic shield, many of the individual components of the pathway can induce a secondary shield or axis. The injection of Nodal, goosecoid, sqt, cyc [START_REF] Cho | Molecular nature of Spemann's organizer: the role of the Xenopus homeobox gene goosecoid[END_REF][START_REF] Toyama | Nodal induces ectopic goosecoid and lim1 expression and axis duplication in zebrafish[END_REF][START_REF] Feldman | Zebrafish organizer development and germ-layer formation require nodal-related signals[END_REF][START_REF] Sampath | Induction of the zebrafish ventral brain and floorplate requires cyclops/nodal signalling[END_REF] all show varying degrees of duplication of the notochord and cranial structures. This variability in duplicated structures is partially answered in the work of Peyriéras et al., 1996, via the injection of acvr1ba*, which found that the degree of duplicated structures is dependent on the position of the shields from one another.

State of the art gene regulatory network architecture for zebrafish early embryogenesis and its limitations

The microinjection of constitutive acvr1ba modifies the intrinsic gene regulatory network (GRN). A current model of the zebrafish GRN based on in situ hybridization and gain and loss of function data has been reconstructed. Information Network; ZFIN.org) expression data and MedScan data mining to generate a BioTapestry of the GRN. However, it lacks detailed functional analysis of regulatory sequences as done in the sea urchin [START_REF] Davidson | A genomic regulatory network for development[END_REF] in order to provide direct evidence of transcription factor-DNA interaction. [START_REF] Peyriéras | Inhibitory interactions controlling organizer activity in fish[END_REF][START_REF] Abdelilah | Pattern formation in janus-mutant zebrafish embryos[END_REF][START_REF] Saúde | Axis-inducing activities and cell fates of the zebrafish organizer[END_REF]. Scale bars are 100 µm.

Generation of Siamese twins in zebrafish

In zebrafish, we can induce a secondary axis via microinjection of constitutively Nodal receptor into one of the 12 marginal blastomeres at the 16-cell stage [START_REF] Peyriéras | Inhibitory interactions controlling organizer activity in fish[END_REF]. In addition, equivalent to the Mangold and Spemann strategy, transplantation of the embryonic shield to the ventral side induces a second axis [START_REF] Saúde | Axis-inducing activities and cell fates of the zebrafish organizer[END_REF]. Finally, double axes occasionally form in the maternal recessive mutant janus [START_REF] Abdelilah-Seyfried | Implicatons for dorsoventral axis formation determination from the zebrafish mutant janus[END_REF]. The three methods are depicted in Figure 1.11.

Our work here focused on the first case, microinjection of the constitutively active form of the Nodal receptor (current nomenclature acvr1ba*, first described as tar*). The extent of the duplication via acvr1ba* microinjection is dependent on the position of the injection relative to the endogenous one [START_REF] Peyriéras | Inhibitory interactions controlling organizer activity in fish[END_REF]. In the case of shield transplantation, the degree of duplication is dependent on the transplantation of the deep cells which were identified as positive for transcription factor goosecoid (gsc; [START_REF] Saúde | Axis-inducing activities and cell fates of the zebrafish organizer[END_REF]. In the maternal recessive mutant janus axis duplication is dependent on the degree of blastomere separation.

In each of these three cases, the perturbation challenges the developmental plasticity. We hypothesize that the twinning phenomenon relies on: 1) the lability of the morphogen gradients in setting the embryonic axes 2) the repertoire of cell behaviors during blastulation and gastrulation in response to morphogens and biomechanical cues 3) processes regulating morphogenetic field size. The interplay of signaling pathways in setting embryonic axes and inducing a Spemann-type organizing center has been extensively studied in zebrafish. However, the current state-of-the-art does not explain the link between biochemical cues and individual cell behaviors, moreover, from them the emergence of morphogenetic fields and the regulation of their size. If not in opposite positions, the extent of field size regulation is dependent on the position of the induced or transplanted organizer relative to the endogenous one. The cell lineage of conjoined zebrafish reconstructed from 3D+time live imaging is required to reveal cell behaviors underlying the fusion of identical fields.

Minimal gradients to form a vertebrate embryo (from C. & B. Thisse)

The previous work of Bernard and Christine Thisse [START_REF] Xu | Construction of a Vertebrate Embryo from Two Opposing Morphogen Gradients[END_REF] showed the minimal morphogens required for the production of a secondary axis were BMP and Nodal, which they observed via the injection of the corresponding mRNAs into 2 neighboring blastomeres in the animal pole of the 128-cell stage embryo. The animal pole was chosen for its capacity to respond to the morphogens, and distance away from the margin to avoid any marginal signals. They observed that Nodal mRNA made an ectopic blastopore like structure and demonstrated that the two opposing BMP and Nodal gradients were sufficient to induce a secondary axis.

There is however no report about the cell behaviors underlying the morphogenetic steps. The processes at stake should at some point be understood in terms of changes in GRN dynamics along the cell lineage revealing the integration of cell signaling and cell-cell interactions. 3D+time imaging of developing embryos and transgenic reporters for gene expression are required. This is the basis for the phenomenology-driven work presented in this thesis manuscript.

SEA URCHINS A historical perspective of the sea urchin model

Along the coasts of California and the Mediterranean respectively, in the depths of the water, are the small, spikey, hedgehog-like creatures called the purple sea urchins, Strongylocentrotus purpuratus and Paracentrotus lividus. Though miniscule in stature these animals were key to understanding biological phenomena throughout the 20 th century. Seminal discoveries from Hans Dreisch, Tim Hunt, and the late Eric Davidson were done over the past 150 years utilizing these sea urchin species. Their small size, millions of gametes, and relative ease in biological manipulation made it an excellent animal model in the fields of cell biology, experimental embryology, developmental biology and systems biology. Later, Alan Turing, who has long been famed for being the father of computer science and artificial intelligence, in 1952 had his contributions on morphogenesis culminate in a paper entitled, "The Chemical Basis of Morphogenesis." Here he proposed the reaction-diffusion model behind patterns observed in nature. Proposing that there are two chemicals, deemed "morphogens", an activator and inhibitor with different diffusion coefficient, whose interplay results in a macro pattern. It has since then and until recently been thought that the stripe patterns in animals (e.g. zebrafish) could be explained by the reaction-diffusion model. It appeared, however, to be somewhat more complex than the mere diffusion of substances as it was demonstrated how cell-cell interactions both attractive and repulsive, result within a time frame much longer than the one of a chemical reaction, in a striped or spotted pattern [START_REF] Nakamasu | Interactions between zebrafish pigment cells responsible for the generation of Turing Patterns[END_REF]. Various instances of morphogen secretion and ensuing patterning have been considered in the light of the reaction-diffusion model. It however does not seem to readily apply to regulatory modules built of sequential steps of transcription factors' expression and action.

After Driesch and Turing, the French flag model was proposed by Lewis Wolpert. At first, this model was more qualitative than formal when compared to the reaction diffusion theoretical framework developed earlier by Alan Turing. The classic experiments performed by Driesch strongly influenced the work of Lewis Wolpert. Within this model, he proposed the idea that a molecule would be produced and diffuse along the length of the system providing positional information which would later dictate cell identity, behavior, and fate. The French flag model hypothesis is congruent with the early experiments of Driesch, whatever the size of the French flag model, it will always be one-third blue, white, and red. Similarly, whatever the size of the sea urchin blastomere (until the 4-cell stage) the morphogens will still make up their original proportions and make a proper sea urchin larva.

After the work of the aforementioned scientists, in the dawn of the 21 st century, the work of Eric Davidson allowed for the elucidation of modular and wired dynamics of Gene Regulatory Networks (GRNs). GRNs are a collection of transcriptional regulators, ligands and receptors that interact with each other and govern expression levels of mRNA and proteins. This, in turn, plays a central role in morphogenesis. The construction of the prototypic GRN architecture underlying sea urchin early embryogenesis was greatly by the sequencing and annotation of the sea urchin genome.

The sea urchin's position as a basal deuterostome allows for critical comparisons to human, and its genome exposed genes associated with gustation, olfaction, and vision [START_REF] Consortium | The Genome of the Sea Urchin[END_REF].

The sea urchin has influenced and paved the way for groundbreaking research. From classical embryological studies to modern functional genetics and systems biology. However, many questions remain from these studies that need to be answered.

The sea urchin as a model

The sea urchin is the basal organism of the phylum deuterostomia. This location on the phylogenetic tree of life suggests this model organism is relatively simple to manipulate experimentally, yet complex enough that the information gathered can be extrapolated to vertebrates. When the sequencing of the genome for S. purpuratus completed in 2006, a massive resource was available to study the function of genes and cis-regulatory modules, which can be thought of as the switches that control the expression of specific genes at the transcriptional level. This, in turn, aided in increasing our understanding of cell specification and differentiation in embryos, which can then be used in understanding the development of higher organisms like human. Specifically, there is a lot of interest in understanding human developmental defects that occur during embryonic development such as spina bifida, cleft palate, and clubfoot. According to the March of Dimes, 1 in every 33 children are born with birth defects each year in the United States of America (MarchofDimes.org, 2018).

Early development of the sea urchin

After the sperm fertilizes the sea urchin egg, the newly formed zygote cleaves in a holoblastic radial pattern. The first set of cleavages are controlled by maternal factors in the newly formed zygote.

However, there is no increase in the size of the cytoplasm. Cells in this stage are referred to as blastomeres. The first five cleavages of the sea urchin embryo are described in Figure 1.12. The first two cleavage furrows of the embryo occur perpendicular to each other. The following cleavage is equatorial and divides the embryo into the animal and vegetal halves, or poles. The subsequent cleavage divides the animal half of the embryo into eight cells called mesomeres, while the vegetal half makes macromeres and micromeres. These micromeres give rise to skeletogenic mesenchyme (SM; or primary mesenchyme; PMC) and signal neighboring cells to become non-skeletogenic mesenchyme (NSM; or secondary mesenchyme; SMC) cells. The mesomeres of the animal half into the animal1 (an1) and animal2 (an2) cells that then become the aboral and oral ectoderm. The vegetal1 (veg1) and vegetal2 (veg2) cells, derived from the vegetal half, differentiate into non-skeletogenic mesenchyme, coelom, endoderm, and part of the ectoderm [START_REF] Gilbert | Developmental Biology[END_REF]. At the end of cleavage, the embryo is referred to as a 120-cell blastula, not morula as in mammals.

The sea urchin embryo then goes through a series of stages of development that include mesenchyme blastula, gastrula, and he larval stage know as pluteus. These stages of development, along with their germ line derivatives, are described in Figure 1.13. 

Gene regulatory networks in development

During development, cells undergo a process that leads them to acquire a specialized function, a process that is referred to as cell differentiation. Cell specification is the first stage of this process, and it can even be reversed under certain circumstances, or conditions. During the second stage, a cell becomes determined, meaning that its fate cannot be reversed at all. At this point, the cell typically appears different in morphology and function from other cell types.

The transcriptional regulation and control of genes is of vital importance in the developing organism, in order for it to be transcribed at the correct time (temporal) and place (spatial). To ensure correct spatiotemporal patterning, transcription genes are controlled by cis-regulatory modules, which are stretches of DNA around 200-500 base pairs in length. Cis-regulatory modules (CRMs) typically include clusters of DNA-binding sites and are located either upstream, downstream, or they can even be located within introns of genes. These cis-regulatory modules typically have binding sites for approximately four to eight transcription factors [START_REF] Davidson | Genomic Regulatory Systems: In Development and Evolution[END_REF]. Transcription factors are proteins that bind to these CRMs, and depending on their combination activate or represses a gene. Activation of one gene coding for a transcription factor may activate more genes downstream, thus causing a chain reaction of events.

Interestingly, the same transcription factor may be transcriptionally active at a different developmental stage, and located in different morphogenetic domains and compartments of the embryo. This circuitry-like schematic of genes intertwining maps an elegant gene regulatory network.

As a cell develops, it becomes more specified, meaning it begins to transcribe a certain subset of genes.

A group of cells then may signal neighboring cells to become more specified themselves, which leads to the expression of certain gene expression patterns. This leads to a cell becoming more determined [START_REF] Davidson | A genomic regulatory network for development[END_REF]. Large amounts of CRMs control the expression of a single gene. However, a specific CRM may bind a set of transcription factors present in a specific regulatory state, while also repressing the same set of genes in cells located in a neighboring morphogenetic domain. To put it simply, at one location in time and space a CRM may be responsible for patterning, while at another is responsible for terminal cell differentiation. Specific subcircuits can be visualized when analyzing the GRN of the sea urchin in detail. Peter and Davidson classified these subcircuits have been classified into: "AND" logic operation, intracellular feedback on a ligand gene, negative/positive feedback, autoregulation, reciprocal repressor, inductive signaling, toggle switches, and double negative gates, and feedforward loops [START_REF] Peter | Modularity and design principles in the sea urchin embryo gene regulatory network[END_REF]. Therefore, each one of these subcircuits has a specific responsibility, or "job", in patterning the sea urchin embryo during morphogenesis.

Gene regulatory networks in sea urchins

Although sea urchins do not resemble humans phenotypically, they are both deuterostomes and share embryological features as well as signaling pathways and GRN functional modules. This classification refers to the fact that the anus is the first opening to develop during gastrulation. This mode of development is different than other model organisms that are used to study development like Drosophila melanogaster, which is a protostome that develops its mouth first. Once the genome of S. purpuratus was sequenced, it was found to encode around 28,944 genes, compared to 19,735 found in C elegans., 23,917 in mouse, 15,852 in Ciona intestinalis, 13,738 in Drosophila, and 21,017 in human. Further analysis revealed that S. purpuratus shared 7,077 genes in common with human and mouse, 6,366 with Ciona instestinalis, 5,344 with Drosophila, and 4,475 with C. elegans as can be seen in Figure 1.14 [START_REF] Consortium | The Genome of the Sea Urchin[END_REF]. In contrast to human, embryos which take about one week to complete the blastocyst formation and about 3 weeks to complete gastrulation, by one day of development, the sea urchin embryo specifies its major tissues, which include the ectoderm, endoderm, and mesoderm [START_REF] Davidson | A genomic regulatory network for development[END_REF]. Although the development of the embryo takes longer in human, the nature of the underlying biomolecular processes that determine correct morphogenetic patterns are similar.

Therefore, the relative simplicity of the sea urchin embryo development and nearby placement on the phylogenetic tree to human makes S. purpuratus and P. lividus ideal organisms for biomedical studies.

The most detailed regulatory network, described to date, is the specification of the Subcircuits can also be used to aid in the simplification of the overwhelming nature of looking at the complex circuitous architecture of these GRNs. The possibility to identify subcircuits is also very meaningful in terms of functionality. This includes positive and negative feedback loops, feed-forward loops, double-negative gates, inductive signaling, reciprocal repressors, "AND" logic operators (Reviewed in [START_REF] Peter | Modularity and design principles in the sea urchin embryo gene regulatory network[END_REF]. The first subcircuit "double negative gate" involves the transcription of a repressor, which then represses another repressor, with the purpose of spatial specification. A subcircuit with the same function of spatial specification is called "signal-mediated toggle switch." In this example, a signaling ligand/repressor like Wnt8, activates hox11/13b, with in turn activates other regulatory factors. Without Wnt8, hox11/13b is repressed. "Inductive signaling" involves a signal-mediated division of territory where cells emit a signal, due to their prior gene regulatory state, and that signal is received by neighboring cells causing them to express a new regulatory state. This is best represented by Delta-Notch signaling for pigment cell differentiation.

Delta-Notch signaling activates Su(H) which activates GCM, and GCM activates pigment cell differentiation genes. Another subcircuit is called "reciprocal repressor," whose function is the mutual exclusion of regulatory states, which is best characterized by GCM and Alx1 in SMCs and PMCs respectively. If Alx1 is activated initially in a specific territory, it represses GCM, and vice versa. The next subcircuit is "negative feedback autoregulation" and "spatial repression." These two terms can both apply to the transcription factor Eve. Here, Eve inhibits its own transcription, and hox11/13b also inhibits the transcription of Eve during the specification process of the endomesoderm. The function of these subcircuits is to restrict expression to a subdomain. Additionally, there is a subcircuit "intracellular feedback on a ligand gene." In this subcircuit a cell produces Wnt8, which in turn activates Wnt8 in a neighboring cell, and that cell sends the same signal back to the original cell, causing them to be locked in a regulatory state. Finally, the last subcircuit is known as "AND" logic operation. In this example two regulatory states overlap, allowing two transcription factors to bind to a cis-regulatory module, and in turn, those activate the transcription of a new regulatory transcription factor [START_REF] Peter | Modularity and design principles in the sea urchin embryo gene regulatory network[END_REF]. Clearly, all these different types of subcircuits result in overlapping, redundancy and robustness of the GRN to ensure developmental success.

Robustness and plasticity of the GRN

The sea urchin GRN allows for remarkable regulative capacities. Not only can it cope with the mechanical separation of blastomeres until the 4-cell stage giving rise to viable larvae, but also there are two classic examples of the robustness and plasticity of the GRN and integration at the cellular level: 1) micromere ablation and subsequent transfating (Sharma & Ettensohn, 2011) 2) transplantation of micromeres [START_REF] Ransick | A complete second gut induced by transplanted micromeres in the sea urchin embryo[END_REF]. In the experiment performed by Ettensohn, ablation of the primary mesenchyme cells (PMCs; skeletogenic mesenchyme) results in the transfating of secondary mesenchyme cells (SMCs; non-skeletogenic mesenchyme) to give rise the the larval skeleton as seen in Figure 1.16 (Sharma & Ettensohn 2011). Evolutionarily, it is believed that the ancestral echinoderm had no larval skeleton, and in modern Cidaroidea the skeletogenic mesenchyme ingresses late. Therefore, it is speculated that modern PMCs are recent in evolution, and that the ability of SMCs to transfate into PMCs is an artifact of its evolutionary history as seen in Figure 1.17 [START_REF] Ettensohn | Gene regulatory networks and developmental plasticity in the early sea urchin embryo: alternative deployment of the skeletogenic gene regulatory network[END_REF]). In the second example, the micromeres have the ability to induce a secondary gut when transplanted to the animal pole (Figure 1.18; [START_REF] Ransick | A complete second gut induced by transplanted micromeres in the sea urchin embryo[END_REF]. This finding was important in that it showed that the micromeres can induce and change cell fates in neighboring cells, thus carrying the functionality that defines Spemann type organizing centers. 

Sea urchin twining by blastomere separation -a model to distinguish between inherited and acquired variation and challenge regulative processes underlying developmental robustness

As aforementioned, Hans Driesch demonstrated in 1891 that separated blastomeres at the 2and 4-cell stage gave rise to pluteus larva. A century later, these experiments were revisited with S. pupuratus, and it was observed that twins gave rise to viable fertile adults (Cameron, Leahy and Davidson, 1996). Driesch also observed 2 phenotypes that were described as ½ a 16-cell stage (75% of observed embryos), or could not be distinguished (25%). In addition, in both cases, 1891 and 1996, they did not observe how these twins, or singletons, compensated for the perturbation. All Driesch observed was that a few hours later they formed a blastula [START_REF] Driesch | Entwicklungsmechanische Studien I-II[END_REF]. Recently, preliminary studies from the dissertation of Dimitri Fabrèges (2016) identified three phenotypes in sea urchin twins based on the number of cells and their contacts. These phenotypes are described as: correct cell number and contacts between the germ layer progenitors (phenotype 1), correct cell number and incorrect contacts (phenotype 2; contacts between the mesomeres and micromeres would be incorrect), and incorrect cell number with incorrect contacts (phenotype 3). In addition, he observed that all three phenotypes have the same survival rate of approximately 70% (Fabrèges, 2016;Figure 1.19). Also, Fabrèges observed that the twins had the same number of primary mesenchyme cells (32 cells) compared to the control (32 cells; Figure 1.20). This is twice the number that was expected by cell divisions, as he hypothesized that twins would only have 16 primary mesenchyme cells. Interestingly, Fabrèges (2016) also observed that the singletons first develop as a flat monolayer before compacting into a spherical blastula, something that Driesch did not describe.

Therefore, the present dissertation attempts to answer the following questions: 1) If the 3 phenotypic categories led to approximately the same survival rate, are the original contacts at the 16cell stage cogent indicators of success? 2) Is cell sorting/arrangement of the 3 germ layer progenitors required for successful development, especially in singletons with incorrect contacts at the 16-cell stage? 3) How are the proper number of PMC's attained? Is this via transfating? 

Approach and Current State-of-the-Art

Towards a complex systems approach of morphogenetic processes

The state of the art that we report here points to the following current requirements in developmental biology: 1) quantitative data at the relevant spatial and temporal scale to monitor processes as they happen in vivo 2) strategies to achieve the integration of molecular, genetic and cellular data based on the GRN dynamics along the cell lineage. This vision, shared in the laboratory, is schematized in our formal and applied epistemology: This goal implies the possibility to follow cellular behavior and gene expression in vivo through 3D+time imaging and process the data with powerful algorithmic tools. State-of-the -art in the field is as follows:

Current state-of-the-art in live imaging and automated cell lineage reconstruction

Live imaging of animal models from a single-celled zygote to a complex organism with thousands of cells is a difficult objective. Currently, live imaging has been performed in early developmental stages in Drosophila, zebrafish, ascidians, C. elegans, and sea urchins (Olivier, Luengo-Oroz, et al., 2010;[START_REF] Wu | Inverted selective plane illumination microscopy (iSPIM) enables coupled cell identity lineaging and neurodevelopmental imaging in Caenorhabditis elegans[END_REF]Krzic et al., 2012;Tomer et al., 2012;[START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF]Villoutreix et al., 2016), and recently preimplantation stages of mouse and rabbit embryos (Dietrich et al., 2015;[START_REF] Fabrèges | Control of the proportion of inner cells by asymmetric divisions and the ensuing resilience of cloned rabbit embryos[END_REF]. In every case, the first challenging issue is to set suitable mounting conditions. We worked to develop original and powerful methods that are presented in this manuscript. However, measuring quantitative information at different scales requires a precise balancing act between observation length, signal-to-noise ratio, and spatial and temporal resolution [START_REF] Keller | Imaging morphogenesis: technological advances and biological insights[END_REF]. Current methods to image live specimens include multiphoton laser scanning and selective plane illumination microscopy (SPIM). Along with that, the image processing algorithms to reconstruct cell lineages, detect nuclear centers, and membrane segmentation have also greatly improved [START_REF] Amat | Fast, accurate reconstruction of cell lineages from large-scale fluorescence microscopy data[END_REF][START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF][START_REF] Schott | EmbryoMiner: A new framework for interactive knowledge discovery in large-scale cell tracking data of developing embryos[END_REF][START_REF] Wolff | Multi-view light-sheet imaging and tracking with the MaMuT software reveals the cell lineage of a direct developing arthropod limb[END_REF]. Although we may still expect further improvements in this field [START_REF] Buckingham | Tracing cells for tracking cell lineage and clonal behavior[END_REF]. However, the problem with automated cell tracking is that it is hardly without errors. Thus, the manual validation and correction of cell lineages can take several weeks to months depending on the speed and accuracy of the individual and the extent of correction needed. However, one of the benefits of having these painstakingly manually validated "gold standards" is that they can be used as a foundation by machine learning based tracking algorithms [START_REF] Ulman | An objective comparison of cell-tracking algorithms[END_REF].

In addition, the molecular, genetic and cellular integration challenge requires that we gather multi-level quantitative information. This may include protein dynamics, changes of gene expression over time and measurement of forces acting on tissues and cells. Collecting relevant measurement requires among improving the spatiotemporal resolution of imaging data as well as the development of new probes as two-photon absorbing and far-red emitting probes to improve in depth imaging. The reconstruction of embryonic cell lineages starts with the acquisition of 3D+time data, with one channel for the fluorescent signals emitted by nuclei (H2B-mCherry), and the other for cell membranes (eGFP-HRAS). The BioEmergences workflow webservice, also available as a standalone, allows for the successive steps to process 2-channel data. There are algorithms for image filtering, nuclei center detection, membrane shape segmentation, and cell tracking. All of the aforementioned algorithms were designed to deal with the inherent noise of imaging data acquired by laser scanning microscopy. After processing by the workflow, the data can be visualized with the interactive visualization software known as Mov-IT. In Mov-IT, the superimposition of raw data with reconstructed data allows for the assessment of data quality, measurement of error rate, and correction of nuclear centers and tracking errors. From this, one can assess the clonal history and cell behaviors during early embryonic development [START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF].

Methodology

Specific aims

My thesis work focuses on early embryonic morphogenesis in Deuterostome, using Danio rerio and Paracentrotus lividus as animal models, in order to contribute to a predictive understanding of development through the analysis of induced twins. The induction of sea urchin twins and conjoined zebrafish challenges developmental processes, and relies on the lability of morphogen gradients, the repertoire of cell behaviors in response to morphogen gradients and biomechanical cues, and morphogenetic field size regulation. The interplay of signaling pathways in setting embryonic axes and inducing a Spemann-type organizing center has been extensively studied in zebrafish [START_REF] Xu | Construction of a Vertebrate Embryo from Two Opposing Morphogen Gradients[END_REF]. However, they do not explain the link between biochemical cues and individual cell behaviors, and the emergence of morphogenetic fields and their size regulation. We hypothesize GRN architecture at the single cell level along its lineage explains the formation of the embryonic axes and specific cell behaviors. We hypothesize single cell behaviors will lead to collective cell behaviors underlying the tissue mechanics shaping the blastula and gastrula.

Consequently, this dissertation has the following specific aims: Specific Aim 1: Elucidate and quantify the multi-level phenotypic traits of P. lividus singletons past motility commencement to determine compensatory mechanisms that drive developmental success via 3D+time imaging and reconstruction of their cell lineage tree. To this aim, we need to overcome the bottleneck of long-term imaging of Paracentrotus lividus past motility stage.

Specific Aim 2:

Elucidate the cell behaviors of the endogenous and induced axes of D. rerio specimens upon acvr1ba* injection, and the eventual regulation of their morphogenetic field size via 3D+time imaging and cell tracking.

We expect the proposed aims to highlight plasticity and robustness of early embryonic processes. They are significant because they explore the emergence of phenotypic features from single cell behaviors thus focusing information missing from previous functional genetics studies.

The close to exhaustive construction of its Gene Regulatory Network (GRN; [START_REF] Peter | Predictive computation of genomic logic processing functions in embryonic development[END_REF] and small number of cells makes the sea urchin, a model of choice to explore these hypotheses. The approach is innovative, combining high-resolution 3D+time imaging and cell lineage analysis. It will contribute to the integration of cellular and molecular dynamics in a tentative explanatory model based on the MECAGEN framework, of the emergence of embryonic patterns. We expect the proposed methodology to become common ground for further investigations in the field.

CHAPTER 2

Embryonic regulation in nodal induced conjoined zebrafish Antonio Ortiz 1 , Saskia de Man 1,2 , Thierry Savy 1 and Nadine Peyriéras 1 1 BioEmergences Laboratory (USR3695), CNRS, Université Paris-Saclay, 91198 Gif-sur-Yvette, France. 2 University of Amsterdam, Amsterdam, Netherlands.

Background and significance

Embryogenesis is a remarkable dynamic and precisely regulated process, along with the embryo's capacity to overcome biological perturbations. Classical embryology experiments have shown that deuterostomes have the regulative capacity to overcome both internal and external perturbations. Classically, this was shown early with sea urchins by Hans Driesch in the late 1800s, when he demonstrated that sea urchins can be split up to the 4-cell stage, and still give rise to viable larvae [START_REF] Driesch | Entwicklungsmechanische Studien I-II[END_REF]. This is due in part to the fact that embryos up to this stage retain their ability to form micromeres, which are said to be maternally determined and have inductive properties, which means they are cells which have the capacity to change the fates of cells around them [START_REF] Ransick | A complete second gut induced by transplanted micromeres in the sea urchin embryo[END_REF]. This same inductive property was seen inn vertebrates as well. In vertebrates, this was first observed in amphibians by Hilde Mangold and her supervisor Hans Spemann [START_REF] Spemann | Induction of Embryonic Primordia by Implantation of Organizers from a Different Species[END_REF]. They observed that the Spemann organizer, a cluster of cells in the developing embryo of an amphibian, induces the development of the central nervous system [START_REF] Spemann | Induction of Embryonic Primordia by Implantation of Organizers from a Different Species[END_REF]. This concept of induction has therefore drawn the attention of embryologists throughout the last century, with analogues of the Spemann organizer in vertebrates and more largely in Deuterostomes. In the chicken and fish the embryonic domains, functional equivalent of the Spemann organizer are the Hensen's node and the embryonic shield respectively.

In zebrafish, the embryonic shield is the functional equivalent of the dorsal blastopore lip in amphibians as it can induce a secondary axis when transplanted to the ventral side of a recipient embryo [START_REF] Shih | Characterizing the zebrafish organizer: microsurgical analysis at the early-shield stage[END_REF]. With the degree of duplication being dependent on the transplantation of the deepest cells (goosecoid positive) of the embryonic shield, closest to the yolk [START_REF] Saúde | Axis-inducing activities and cell fates of the zebrafish organizer[END_REF]. In zebrafish, there are two additional means of inducing a secondary axis, either with injection of the constitutively active form of the Nodal pathway receptor Taram-A (tar), or with the janus mutant [START_REF] Abdelilah-Seyfried | Implicatons for dorsoventral axis formation determination from the zebrafish mutant janus[END_REF][START_REF] Peyriéras | Inhibitory interactions controlling organizer activity in fish[END_REF]. This leads us to the concept of twinning, and how this phenomenon can be used as a resource to explore the range of possible developmental paths, and allowing the discrimination between inherited and acquired variability.

Here, the focus is on the case of Nodal overexpression via the injection of constitutively active tar* mRNA into one cell in the 16-cell stage embryo. The injection of tar* modifies the embryo's intrinsic gene regulatory network (GRN), and thus the aim is to understand how the embryo responds to this ectopic Nodal overexpression. Previously, Peyrieras et al., 1996 observed that the extent of the duplication and regulation of morphogenetic field size is dependent on the position of the induced shield from the endogenous one. However, unanswered questions remained about the cell dynamics that can only be revealed via 3D+time live imaging and the reconstruction of their cell lineage tree. The aim is to reveal if there are differences in the underlying cell dynamics generating both axes, and/or compensatory mechanisms to overcome the induction and morphogenesis of a secondary axis.

Preliminary data

The data presented in this section was as a result of the work of Nadine Peyriéras (Director of this thesis;1996). Peyrieras et al. (1996) observed the generation of a second organizer (shield) via the injection of tar* mRNA into one cell at the 16-cell stage. Tar* was previously described as mutated constitutively active form of a TGF-β receptor [START_REF] Renucci | An activated form of type I serine/threonine kinase receptor TARAM-A reveals a specific signalling pathway involved in fish head organiser formation[END_REF]. Peyrieras et al. observed that 70% of the injected embryos had a secondary shield, but only 25% had some identifiable duplicated secondary structures 24 hpf (1996). This suggested that there are suppressive mechanisms to overcome this biological perturbation. However, here we present additional unpublished data she acquired during her time working in the laboratory of Frederic Rosa.

The extent of duplication observed is correlated with the positions of the shields with respect to one another. Below, in situ hybridizations were performed on whole tailbud stage (top row) and 6 to 8 somite stage embryos (bottom row) for the following: At tailbud stage embryos in situs were performed on foxa2 (axial) and ctslb (hgg1), and at the 6-8 somite stage pax6a, myod1, ctslb (hgg1), egr2a (krox20), and tbxta (ntl). These probes mark the axial mesoderm, hatching gland, hindbrain neuroplate and presumptive diencephalon, somites, hatching gland, rhombomeres 3/5, and notochord respectively. It was observed that the further away the shields are from one another, the more complete the duplication of the axes at later stages (Figure 2.1). When in opposite positions, the notochords are complete in both axes, do not fuse and are separated by lateral plate mesoderm. Additionally, the injected cell progeny was labeled with β-galactosidase either in blue or by immunocytochemistry. This showed that the notochord formed properly in both axes and that a population of cells derived from the injected cell spread over the yolk, which we hypothesize are likely to be endodermal. The identity of these cells has been confirmed by in situ hybridization for specific marker foxa2 (axial; Figure 2.2;[START_REF] Peyriéras | Conversion of zebrafish blastomeres to an endodermal fate by TGF-[beta]-related signalling[END_REF]. 

RESULTS

Random positioning of the two axes but large domain of shield fusion

The first section of these results was a collaboration between S. de Man and A. Ortiz. The question was to revisit the conclusion or the 1996 publication about the random positioning of the secondary axis. The point here relates to the fate of the 12 blastomeres at the periphery of the 16-cell stage embryo. If, as proposed by Strehlow these blastomeres differ in fate, the relative position of the two axes should not be random [START_REF] Strehlow | The fates of the blastomeres of the 16-cell zebrafish embryo[END_REF].

We explored this issue with the injection of tar* mRNA into one of the 12 marginal blastomeres at the 16-cell stage co-injected with mRNA encoding H2B-mCherry. Control embryos consisted of the same injection without tar* mRNA. At first, it was observed that position 6 (see Figure 2.4) embryos were rare, and that there seemed to be an overrepresentation of 0 position specimens compared to others. In order to systematically assess this, we injected approximately 430 embryos over the course of 16 experiments, and sorted them into 7 categories (Figure 2.4), based on a clock representation of an animal pole view of embryos at the shield stage. We observed that, compared to what we expected to random chance, 8.33%, in zero position embryos, there was an observed frequency of 32.79% compared to the control of 13.89%. Embryos in position 6 were slightly higher than expected with an averaged observed frequency of 10.93%, compared to the expected frequency of 8.33% and control of 13.38%. Discrepancies were observed between Expert 1 (S. de Man) and Expert 2 (A. Ortiz) in 0/1 and 5/6 position embryos, with a 7-8% difference between the two experts. We suspect the differences in 6 position embryos are due to differences in the precision of injection between the two experts ( are also represented separately. For the control mCherry-H2B RNA (without tar*) was injected and the marginal position of the mCherry was scored. The last two columns contain the results obtained from a single experiment where the embryos were sorted via visual inspection by the two experts (Sorting), and a picture for every embryo was taken and the position was determined by measuring the angle between the two shields using the angle tool of ImageJ/FIJI (Measured). We were able to reproduce the observations in [START_REF] Peyriéras | Inhibitory interactions controlling organizer activity in fish[END_REF], and further divide the categories from a total of 4 categories to 7. We confirmed the overrepresentation of the 0 position, and that the extent of duplication is dependent on shield positions (Figure 2.4). Discrepancies in the overrepresentation of the 0 position may be due to fusion of shields in the 1 position prior to observation at shield stage, also it is suggested that sorting via visual inspection is not as reliable as measuring the angles with an image processing software (Table 2.1; Master's thesis of S. de Man, 2016). Differences between the experts we hypothesize could be due to precision in injection, as 

Full regulation at position 0-1 (in collaboration with S. de Man)

By 24 hours of development, embryos of the 0-1 category are morphology comparable to normal and patterning, as revealed by in situ hybridization (Figure 2.1). However, there are differences in the size of the lateral plate mesoderm. We interpret that regulation proceeds through the GRN via negative feedback going through Nodal ligands' competitors (lefty) and ADMP. ADMP (anti-dorsolizing morphogenetic protein) is a BMP-like protein that inhibits axial structures [START_REF] Willot | Cooperative Action of ADMP-and BMP-Mediated Pathways in Regulating Cell Fates in the Zebrafish Gastrula[END_REF]. This prompted the inspection of 0-1 embryos in an ADMP morphant conditions (Figure 2.6). If embryos in the 0-1 category fully regulated to a normal phenotype, embryos in the 6 category seem to regulate only by leading to two fully developed axes. Gastrulation however seemed to proceed on both sides through different cell behaviors that we explored through in toto 3D+time

imaging.

Different cell behaviors underlying gastrulation in opposite axes

With the goal of tracking cells in both axes and distinguishing the progeny of the injected cells, we performed three different types of injections utilizing the zebrafish transgenic line Tg(- Tracking cells in both axes calls for in toto imaging, which has never been properly achieved in zebrafish. Indeed, current methods consist of stitching the two halves of the embryo imaged consecutively via light sheet microscopy imaging [START_REF] Amat | Fast, accurate reconstruction of cell lineages from large-scale fluorescence microscopy data[END_REF]. Both imaging and tracking failed to properly catch deep cells, and the region of stitching also misses a lot of data. We then, explored the possibility to achieve a better result by imaging consecutively the two halves of gastrulating embryos with the horizontal 2-photon point laser-scanning microscope LaVision Biotec (Figure 2.7). Despite a good image quality, our cell tracking was however poor because of the low temporal resolution and the sacrifice of z resolution as well (timestep over 2m30s and z resolution ranging from 1.99 to 2.07 µm). Proper in toto imaging remains, however, a requirement for the exhaustive analysis of gastrulation movements and axis duplication. However, the in toto data suggested to focus on differences in convergence extension movements between the two axes (Figure 2.8). To this aim, we prioritized imaging speed and spatial resolution and imaged only half of the gastrulating embryos. Data acquisition remains challenging because of the difficulty to maintain the embryo without constraining it too much. We provide, in appendix, an exhaustive list of the experiments performed (approximately 100), highlighting the ones that are usable for publication (Success rate approximately 12.5%; Appendix Table 1). This data is rich of information still to be exploited at the time of this manuscript writing. 

Two axes display mirror symmetric features

Conjoined zebrafish specimens are difficult to raise past 5 days post fertilization, due to the fact that it is difficult for them to swim and catch food, since they both control the tail. In addition, heart looping is only visible after 48 hpf. Upon visual inspection of 10 days post fertilization (dpf) conjoined zebrafish, it was observed that the heart displayed mirror symmetric features between the two axes (Figure 2.9). However, we were only able to see this phenomenon in two 6 position specimens so far, as most 6 positions embryos do not survive past 48 hpf due to cardiac edema which can be clearly seen in a 3 dpf conjoined zebrafish in Figure 2.9D. In twins, mirror imaging is a phenomenon that still remains to be understood. In mirror imaging cases, twins may have different left/right handedness, reversed organs (rarely), and sometimes same eye conditions in opposite eyes. This type of identical twinning is rare (25%), but may be due to something involving signaling, and happens with a low probability that we were able to observe during the course of this thesis. And perhaps, it may be Nodal dependent, and thus allow for experimental manipulation. Hypotheses include that an embryo separating between 7 to 12 days results in different individuals, while separating after this mark, they result conjoined twins.

DISCUSSION

The zebrafish model has grown vastly over the past 20 years, and has many benefits including relatively fast development, transparent embryonic tissues, and the ever-growing resources of the zebrafish community (ZFIN.org). Currently, a GRN of early zebrafish development exists with not quite the same equivalency as the sea urchin one pioneered by Dr. Eric Davidson (http://www.echinobase.org/), however it lays a solid foundation for future research [START_REF] Chan | Developmental gene regulatory networks in the zebrafish embryo[END_REF]. The formation of conjoined zebrafish provides an empirical case for highlighting gastrulation plasticity and robustness and explore the cell response to GRN manipulation and emerging patterns.

Randomness of the shields' position

We observed that the induced shield can appear at any angle compared to the endogenous one. In addition, there is a bias toward the zero position, which we hypothesize is due to fusion of shields that would have been in the 1 position, and fuse prior to when the gsc reporter is expressed.

Regulation by fusion of identical morphogenetic fields

The principle of regulation by fusion of identical morphogenetic fields seems to apply throughout gastrulation. As shown in Figure 2. We hypothesize that the microinjection of tar* into the zebrafish embryo modifies the endogenous gradients of BMP and Nodal, as summarized in the Figure 2.10 above. In the wild-type case, BMP is on the ventral side, with Nodal located along the margin and in the embryonic shield (red circle). We hypothesize that in category 0 specimens the domain and expression levels within the the embryonic shield is enlarged. While in category 6 specimens we hypothesize that there is a somewhat symmetric expression of Nodal with BMP being pushed in the center. We hypothesize the expression must be symmetric in order to allow for symmetric axes.

Though not yet validated, future experiments can confirm this due to the existence of the GFP-Smad2, which can be used as a readout of Nodal signaling, traangenic line from the Schier lab [START_REF] Dubrulle | Response to nodal morphogen gradient is determined by the kinetics of target gene induction[END_REF]. We may also be able to see dynamics of Nodal signaling in real time by observing the nuclear accumulation of phosphorylated Smad2 via 3D+time imaging.

Consequences on cell behavior in response to high cell autonomous Nodal signaling

Here, we investigated a node of the Nodal pathway, which has been one of the most extensively studied pathways in developmental biology in many model organisms. However, the complete pathway and biological role in various animal models remains in part unknown [START_REF] Schier | Molecular Genetics of Axis Formation in Zebrafish[END_REF]. Nodal is known to be required for different processes in development, from renewal of mouse embryonic stem cells and differentiation in zebrafish [START_REF] Schier | Molecular Genetics of Axis Formation in Zebrafish[END_REF][START_REF] Ashida | Activin A in combination with ERK1/2 MAPK pathway inhibition sustains propagation of mouse embryonic stem cells[END_REF]. As stated previously Peyrieras et al. (1996) and reproduced in the work presented here, we can induce a secondary body axis via mRNA injection of constitutively active Nodal type 1 receptor into one of the 12 marginal cells at the 16-cell stage, and results in a Siamese zebrafish. We observed that in the case of Siamese zebrafish, the induced axis forms through cell behaviors that differ from what is observed in the endogenous axis. More precisely, the injected progeny, identified with a lineage tracer, scatters and have delayed convergence when compared to the endogenous axis. Nevertheless, the induced axis gives rise to properly formed axial structures including notochord and somites. We hypothesize that tar* expressing cells retain longer a random walk behavior [START_REF] Pézeron | Live Analysis of Endodermal Layer Formation Identifies Random Walk as a Novel Gastrulation Movement[END_REF] as a consequence of higher cell autonomous Nodal signaling activity and modified negative feedback loop. Down regulation of the Nodal pathway in cells with constitutively active Nodals signaling is likely to be impaired, occurring perhaps downstream in the GRN circuitry and delayed compared to the normal situation. We expect at some point to test this hypothesis in our MecaGen model of zebrafish gastrulation [START_REF] Delile | A cell-based computational model of early embryogenesis coupling mechanical behaviour and gene regulation[END_REF].

One of the Nodal early response genes is the transcription factor goosecoid, whose promoter was used as a readout for Nodal signaling. Goosecoid is a homeobox transcription factor which has a role in dorsal/ventral axis specification, pattern formation, neural plate regionalization, and even Epithelial-to-Mesenchymal transition [START_REF] Seiliez | FoxA3 and goosecoid promote anterior neural fate through inhibition of Wnt8a activity before the onset of gastrulation[END_REF][START_REF] Dixon Fox | Short-and long-range functions of Goosecoid in zebrafish axis formation are independent of Chordin, Noggin 1 and Follistatin-like 1b[END_REF][START_REF] Kantarci | Spemann organizer gene Goosecoid promotes delamination of neuroblasts from the otic vesicle[END_REF]. Previous studies of the goosecoid regulatory sequences revealed two elements that are key in the expression of goosecoid, the distal element is responsive to activin, and the proximal element responds to activin and bFGF, and both are important for full induction by activin [START_REF] Joore | Regulation of the zebrafish goosecoid promoter by mesoderm inducing factors and Xwnt1[END_REF].

We hypothesize that the success of the induced axis is dependent on the attenuation of goosecoid by transcriptional repressors, perhaps by goosecoid itself and/or inhibitory Smads [START_REF] Gu | A Novel TGFβ Modulator that Uncouples R-Smad/I-Smad-Mediated Negative Feedback from R-Smad/Ligand-Driven Positive Feedback[END_REF]. In the future, the identity of these transcription factors regulating goosecoid, and the quantitative profile showing the attenuation of goosecoid transcription over time in the induced axis compared to the endogenous may reveal critical regions of the goosecoid regulatory sequences where

Nodal is required to overcome the repressive activities of BMP on the ventral side, and how the whole network responds on the induced side compared to the endogenous one.

Currently, there are many models of how Nodal is controlled both spatially and temporally, the interaction between dorsalizing and ventralizing morphogens, and how Nodal acts a dosage and time-dependent manner [START_REF] Gritsman | Nodal signaling patterns the organizer[END_REF]. However, there is not much current knowledge on transcriptional repressors, and all of the Smads necessary in regulating Nodal response genes [START_REF] Schier | Molecular Genetics of Axis Formation in Zebrafish[END_REF]. Being that negative feedback is vital in patterning embryos, elucidating the regulatory sequences of Nodal response genes, including goosecoid, in normal and abnormal cases of gene expression may indeed identify novel and critical inductive/repressive transcriptional regulators for this gene.

Nodal signaling has various roles and mechanisms in a variety of cell types and model organisms. Induction of ectopic constitutively active Nodal type 1 receptor induces mesenchymal, cancer-like behavior. However, the organism is able to counteract and recover. Since a number of cancers correlate with Nodal dis-regulation, a more complete picture of Nodal signaling in the zebrafish could provide us with essential insight in underlying processes.

MATERIALS AND METHODS

Preparation of mRNA

Respective plasmids encoding H2B-mCherry, eGFP-HRAS, and TARAMA-D (acvr1ba*) were linearized with the appropriate enzyme and purified by phenol-chloroform extraction. mRNA was transcribed using the mMessage mMachine kit for SP6 (Ambion) according to the manufacturer's procedure. mRNA was then purified with the Nucleospin RNA XS kit (Machery-Nagel) according to the manufacturer's procedure.

Zebrafish husbandry and microinjection

Zebrafish experiments and husbandry were all carried out adhering to the rules set by Directive categories at the shield stage as described. Embryos with shields on opposite sides (position 6) were prioritized for live imaging until 24 hpf for phenotypic observation.

Zebrafish mounting and imaging on LaVisionBiotec (horizontal 2-photon point laser scanning)

In order to image developing Siamese embryos in toto, a cylinder of 1.2% phytagel (Sigma P8169) in Embryo Medium (EM) was mounted on a metal pedestal. The 1.2% phytagel cylinder of phytagel was made using 3D printed molds (Figure 2.11). After making the 1.2% phytagel cylinder, the cylinder was stored in EM until use in order to not get dry. 3D printed molds (A) are used to make the 1.2% phytagel mold on top of a metal pedestal (B). After embryo is mounted inside of the cylinder, it is screwed onto the stage (C).

Embryos were dechorionated and transferred into the phytagel cylinder with a glass Pasteur pipette.

The mounting pedestal was then screwed onto the stage. The chamber, along with the 16x objective (NA 0.8, Nikon), was then placed on over of the specimen. The chamber was filled with EM with Tricaine (30.32 mM) to anesthetize the embryos.

The rotation axis and imaging field were then adjusted so when rotated 180 degrees the two halves were of similar size.

Fluorescent excitation was achieved with a MaiTai laser (Spectra Physics) at 1000 nm to excite both mCherry and eGFP.
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Introduction and Rationale

The experimental perturbation of biological systems remains at the core of modern developmental biology. The investigation of model organisms from invertebrates to vertebrates is key to the identification of common features and processes amongst the taxa, and extrapolation to human.

The organisms' response to experimental perturbations is expected to reveal mechanisms that have been naturally selected for robustness and resilience. In any case, they do demonstrate how the underlying gene regulatory network (GRN) is limber and robust, and how cells adapt to their environment (Reviewed in Ettensohn, 2009). This plastic and reactive feature of the GRN and its integration at the cellular level is key in the biological system response to experimental perturbations.

Embryogenesis is a naturally variable, remarkably dynamic and finely regulated process. This variability plays a vital role in an organism's potential for robustness and resilience, and therefore is consubstantial of adaptation and evolution (Viney and Reece, 2013). The processes underlying biological variability remain largely a mystery, and quantifying phenotypic variation, traits like cell number, cell displacements, and identifying cell fate and clonal history remains a difficult challenge.

Phenotypic variation is a function of transmitted variation, such as size of the egg and concentration and distribution of specific molecules, and acquired variation, characteristics obtained through stochastic events occurring throughout development (Danchin et al., 2011). Animal models suited to minimize transmitted variation are valuable. This is the case of sea urchins through the generation of twins.

The sea urchin has been interwoven in the advancement in developmental biology since the experiments performed by Hans Driesch in the late 1800s, and its position on the phylogenetic tree as a basal Deuterostome allows for fundamental comparisons to vertebrates and the identification of common ancestral traits. Hans Driesch demonstrated that separation of sea urchin embryos at the 2cell stage or even at 4-cell stage, generating groups of "singletons", led to the development of fully functional larvae, though smaller in stature and with varied arm length. Through metamorphosis, singletons lead to fertile and phenotypically normal adults (Cameron, Leahy and Davidson, 1996). In our recent work [START_REF] Ortiz | Plasticity and robustness in twin sea urchin early development[END_REF], we investigated the twin model, using the Mediterranean purple sea urchin Paracentrotus lividus, to distinguish between transmitted and acquired variation at the level of cell dynamics through in toto 3D+time 2-photon microscopy and the reconstruction of cell lineages. As transmitted variation in twins is minimal, observed phenotypic variations are hypothesized to be acquired therefore, comparing pairs of twins provides information on their respective contribution to the observed variability.

Previous studies have successfully imaged early embryogenesis in vivo in zebrafish and Drosophila (Olivier, Luengo-Oroz, et al., 2010;Krzic et al., 2012;Tomer et al., 2012;[START_REF] Keller | Fast high-contrast imaging of animal development with scanned light sheet-based structured illumination microscopy[END_REF] , and recently preimplantation stages of mouse and rabbit embryos (Dietrich et al., 2015;[START_REF] Fabrèges | Control of the proportion of inner cells by asymmetric divisions and the ensuing resilience of cloned rabbit embryos[END_REF]. Developmental embryology studies largely rely on in situ staining techniques that require the cessation of development. Our objective is to achieve in toto and in vivo observations of biological processes underlying early embryonic development. There are a number of limitations in 3D+time imaging and digital processing of the sea urchin embryogenesis, along with the automated image processing to extract biologically relevant quantitative data. These limitations include: fluorescent staining of membranes and/or nuclei as brightly as possible without toxic effect and ectopic cytoplasmic staining, immobilizing the specimen without deformation, high temporal resolution without photodamage and adequate signal to noise ratio especially in the depth of the tissue. Immobilization of sea urchin embryos for long-term imaging is a major challenge. Previous studies have used chemical, parsley extract, anti-tubulin/antikinesin antibodies, and mechanical strategies including embedding the specimen in low-melting point agarose [START_REF] Piperno | Monoclonal Antibodies Specific for an Acetylated Form of a-Tubulin Recognize the Antigen in Ciliaand Flagella from a Variety of Organisms[END_REF]Semenova et al., 2008;[START_REF] Fabreges | Phenotypic variability in animal morphogenesis: sea urchin twins and cloned rabbits[END_REF]. In our laboratory, we have developed a non-invasive method to address this challenge.

We offer practical solutions optimizing long-term imaging data and cell tracking to establish the cell clonal history and clonal origin of larval organs in sea urchin specimens. In this protocol, we explain how to obtain gametes, successfully fertilize the eggs, generate twins, mount the embryo for 2-photon point laser scanning microscopy 3D+time imaging, and from the acquired data, reconstruct and validate cell lineages using BioEmergences workflow and Mov-IT interactive visualization software [START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF].

This protocol is a result of the collaborative effort of the sea urchin community. 

Introduction

The experimental perturbation of biological systems remains at the core of modern developmental biology. A comparative investigation of organisms, from invertebrates to vertebrates, is key to the identification of shared features and processes among the taxa, and their extrapolation to humans. The organisms' response to experimental perturbations uncovers mechanisms of resilience, demonstrates the plasticity and robustness of the underlying gene regulatory network (GRN), and can explain how cells adapt to their environment [START_REF] Gerhart | The theory of facilitated variation[END_REF]; reviewed in Ettensohn, 2009;[START_REF] Moczek | Re-evaluating the environment in developmental evolution[END_REF][START_REF] Runcie | Genomic characterization of the evolutionary potential of the sea urchin Strongylocentrotus droebachiensis facing ocean acidification[END_REF]. The flexible nature of the GRN and its integration at the cellular level is instrumental in a system-level response to experimental perturbations. The latter does not necessarily involve modification of GRN dynamics. This response is distributed over all levels of organization, including its epigenetic, metabolic or cellular components.

Embryogenesis is a naturally variable, remarkably dynamic and precisely regulated process. This variability plays a vital role in an organism's potential for robustness and resilience, and therefore is indissolubly linked to adaptation and evolution (Viney & Reece, 2013). The processes that underlie biological variability largely remain a mystery. Quantifying phenotypically variable traits such as cell number, cell displacements, and identification of cell fate and clonal history remain a challenge. Phenotypic variation is a function of transmitted variation, such as size of the egg and concentration and distribution of specific molecules. Acquired variation and characteristics obtained through stochastic events occur throughout development (Danchin et al., 2011). Animal models with minimal transmitted variation help understand the contribution of these two sources. This is the case of sea urchin "twins," which are easily generated in the lab and where the two individual embryos can be directly compared.
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CHAPTER 16 3D +time imaging of normal and twin sea urchin embryos

The sea urchin has been central to the advancement in developmental biology ever since the experiments performed by Hans Driesch in the late 1800s. Its position on the phylogenetic tree as a basal Deuterostome allows for fundamental comparisons to vertebrates and the identification of shared ancestral traits. Hans Driesch demonstrated that separation of sea urchin embryos at the 2-cell stage or even at the 4-cell stage, generating groups of "singletons," led to the development of fully functional larvae, though smaller in size and with varied arm length. Through metamorphosis, these singletons produce fertile and phenotypically normal adults (Cameron, Leahy, & Davidson, 1996).

In our recent work (Ortiz, Fabre `ges, Savy, & Peyrieras, 2019), we investigated the Mediterranean purple sea urchin Paracentrotus lividus as the twin model to distinguish transmitted from acquired variation at the level of cell dynamics through in toto 3D + time 2-photon microscopy imaging and the reconstruction of cell lineages. As transmitted variation in twins is minimal, observed phenotypic variations are hypothesized to be acquired. Therefore, the comparison of sets of twins provides information on their respective contribution to the observed variability. We also address how, during the early stages of development, the sea urchin overcomes the biological perturbation of being mechanically separated at the 2-cell stage (Fig. 1).

Rationale

Previous studies have imaged early embryogenesis in vivo in zebrafish and Drosophila (Krzic, Gunther, Saunders, Streichan, & Hufnagel, 2012;Olivier et al., 2010;Tomer, Khairy, Amat, & Keller, 2012), and more recently preimplantation stages of mouse and rabbit embryos (Dietrich et al., 2015;[START_REF] Fabre `ges | Control of the proportion of inner cells by asymmetric divisions and the ensuing resilience of cloned rabbit embryos[END_REF]. To date, most sea urchin GRN studies have relied on in situ staining techniques that require the cessation of further development. Our objective is to achieve in toto and in vivo observations of embryonic development. The integration of qualitative and quantitative information based on in vivo data allows modeling of biological systems. Such modeling opens the way to in silico experimentation with the potential to greatly improve explanation and prediction [START_REF] Delile | A cell-based computational model of early embryogenesis coupling mechanical behaviour and gene regulation[END_REF].

There are a number of limitations to 3D + time imaging and digital processing of sea urchin embryogenesis, along with the automated image processing to extract biologically relevant quantitative data. These limitations include: fluorescent staining of membranes and/or nuclei as brightly as possible without toxicity and ectopic cytoplasmic staining, immobilization of the specimen without its deformation, high temporal resolution without photo damage, and an adequate signal-to-noise ratio, especially in the depth of the tissue. In particular, immobilization of sea urchin embryos for long-term imaging is a major challenge. Blastula-stage embryos become highly motile. To counteract motility, previous studies used chemical inhibitors, parsley extract, anti-tubulin/anti-kinesin antibodies, and mechanical strategies, including embedding the specimen in low-melting agarose [START_REF] Fabre `ges | Phenotypic variability in animal morphogenesis: Sea urchin twins and cloned rabbits[END_REF][START_REF] Piperno | Monoclonal antibodies specific for an acetylated form of a-tubulin recognize the antigen in cilia and flagella from a variety of organisms[END_REF]Semenova, Tsyganov, Yakubov, Kiselyov, & Semenov, 2008). We developed a non-invasive method to address this challenge, which we summarize here. We also offer practical solutions to optimize long-term imaging data and cell tracking as a means of establishing the cell clonal history and clonal origin of larval organs in sea urchin specimens. We explain how to obtain gametes, fertilize the egg, generate twins, mount the embryo for 2-photon point laser scanning microscopy 3D + time imaging, and from the acquired data, reconstruct and validate cell lineages using the BioEmergences workflow and Mov-IT interactive visualization software [START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF].

Materials

Sea urchin work and molecular biology

• 60 Â 15 mm Petri dishes (VWR 734-007).

• 35 Â 10 mm Petri dish.

• 35 Â 10 mm glass bottom dish with a custom-made 5 mm hole covered by a coverslip glued underneath with rubber cement (Fixo Gum from Marabu). • Protamine sulfate (Sigma, P4380).

• Glass Pasteur Pipettes.

• Inox sieve 60 mm with 100 μm nylon mesh (Granuloshop).

• 250-mL glass beakers.

• Filtered Natural Seawater (FNSW) collected from the sea (preferred) or filtered artificial seawater (see chapter "Procuring animals and culturing of eggs and embryos" by Adams et al., Volume 150, Part A). • 1.5-mL Eppendorf Tubes.

• 50-mL Falcon Tubes (Dutscher 352070).

• para-Aminobenzoic acid (PABA, Sigma A9878).

• 3-Amino-1,2,3-triazole (ATA, Sigma A8056). the Human RAS protein to label cell membranes, is in vitro transcribed from PCS2 + linearized templates [START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF] and stored as a stock at high concentration (between 500 and 1000 μg/μL) at À80 °C. mRNA for microinjection should be prepared from stock solution on the day of the injection and kept on ice:

• Buffered artificial seawater used for twinning [START_REF] Ettensohn | Development of sea urchins, ascidians, and other invertebrate deuterostomes: Experimental approaches[END_REF] 

Microinjection setup

• Leica DM IL LED microscope for RNA injection into the eggs.

• Fine micromanipulator (Leica or Narishige MMO-203).

• Eppendorf FemtoJet microinjector.

3.3 Time-lapse imaging setup using upright 2-photon point laser scanning microscope (2P-LSM)

• Leica DM6000 (upright fixed stage)/SP8 2P-LSM or a similar device allowing simultaneous 2-photon excitation at 980 and 1040 nm. • Lasers: femtosecond pulsed laser beams from Spectra Physics Insight Deepsee with one beam producing a fixed wavelength of 1040 nm and the other one tunable between 680 and 1300 nm. • Detectors: 2 Hybrid non-descanned detectors (NDDs) are used to acquire simultaneously membrane and nucleus data in reflection mode. 

Software for image analysis

Image processing is pipelined through the BioEmergences workflow [START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF].

Methods

The following methods were adapted from the Sea Urchin Manual (2010) by [START_REF] Mcclay | Sea Urchin Manual, MBL[END_REF]. A brief overview is shown in Fig. 2.

Preparation of protamine sulfate coated plates

Eggs are immobilized for microinjection on protamine sulfate-coated Petri dish covers.

1. Prepare 0.5% (w/v) protamine sulfate solution by dissolving 0.25 g of protamine sulfate in dH 2 O for a final volume of 50 mL. 2. Use the lids of 60 Â 15 mm Petri dishes for microinjection. Cover each Petri dish lid with 0.5% protamine sulfate solution for exactly 1 min at 20 °C. Important: the timing and concentration are critical for a successful coating. 3. Wash the lids 10 times for $15 min total with deionized water; air-dry overnight with the lids turned upside down. 4. Store protamine sulfate-coated dishes in a dust-free container until use. Can be stored indefinitely.

Pulling pipettes for aligning eggs in rows

Heat glass Pasteur pipettes with a flame at its neck, pull and brake to allow for a diameter slightly larger than the sea urchin eggs (65-90 μm for P. lividus) in order to allow only one egg to be released from the pipette at a time. Lineup as many eggs as needed in a row.

Preparation of agarose-coated Petri dishes

Free blastomeres without a fertilization envelope should not be allowed to come into contact with plastic, as the embryos will likely die.

1. Prepare 1-1.5% (w/v) agarose in FNSW by dissolving 1-1.5 g in 100 mL FNSW.

2. Heat this solution in a microwave until it has melted homogeneously.

3.

Pour some of the agarose into a 60 Â 15 mm Petri dish, and swirl to coat the bottom and sides of the dish. Eggs are distinguished by their color, ranging from orange to red. 3. Collect sperm by extracting it directly from the male gonopores using a plastic pipette, avoiding contact with seawater. Do not dilute and place the sperm suspension in a 1.5-mL Eppendorf tube kept on ice. Important: sodium ions present in seawater activate sperm, therefore no contact with seawater should be allowed. Undiluted sperm can be stored at 4 °C for a week, but the success of fertilization decreases drastically over time. 4. For collection of eggs, place sea urchin female upside-down over a beaker containing FNSW for up to a minute and allow eggs to fall into the seawater.

Collect eggs with a sieve (100 μm nylon mesh) to remove debris and store the eggs in a 50-mL Falcon tube in FNSW for use the same day. Important: as an alternative option, some users report that eggs can be stored in dilute suspension for a few days at 16 °C with the addition of penicillin (100 units/mL final) and streptomycin (0.1 mg/mL final). However, we prefer freshly collected eggs. 5. All further manipulations are performed in a temperature-controlled room at 16 °C.

Removal of jelly coats for microinjection into the egg

1. Place 1 mL of high-density suspension of eggs into 15 mL of Citric Acid Seawater in a 60 Â 15 mm Petri dish. 2. Incubate for 1-1.5 min, then swirl the dish until a vortex pattern is observed. 3. Quickly transfer the eggs with plastic Pasteur pipettes through three consecutive washes of FNSW in 60 Â 15 mm Petri dishes (altogether less than 30 s) and store at 16 °C for up to 4 to 6 h as a dilute suspension. Important: assess quality of the eggs by their shape, which must be uniformly round with no blebs, and their maturity by the presence of a clear pronucleus slightly lighter than the cytoplasm and about 1/20th of the diameter of the egg (immature eggs have a large clear circle about 1/4 of the egg diameter). The better the quality of the eggs, the longer they can be kept before fertilization. Excessive dejellying can compromise the integrity of the eggs and make them stick more to the protamine sulfate treated Petri dish, which could result in damage during their removal after injection.

Pulling microinjection needles

We use a Sutter Instrument P-1000 (Sutter Instrument Company, Novato, CA, USA) with the following program: pressure 100, heat 520, pull 30, velocity 120, time 200.

407

The "heat" parameter should melt the glass in 7 s or longer, which is the number displayed right after you pull the needle. If it does not pull in 7 s or less, follow the "ramp test" in the user manual to determine the ideal heat parameter. Optimal parameters should be determined and tested empirically; the finer the tip of the needle, the easier the injection.

Microinjection procedure

There are many excellent resources that describe microinjection procedures for sea urchin eggs, including chapters "Microinjection of oocytes and embryos with synthetic mRNA encoding molecular probes" by von Dassow et al. and "Methods for transplantation of sea urchin blastomeres" by George and McClay. Here, we provide the details of our method using the Eppendorf FemtoJet microinjector. The timing of many of these steps is critical for success. Thus, optimizing the number of eggs that can be handled and microinjected in a given timespan by any given user is critical.

1. Turn on the Eppendorf FemtoJet microinjector. 2. Spin down mRNA-containing microinjection solution for 5 min at maximum speed (Eppendorf microcentrifuge 14,000 rpm/16,873 Â g) at 4 °C to remove particulates that might clog the micropipette. A small pellet may form at the bottom. 3. Pipette a few microliters of the RNA solution while avoiding touching the bottom of the tube (avoid the pellet to avoid clogging the needle), load it into the injection needle with an Eppendorf microloader and install the needle into the micromanipulator holder connected to the Femtojet. Add the PABA-ATA-SW to the protamine sulfate-covered Petri dish and place this dish on the microscope stage (Leica DL IM LED or a similar microscope equipped with a 40 Â objective) (Fig. 3A). 4. Lower the needle into the PABA-ATA-SW-covered Petri dish until contact is made with the liquid (Fig. 3A, right image). Important: the needle should be oriented at an angle of 30 degrees relative to the microscope stage. 5. Look for the needle's shadow, and lower the needle slowly. 6. Change focus and rub the tip of the needle gently on the bottom of the Petri dish back and forth until the solution is seen leaking out. Note that injection does not use the injection pressure but only the compensation pressure (P c ) adjusted to achieve constant flow of the RNA solution. 7. Adjust the P c , starting with about 10 hPa until the RNA solution begins to flow; it should appear like smoke coming from a chimney. 8. Pick the eggs with a previously pulled glass pipette and line up the dejellied eggs onto 0.5% protamine sulfate treated plate in PABA-ATA-SW, arranging the eggs in the straightest line possible. 9. Approach the egg with the injection needle, placing the needle halfway between the equator and the top of the egg. Make a small indentation on the surface and pierce the egg by gently tapping the micromanipulator or microscope base.

10. Keep the diameter of the injection bolus below 1/5 of the diameter of the egg by estimating its dimension by eye. For a typical egg with diameter of 80 μm, the diameter of the injection bolus should not exceed 16 μm, corresponding to 2 pL of RNA solution. Important: if the microinjection solution flows into the egg too fast, it may not be possible to fertilize the egg (presumably due to toxicity or mechanical damage). A careful adjustment of the pressure (P c ) is required. 

11.

Quickly remove the needle from the egg when the appropriate volume of RNA solution has flowed from the needle. 12. Proceed to fertilizing the egg(s) directly after injection, and no more than 30 min after eggs were placed on the protamine sulfate-treated Petri dishes. Dilute the sperm using 10 μL of concentrated sperm and add it into 1 mL of FNSW.

Important: quality of the sperm should be checked prior to use by observing it under the microscope. Place a small drop containing the sperm into a Petri dish containing FNSW and observe its behavior. Normal sperm should move by swimming rapidly in random directions. If a sizable fraction of sperm is swimming in circles, a different male should be used for collecting viable sperm for fertilization. 13. Using a glass Pasteur pipette, place a few drops of diluted sperm at a distance of approximately 2-3 cm from the row of eggs, and allow the sperm to reach the eggs. Sperm activated when in contact with seawater is capable of fertilizing the egg for a limited timespan only. Important: activated sperm retains its potency for 1 h, but for best results it should be used within 15 min. Success of fertilization may be gauged by formation of the fertilization envelope, which is a thin membranous layer that covers the zygote and prevents polyspermy (Fig. 2). 14. Wait for 3 min until fertilization envelopes form, and then make a twofold dilution of PABA-ATA-SW with FNSW. For subsequent steps, all Petri dishes used for the embryos must be covered with 1% agarose. Important: contact between embryos without fertilization envelope and plastic will kill them.

Twinning procedure

This procedure is based on the protocol from the dissertation of Fabre `ges (2016) (Universit e Paris Saclay, 2016) to separate the 2-cell stage embryo into individual blastomeres (Fig. 2). Fertilized eggs are transferred sequentially into dishes containing seawater of defined composition prior to cell division. Eggs are fragile. Again, careful attention to timing the indicated steps is critical.

1. Use a mouth pipette to transfer injected embryos into a Petri dish containing CFSW about 20 min after fertilization. Incubate for 5 min on the bench (16 °C temperature-controlled room). Important: expel slowly and pipette gently to remove the embryo from the protamine sulfate-coated dishes, otherwise they will not survive the twinning procedure. 2. Transfer embryos into the next Petri dish filled with CFSW. Incubate for 5 min on the bench at room temperature (16 °C). 3. Transfer into a new Petri dish with CMFSW. Incubate for 5 min. 4. Transfer into a new Petri dish for the final wash with 75% CFSW + 25% CMFSW and leave the zygotes there until the first cleavage, which should take about 1-1.5 h. Important: wait for 5-10 min after the first division before proceeding to the next step of separating the blastomeres. Separating too early will cause damage, and usually at least one of the twins will die. The embryos are quite fragile and the blastomeres will dissociate easily in the next step.
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CHAPTER 16 3D +time imaging of normal and twin sea urchin embryos 5. Transfer the 2-cell embryos into a Petri dish with FNSW by gentle aspiration using a mouth pipette (Fig. 2). Note: Transfer via mouth pipetting suffices to separate the two blastomeres. 6. Raise the resulting twin embryos in FNSW until the 8-cell stage (should take about 4 h). Important: Agitation of the embryo prior to the 8-cell stage will result in dissociation of the blastomeres, as firm adhesion between cells is not yet complete.

4.9 Preparation of 2% (w/v) methyl cellulose for immobilization of sea urchin embryos

The methylcellulose solution must be prepared at least 2 days prior to use. Methylcellulose can be a 3% (w/v) stock solution. However, it is easier to dissolve at 2% (w/v).

1. Prepare methylcellulose solution in 50-mL Falcon tubes. Heat 40 mL FNSW to 60-80 °C. The volume will be adjusted to 50 mL by the end of the preparation. Methylcellulose clumps before dissolving and generates foam when shaken. 2. Add methylcellulose to the hot liquid to 2% (w/v). Add it slowly, inverting the tube before adding more methylcellulose. When all of the powder has been added, shake vigorously (more efficient than using a vortex mixer because of the viscosity). Alternatively, use standard glassware and stir the solution (magnetic stir plate) while slowly adding the methylcellulose powder. 3. Place the solution at À20 °C until frozen (faster at À80 °C). Thaw in a water bath at 37 °C and adjust to the final volume (no need to heat the FNSW added to adjust to the final volume). Verify homogeneity. If not homogeneous, shake, heat (60-80 °C), and freeze again. The solution becomes turbid when heated, but will turn translucent upon cooling. Freezing and thawing can be repeated several times if necessary. The Falcon tube scheme makes the repeated heating, shaking and thawing more manageable. 4. When the methylcellulose solution is finally placed at 4 °C the foam will slowly disappear. 5. The ready methylcellulose solution can be kept frozen in aliquots. Note that it must be poured rather than pipetted because of its viscosity. It may also be distributed with a syringe (no needle). 6. Thaw on the day of use, centrifuge in 2-mL tubes in an Eppendorf centrifuge at full speed for 30 min at 4 °C to remove air bubbles and particulates (methylcellulose flakes/specks), which can cause artifacts on the images. Keep the solution at room temperature until use.

4.10 Prepare mounting dish for sea urchin 2-photon 3D + time imaging 1. Prepare 1% (w/v) LMP Agarose in FNSW (a typical useful volume is between 50 and 100 mL). 2. Heat in microwave until homogeneously melted.

4 Methods

3.

Let sit until sufficiently cool to handle by touch. 4. Pipette 50 μL of agarose and fill the well in the center of the 35 Â 10 mm Petri dish (Fig. 3B). 5. Use a custom made stamp to make a 200-μm diameter circular well in the agarose (Fig. 3C) (a Solid Works file can be provided on demand). 6. Wait for 10 min to let the agarose to solidify, remove stamp by carefully pulling it out and verify the absence of air pockets.

Mounting of embryos and image acquisition

1. Set the temperature of the temperature control system (OkoLab) at 17 °C about 30 min prior to use. 2. Verify fluorescence signal for its intensity and homogeneous appearance in the embryo using a dissecting microscope equipped with a good light source. Take mounting dish and pour FNSW, verify the absence of bubbles in or around the agarose. Bubbles can be dispersed by poking into them gently with the mouth pipette. 3. Gently transfer the embryos into the 200 μm agarose well using a mouth pipette. 4. Place the embryos close together so they remain in the field of view without them touching. Allow a distance between embryos of approximately one embryo diameter. Important: if embryos come into contact during imaging they will fuse, and the entire procedure would have to be repeated from the beginning (Fig. 3D). 5. After positioning of the embryos has been achieved as desired, remove most of the FNSW from the dish, leaving enough behind to achieve a depth of about 1 mm, then slowly pour in 2% (w/v) methyl cellulose mounting solution, starting from the edge of the dish (Fig. 3D). 6. Wait 5 min before moving the dish to the microscope to allow the mixture to stabilize and become homogeneous. 7. Move the sample from the dissecting scope to the microscope. 8. Define imaging parameters: use 512 Â 512 pixel resolution, which corresponds to 462 Â 462 μm when using zoom 1 and a voxel size of 0.85 Â 0.85 Â 0.85 μm 3 . This resolution is adequate for further processing and extraction of quantitative information for cell displacement and cell shape. When defining the range along the z axis, include extra z-space above the embryo to accommodate shape changes, define laser power to allow for an acceptable signal-to-noise ratio and avoid saturating the detectors, bleaching the fluorophores and photodamaging the tissue during acquisition. Scanning speed (typically 200-400 Hz bi-directional) is adjusted depending on the signal-to-noise ratio and the desired time interval (more than 2 min 30 s will dramatically compromise the cell tracking results). 9. Acquire data and attenuate laser power overnight if needed, as signal intensity is expected to increase due to fluorescent protein accumulation.
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Data processing through the BioEmergences workflow

The BioEmergences workflow provides data management and processing tools (Fig. 4). 3D + time image datasets are automatically uploaded to the database where they will be available for processing steps. The latter includes nuclear center FIG. 4 The BioEmergences workflow for the reconstruction of cell lineages and cell shape from 3D + time imaging data. Schematics summarizing our current process and how users may proceed to reconstruct, validate and analyze cell lineages from 3D + time imaging data (confocal, mulitphoton point laser scanning or light sheet microscopy imaging). User login and password to access BioEmergences services at http://bioemergences.eu should be requested by email to bioemergences@cnrs.fr. Provide and fill out a datasheet for each dataset, according to the tutorial provided online. Upload your data onto our IRODs server. When data have been uploaded successfully, a preview movie will be automatically generated, indicating that you may then proceed to choose the appropriate image processing pipeline. Each individual step will be validated by email. Nuclear staining is mandatory and should be provided in a distinct channel. The data may contain other channels that will be uploaded simultaneously and will be available for visualization with Mov-IT. You will be invited to validate your set of parameters for nuclear center detection by DoG. Alternatively, nuclear center detection may be achieved with geodesic mean curvature flow (GMCF) and flux-based level set (FBLS) algorithms [START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF]. Approximate nuclear centers are used for cell tracking as well as for shape segmentation (nuclei or membranes). The latter can be achieved using the subjective surface (SubSurf ) algorithm described in [START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF]. Having completed cell tracking (two algorithms available: SimAnn and EM tracking used for the data presented here), you will then be invited to visualize, validate and correct your data with Mov-IT. The latter is available as a download from the website. Cell detection and lineage data are available as .csv files for further analysis (statistical, kinematics, …).

detection, which is the necessary step to perform cell tracking. The BioEmergences workflow is available as a standalone or web service [START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF]. Here, we discuss processing through the web service. Tutorials are available on the website for every step (Fig. 4).

1. Request a BioEmergences workflow account via email to bioemergences@cnrs.fr. With your first connection, you will be asked to read the platform charter containing a general user agreement and you will be asked to accept it. 2. Create an experiment datasheet and provide all required information, including the metadata necessary for further processing of the images. 3. Upload raw data to the BioEmergences IRODs (open source data management system server where it will be stored and secured). Upload procedure includes data conversion to the VTK format and compression. 4. Data converted to the VTK format can be downloaded from the datasheet and will be used for interactive visualization using custom-designed software tools "Center Select" and "Mov-IT." 5. The simplest pipeline for nuclear center detection and cell tracking starts with applying the DoG (Difference of Gaussians) algorithm. Default parameters for DoG are suitable for analyzing high quality sea urchin raw data (high resolution in space and time with 0.5-1 μm/px, less than 2 min 30 s interval; high signal-tonoise ratio). Signal and shape heterogeneity and high cell density increase center detection and tracking error rate. DoG parameters can be adjusted for better results. 6. An email from BioEmergences server will notify the user about DoG completion. The user is invited to proceed to parameter choice with the interactive visualization tool "CenterSelect" (custom software based on our Mov-IT software concept). The latter serves to identify the best set of parameters among 1000 combinations. Once identified and validated by the expert, the best parameters for the dataset will be re-launched. When done, detected centers will be available for tracking (linkage from one time step to the other). 7. Launch a cell tracking algorithm (Simulated Annealing SimAnn published in [START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF] or EM-track unpublished and available on demand). Data processing times are dependent on dataset size and number of timesteps (few hours with SimAnn for a typical dataset as described in Fig. 5). 8. When completed, cell trajectories and detected nuclei can be visualized, validated and if necessary corrected with our custom-made visualization and annotation software, "Mov-IT" (Fig. 5). The error rate and thus the time required for validation and correction depends on the quality of the data.
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CHAPTER 16 3D +time imaging of normal and twin sea urchin embryos In toto 3D + time imaging is the basis for acquisition of quantitative data at the level of cell movements, changes in cell shape, changes in cell neighborhoods and cell proliferation in response to internal and external cues. These data are the basis for our understanding of morphogenetic processes. Long term in vivo imaging of developing organisms is always a challenge. It requires careful optimization of the imaging scheme to obtain an acceptable compromise between signal-to-noise ratio and spatio-temporal resolution, while avoiding photo damage. Mounting conditions that allow normal development are crucial, in order to avoid mechanical constraints while immobilizing the specimen in the field of view. The proposed methodology for 2-photon point laser scanning microscopy 3D + time imaging of developing sea urchin embryos, either normal embryos or twins, produces data suitable for the reconstruction of the entire cell lineage. The latter, computed automatically by image processing pipelines, is rarely error free. Imaging artifacts cause detection and tracking errors. These are attributable to various causes. Movements of the specimen during data acquisition and cell displacements that are too fast for the chosen temporal resolution lead to tracking errors. Insufficient spatial resolution is an intrinsic limitation imposed by the characteristics of the microscope.

The cell tracking accuracy will also be compromised by a poor signal-to-noise ratio. The use of Mov-IT, our dedicated interactive visualization tools for data validation and correction is crucial to obtain reliable data at the level of the cell clonal history. The twinning protocol presented here provides the requisite biological model. Processing of the corresponding data demonstrates the power of imaging and data reconstruction strategies to decipher developmental anomalies in this model. Methods developed for P. lividus are suitable for other species as well including other echinoderms and invertebrate (e.g., ascidians) or vertebrate (e.g., zebrafish) embryos. Our approach enables a systematic exploration of the biodiversity and developmental variability at the heart of biological robustness and biological evolution.

CHAPTER 4

Plasticity and robustness in early sea urchin embryogenesis, exploitation of the twin paradigm Antonio Ortiz, Dimitri Fabrèges, Thierry Savy and Nadine Peyriéras 1

1 BioEmergences Laboratory (USR3695), CNRS, Université Paris-Saclay, 91198 Gif-sur-Yvette,

France.

Background and rationale

The experimental perturbation of biological systems remains at the core of modern developmental biology. The investigation of model organisms from invertebrates to vertebrates is key in the assemblage of relevant and common attributes amongst the taxa, and the extrapolation of such data aids in the elucidation of fundamental mechanisms in higher order organisms, like human.

Subject to rules prescribed and governed by natural law, experimental perturbations and the model's response to such perturbations do not necessarily reveal mechanisms which have been naturally

selected, however they do demonstrate how the underlying gene regulatory network (GRN) is limber and robust (Ettensohn, 2009). This elastic and reactive feature of the GRN is key in the systems response to experimental perturbations.

Embryogenesis is a naturally variable, remarkably dynamic and precisely regulated process.

This variability can play a vital role in an organism's potential for robustness and resilience, and therefore may have an influence on its evolution and adaptation (Viney and Reece, 2013). The underlying processes of biological variation remain largely a mystery, and quantifying phenotypic variation, traits like cell number, speed, and trajectories, at the cellular level remains a difficult challenge. Phenotypic variation is a function of transmitted variation, such as size of the egg and concentration of specific molecules, and acquired variation, characteristics obtained through stochastic events occurring throughout development (Danchin et al., 2011).

Previous studies have successfully imaged early embryogenesis in vivo in zebrafish and Drosophila (Olivier, Luengo-Oroz, et al., 2010;Krzic et al., 2012;Tomer et al., 2012;[START_REF] Keller | Fast high-contrast imaging of animal development with scanned light sheet-based structured illumination microscopy[END_REF], and recently preimplantation stages of rabbit embryos [START_REF] Fabrèges | Control of the proportion of inner cells by asymmetric divisions and the ensuing resilience of cloned rabbit embryos[END_REF]. However, our objective is to achieve a long-term in toto and in vivo imaging catalog of embryogenesis in several model organisms in normal and abnormal cases in order to quantify their multi-scale phenotypic traits. This catalog of quantitative information will serve as the foundation of our published agent-based mechanogenetic model known as MecaGen, which is based on cell mechanics, signaling and gene expression with the purpose of simulating embryogenesis [START_REF] Delile | A cell-based computational model of early embryogenesis coupling mechanical behaviour and gene regulation[END_REF].

The sea urchin has been interwoven in the advancement in developmental biology since the experiments performed by Hans Driesch in the late 1800s, and its position on the phylogenetic tree as a basal Deuterostome allows for fundamental comparisons to vertebrates. Driesch demonstrated that separation of sea urchin embryos at the 2-cell, twins/singletons, and 4-cell stage led to the development of fully functional larvae, though smaller in stature and having varied arm length. In the dawn of the new millennium, the sea urchin genome was sequenced, and thus gave rise to a tool to understand the modular and wired nature of the regulatory genome [START_REF] Consortium | The Genome of the Sea Urchin[END_REF]. Furthermore, as a model organism, the sea urchin has the advantage of having a large number of embryos produced per set of parents, semi-transparent embryonic stages, and the increased resources developed by the sea urchin community [START_REF] Kudtarkar | Echinobase: an expanding resource for echinoderm genomic information[END_REF].

Here, we investigate the twin model to distinguish between transmitted and acquired variation through in toto 3D+time 2-photon microscopy via the reconstruction of cell lineages using the Mediterranean purple sea urchin, Paracentrotus lividus. In twins, hereafter referred to as singletons, transmitted variation is negligible, and therefore phenotypic variation corresponds to acquired variation, and comparison amongst pairs of singletons provides information on both transmitted and acquired variation. In regard to the primary mesenchyme cells (PMCs), which have a stereotypical number of 32, in singletons it was observed that they have the same number and cell diameter when compared to controls [START_REF] Fabreges | Phenotypic variability in animal morphogenesis: sea urchin twins and cloned rabbits[END_REF]. Therefore, it was hypothesized that the normal number of 32

PMCs may be accomplished without additional mitotic divisions, and perhaps through transfating of SMCs to PMCs (Sharma & Ettensohn 2011).

We aim to understand how, in the twin paradigm, the sea urchin overcomes the biological perturbation of being mechanically separated at the 2-cell stage. Thus, providing information on the biological processes on standby which drive developmental success during conditions of stress and, and thus revealing alternative, yet viable, paths for development.

RESULTS

phenotypic classes with similar survival rate

Previously, it was observed that singletons resulted in 3 different phenotypic classes, based on cell number and the contacts between the germ layer progenitors, with similar survival rates (Figure 4.1;[START_REF] Fabreges | Phenotypic variability in animal morphogenesis: sea urchin twins and cloned rabbits[END_REF]. Singletons are generated through a series of calcium and magnesium washes after fertilization followed by gentle pipetting at the 2-cell stage. Our objective was to perform live imaging to elucidate whether cell reorganization, or other factors, was a determinate of embryonic success. In order to do this, we needed to overcome the challenge of embryo motility. Initially, a solution of 3% methyl cellulose in filtered natural sea water was used, but it was too viscous to pour and manipulate, and difficult to clean off the objective. Therefore, methyl cellulose at 2% in filtered natural sea water was utilized successfully to maintain the sea urchin embryos in frame through 20 hours post fertilization (hpf). However, the 3 out of the 6 singletons were able to create a niche and wiggle free to spin (Supplemental Figure 4.1). When compared to the previously attained controls,

where imaging was terminated prior to the embryos becoming motile between 9 to 10 hpf via the growth of cilia, the first embryos were able to move between 13 to 16 hpf (Supplemental Figure 4.1).

Unfortunately, while the use of methyl cellulose was beneficial to extract information, it caused artifacts which resulted in the need for manual corrections, approximately 42,000 by hand over the course of 3 months.

We first observed that singletons did not develop stereotypically. The singletons proceed to divide as if they were half of the embryo, and as these cells divided the embryos contracted, or "folded/closed". We observed that the overall closure of each embryo varied, with folding occurring along the equatorial plane, and, at times, no animal or vegetal poles could be identified. Cell types were assessed by manually measuring cell diameters, and placed into one of three categories (mesomeres, macromeres, and micromeres). Our first dataset, singletons 1.1 and 1.2, both had correct contacts and cell number at their respective 16-cell stage. However, with their folding along their equatorial plane, the animal and vegetal poles came into contact, and thus contact occurred between the mesomeres and micromeres, which are incorrect contacts when compared to stererotypical development. Cleavage did in fact progress, but it soon arrested as the blastocoel formation appeared to halt, and the invagination of the archenteron did not occur. However, the embryos spun and were alive at the termination of imaging. In singletons 2.1 and 2.2, they had the correct cell number, but incorrect contacts at their 16-cell stage. Development proceeded with pulses in cell division waves, with some cell divisions occured perpendicularly into the center of the embryo, and thus the daughter cells entered the would-be blastocoel. These cells were then unable to reenter the blastoderm to form a proper blastocoel, and that might have been the cause of the developmental arrest at blastula stage.

Thus, in our first 2 datasets (4 singletons total), the embryos did not gastrulate, and there was no correlation in development in terms of cell number and/or cell contacts.

In the case of singletons 3.1 and 3.2, they both had incorrect contacts between the mesomeres and micromeres, and at 6 hours post fertilization they reached the 31-cell stage and 20-cell stage respectively, despite being from the same zygote and kept in the same conditions. Singleton 3.1 proceeded through the first 3 waves of cleavage, and the blastocoel was seen forming concomitantly with the cell divisions. Singleton 3.2 was delayed compared to its sibling, and the blastocoel was not formed until 9 hours later. In Singleton 3.2 a group of endodermal macromere descendants were positioned outside of the mesomere and micromere descendants, and they integrated with each other to make a solid sphere of cells at approximately 10 hpf. Subsequently, the singleton started to spin, and the genesis of the blastocoel was seen. The cavity started to expand at 15 hpf and more cells migrated and embedded into the blastoderm. Once the blastocoel was formed, the invagination of the archenteron proceeded in singleton 3.2 (Supplemental Figure 4.1). Therefore, it seemed that correct contacts are the 16-cell stage are not necessarily attributed to developmental success, as confirmed previously (Fabrèges, 2016).

After qualitatively assessing the imaging data, cell diameters were then measured with the Mov-IT visualization tool and annotated with their respective cell type (macromere, mesomeres, micromere), and the selections were propagated forward to allow for their complete lineage to be 

Inter-and Intra-comparisons of singleton growth rates

To allow for comparisons between twin pairs and amongst singletons, after generating their cell lineage tree, rescaling was needed to account for discrepancies in development and acquisition parameters. A temporal rescaling was performed to minimize the square distance between the curves, utilizing a published prototype as a reference (Villoutreix et al. 2016;Figure 4.2). This prototype was based on the development of 5 digital normal sea urchin specimens. In addition to their total cell number, the progenitors of the germ layers (macromeres, mesomeres, and micromeres) were also rescaled to their prototypical numbers.

Rescaled total cell numbers revealed that the embryos which failed to develop successfully (singletons 1.1, 1.2, 2.1, and 2.2) closely overlaid with the prototype model. On the other hand, those that successfully developed (singletons 3.1 and 3.2) diverged from the prototype (Figure 3.2A). At the onset of imaging singetons 3.1 and 3.2 were at the 31-cell stage and 20-cell stage respectively. Singleton 3.1 proceeded to develop and matched the prototype through the second cleavage (Figure 4.2A). However, it seemed in the case of singleton 3.1 the embryo cell division rate progressively started to plateau at 200 cells, whereas the prototype continued to over 300 cells. Singleton 3.1 was able to form a monolayer earlier, and thus was able to gastrulate earlier. In the case of Singleton 3.2, starting off at 20 cells, the singleton plateaus at different cell numbers compared to the stereotypical 32-, 64-, 128-, and 256-cell stages. However, the singleton seemed to catch up to its sibling by the 4 th cleavage (Figure 4.2A). Therefore, it seemed that deviation from total cell number was key to developmental success.

In addition, the meso-, macro-, and micromeres were also rescaled to their counterparts from the published prototype (Villoutreix et al., 2016). The rescaled macromere data showed that, rescaled singletons 1.1 and 1.2 matched with the prototype, singleton 2.1 was shifted to the left and 2.2 matched exactly with the prototype (Figure 4.2B). It should be noted that singleton 2.2 the cell numbers decreased due to cells being lost in tracking due to signal intensity. Singleton 3.1 matched with the prototype, while 3.2 matched until the 2 nd cleavage and afterwards it was delayed in development, which was consistent with what we observed during the imaging in terms of morphology and cell divisions (Figure 4.2B). Conversely, no correlations can really be drawn from rescaled macromere data.

The mesomeres had the highest range of variability when it came to cell number, with no obvious differences between the singletons that survived and the ones which did not. Singletons 1.1, 1.2, and 2.1 were always approximately 20% below the normal cell number at plateaus. This is contrary to what observed for singletons 2.2 and 3.1 which are always above the normal cell number at the plateaus, and 3.1 and 3.2, which appeared to be converging to a normal plateau level (Figure 4.2C). In regard to the micromere growth rate, no conclusions can be made due to the fact that the prototype model started at 8 cells, while the singletons the imaging started at 2 cells, thus lacking sufficient cell divisions to make an accurate rescaling (Figure 4.2D).

Overall, our observations of growth rates showed that the major differences between the singletons and prototype model occurred in total and mesomere cell number. In terms of embryo's total cell number, the major outlier was singleton 3.2, which was delayed and plateaued at higher cell numbers as compared to prototype. In terms of the mesomeres, the singletons that survive, 3.1 and 3.2, successfully reached the cell number plateaus of the prototype. Thus, total cell number and mesomere cell number may play some role in singleton survival.

Examination of cell assortment as a determinant of singleton survival

Our previous data suggested that total cell number, and the number of mesomeres may play an integral role in developmental success. Moreover, as stated previously, the survival of twins puts into question whether they must rearrange their cells in order to survive, especially in the case of having incorrect contacts between micromeres and mesomeres. Therefore, we performed an examination of whether arrangement of the cells into proper organization occured, meaning mesomeres and micromeres not being in contact. We compared those datasets that were the most interesting, correct contacts with correct cell number, and incorrect contacts with incorrect cell number. Comparing their organization at the onset of imaging we observed that in the case of singleton 1.1 and 1.2 the embryos had the correct organization at the 16-cell stage and progress to fold along the equatorial plane, resulting in the interaction between the two poles, and as a consequence the micromeres and mesomeres came into contact (Figure 4.3). In the case of singletons 3.1 and 3.2 the embryos, which were at the 31-cell and 20-cell stage respectively at the onset of imaging, they did not close in such a dynamic manner as singletons 1.1 and 1.2. After the 4 th cleavage, embryos 3.1 and 3.2 settle and begin to shape into a perfect sphere, the pattern of the germ layer progenitors is comparable to the onset of imaging with no apparent rearrangement, and they proceed through gastrulation (Figure 4.3). Therefore, we observed a lack of folding and rearrangement in singletons 3.1 and 3.2, which survived. 

Asynchrony and developmental convergence

One of the more interesting findings was the development of singleton 3.2, which despite being the twin of singleton 3.1, had a delayed growth rate. While performing manual tracking corrections it was observed that the divisions in this embryo were more asynchronous, and did not match the typical division cycles. Utilizing the rescaled data, the mitotic events of all 6 singleton specimens were plotted along with the prototype (Figure 4.4). It was observed that s3.2 did in fact have divisions waves that were misaligned with the other singletons and the prototype (Figure 4.4).

There was a broader peak of cell divisions that occurred after the second division wave (Figure 4.4).

The time-lapse imaging data showed that the delayed region is composed of a group of macromeres (Figure 4.3). As observed in Figure 3.2, the embryo catches up by the 4 th cleavage, and thereafter has converged with the prototype development. 
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through gastrulation at all. Thus, posing the question of whether certain embryonic parameters must have been met to allow for the initiation of gastrulation.

One of the first measurements that was examined were the growth rates of the singletons on the level of total cell number, and at the level of each of the macro-, meso-, and micromeres. At the level of total cell number, the rescaled singletons all matched the prototypical development of normal control embryos, except for the singletons that survived and developed successfully into pluteus larvae. This deviation, from what can be deemed as the normal biological chronometer, could imply the existence of intrinsic cellular mechanisms which detect the biological perturbation, and thus execute an alternative morphogenetic path in order to converge to normal development. The differences in cell number and asynchrony of cell division may be explained either by the requirement of a minimum cell number in order to achieve a blastula of the appropriate cell number, and/or to biomechanically allow for invagination and extension of the archenteron. In addition, this may be dependent on the 1-cell stage size of the singleton.

The phenomenon of which singletons with correct contacts fail to develop may be due to a combination of both temporal restriction and cell-cell interactions, for example in singletons 1.1 and 1.2. In fact, the mesomeres from the animal pole crawl and fold towards the micromeres at the vegetal pole, starting from the 16-cell stage and by the time of miscontact the embryos are composed of approximately 100 cells. At this point in development the cells may have been locked in their cell fate, thus may not allow for any plasticity or retrogression. In contrast, singletons 3.1 and 3.2 did not have a drastic folding, thus potentially allowing them to compensate via cell-cell intertactions in order to survive.

Formation of the blastocoel -dependency on animal-vegetal organization

We observed only 2 out of the 6 singletons able to form a blastocoel and gastrulate.

Singletons 1.2, 1.2, 2.1 and 2.2 had the most dynamic conformational changes. As stated, cell contacts after closure were presumed to be the reason for the failure in embryonic development. However, their animal-vegetal organization seems to be an important factor in determining success rate.

Singletons 1.1 and 1.2 proceed by folding along the A/V axis, and thus losing their organization.

Singletons 2.1 and 2.2 close with cells on the inside, and have a high degree of disorder and complete disruption of the A/V axis. Singletons 3.1 and 3.2 have miscontacts at the onset of imaging, but still an apparent A/V axis, though not as organized as in the stereotypical development. Therefore, the maintenance of cell contacts without drastic conformational changes, and an A/V axis may be key to developmental success.

Of course, there may be a limit to the extent of GRN reprogramming capabilities. It has been shown, that the micromeres produce a vegetalizing signal, and the mesomeres have some capacity to animalize the embryo [START_REF] Angerer | Regulative development of the sea urchin embryo: Signallin cascades and morphogen gradients[END_REF]. The interplay between these two gradient-producing organizing centers are possibly the key in the success of embryogenesis of singletons. In fact, while the fate of micromeres is said to be maternally determined, mesomeres and macromeres can alter their fate depending on cell-cell contacts [START_REF] Angerer | Regulative development of the sea urchin embryo: Signallin cascades and morphogen gradients[END_REF]. Therefore, it may be that these cells must be in contact for a sufficient amount of time in order for the execution of compensatory cell-cell signaling and transduction pathways. In Singletons 1.1 and 1.2 the A/V axis is apparent at the 16-cell stage and is lost after approximately 3 division waves, around the 100 cellstage. In normal embryo at this time, at around mid-blastula, the domains, which include aboral and oral ectoderm, endoderm, SMC, PMC, and coelomic pouch mesenchyme have already been specified through the interplay of BMP and β-catenin [START_REF] Angerer | Regulative development of the sea urchin embryo: Signallin cascades and morphogen gradients[END_REF].

In addition, one of the crucial signaling provided by the micromeres is Delta-Notch signaling.

The micromeres signal adjacent cells via Delta ligand and Notch receptor to differentiate into Secondary Mesenchyme Cells (SMCs) which occurs between the 7 th to 9 th cleavage [START_REF] Mcclay | A micromere induction signal is activated by beta-catenin and acts through notch to initiate specification of secondary mesenchyme cells in the sea urchin embryo[END_REF]. Later the SMCs further differentiate into pigment, blastoceolar, coelomic pouch, and circumesophageal muscle cells [START_REF] Ruffins | A fate map of the vegetal plate of the sea urchin (Lytechinus variegatus) mesenchyme blastula[END_REF]. In our study, singletons 1.1 and 1.2 have interaction between the mesomeres and micromeres after the 8 th cleavage. As for Singletons 3.1 and 3.2 the micromeres are grouped together, and do not change neighbors. In this case, the fact that the micromeres do not migrate and are grouped in 3.1 and 3.2 may allow them to signal adjacent cells to become SMCs in an organized fashion. If the micromeres are not grouped together, as is seen in singletons 2.1 and 2.2, then they may signal an inappropriate number of cells to become SMCs, thus altering the patterning of the embryo and leading to their eventual demise.

Asynchrony

We observed that Singleton 3.2 has a delayed development as compared to its twin 3.1, although treated through the same solutions and conditions. Through the Mov-IT visualization and annotation tool it was observed that the cell divisions in singleton 3.2 were asynchronous (Figure 4.4).

This delay in singleton 3.2 may be due to the absorption of the endodermal cells into the embryo in order to make a sphere, and followed by their embedment into the blastoderm. In wild-type the blastocoel is formed precisely time at the 128-cell stage, which would be the equivalent at of the 64cell stage in singletons, where all the cells are the same size and cell/cell contacts begin to tighten.

Though the singletons are separated at the 2-cell stage, certain biological landmarks like blastocoel formation and PMC ingression, may occur independently [START_REF] Page | Analysis of competence in cultured sea urchin micromeres[END_REF], and only occur when cells reach approximately the same size as control. Thus singleton 3.2 does not form a blastocoel until it reaches this biological landmark. However, further experiments are needed.

Context in the field

In terms of long-term imaging in the sea urchin field, aside from the BioEmergences laboratory, few other laboratories have achieved long-term imaging in this model system. The best I could find could hold the later stage embryos for 6 to 8 hours with NewSilane adhesive sides [START_REF] Krupke | Eph and Ephrin function in dispersal and epithelial insertion of pigmented immunocytes in sea urchin embryos[END_REF]. However, when attempted during this thesis, this method did not work to hold the swimming blastula. The limitations of imaging sea urchins lie mostly on the biological side: ectopic staining, loss of signal at depth, increasing temporal resolution to capture cell movements, and, as addressed in this thesis, immobilizing without mechanical constraints (Reviewed in [START_REF] Rizzi | Towards 3D in silico modeling of the sea urchin embryonic development[END_REF]. The method addressed in this thesis proved to be beneficial to at least hold the embryo in the field of view for a longer period of time than previously described. More trials with different non-toxic viscous chemicals may prove to be fruitful to avoid spinning, and answer our remaining open questions, especially about SMC to PMC transfating.

Conclusions

This dissertation supports the following novel conclusions: 1) Immobilization of sea urchin embryos can be done with 2% methyl cellulose in filtered natural seawater 2) Cells rearrangement does not play a role in singleton survival: provides visual evidence that singletons with incorrect contacts can successfully proceed through gastrulation without rearrangement 3) Singletons can converge with the normal development through asynchronous divisions occurring outside the normal division waves 4) With a lack of an observable extra mitotic division in the first few hours of imaging until 9 hpf, supports the transfating hypothesis of SMCs to PMCs.

CHAPTER 5

DISCUSSION

Lessons learned from conjoined zebrafish imaging

We learned from conjoined zebrafish the existence of mechanisms that counteract the induction of an ectopic embryonic shield. When the shields, or the prechordal plates that derive from them, come into contact the two axes fuse. The success and extent of the induced axis is dependent on the morphogenetic domains not coming into contact during gastrulation movements. We observed various extents of fusion of morphogenetic fields when they come into contact and based on the position of the shields with respect to one another. We also observed that there is random positioning of the induced axis with an over representation of the zero position that we hypothesize to be due to fusion of embryonic shields of the 1 position prior to observation at shield stage. This hypothesis is supported by the large size of the 0 position shield. Finally, we observed a long lasting random walk behavior of endomesodermal cells in the induced axis (cells positive for the gsc reporter in our transgenic lines) that we hypothesize to be the consequence of high Nodal activity and modified architecture of the nodal GRN module.

This dissertation brings open questions about the GRN in endogenous and induced axis and in particular the involvement in both cases of negative feedback by downstream inhibitory Smads [START_REF] Gu | A Novel TGFβ Modulator that Uncouples R-Smad/I-Smad-Mediated Negative Feedback from R-Smad/Ligand-Driven Positive Feedback[END_REF]Figure 5.1). We hypothesize that the constitutive receptor activity cannot be down regulated as upstream in the GRN as normally done. We suspect that the GRN does not respond or cannot compensate the perturbation until late during gastrulation. This may be due to the fact that the mRNA transcripts and downstream proteins have not reached a significant level to trigger the negative regulation. Further work with our MecaGen model should help highlighting this point [START_REF] Delile | A cell-based computational model of early embryogenesis coupling mechanical behaviour and gene regulation[END_REF]. However, the embryo is still able to generate a second phenotypically well-formed axis.

tar* mRNA microinjections at concentrations higher than 0.35 ng/µl resulted in mortality and/or a high degree of disorganized embryos. Filling 25% of the volume of one of the marginal cells at the 16-cell stage, as close to the margin as possible without leaking into the yolk, resulted in an increased duplication success and increased 6 position frequency in my hands. Which took almost a year (December 2015 to October 2016) for me to discern. I hypothesize this concentration to be the limit that the GRN can negatively regulate in due time.

For the future, the development of in toto imaging techniques (Horizontal from LaVision Biotec or a 2-photon SPIM) will aid in further elucidating and quantifying the cell behaviors of Siamese embryos in order to fully characterize the differences between the two axes and understand the compensatory mechanisms at play. We should be able to increase the success rate of our imaging experiments (see table in Annex) by performing in toto imaging and coping with the dramatic embryo movements that usually happen by the end of gastrulation. 

Lessons learned from twin sea urchin imaging

Prior to the start of this dissertation we hypothesized that singletons with incorrect contacts amongst the germ layer progenitors compensated via cell rearrangement, but our results suggest otherwise. We now hypothesize that cell sorting is not required. This has an important consequence in terms of the lability of axis specification at the level of GRN. As for the zebrafish, further modeling with MecaGen should help testing this hypothesis.

Another important conclusion of our work relates to mechanisms operating to compensate for the number of PMCs. We were not able to reconstruct the whole cell lineage to fully highlight the hypothesized transfating. The transfating hypothesis is however supported by the lack of an additional mitotic cleavage observed in the first 100 manually corrected timesteps (e.g. about 4 hours development). An alternative to in toto imaging and full cell lineage reconstruction would have been the use of fluorescent tracer photoconversion at the single cell level. We did not have time to set this type of experiment. A major obstacle in imaging sea urchin embryogenesis for extending period of time is the swimming blastula. We were able to immobilize long enough with methyl cellulose to extrapolate some information prior to the embryos swimming. However, it came with the drawback of impacting the image and tracking quality as methyl cellulose optical properties are bad. It was however our only solution after a large number of trials to immobilize the embryo by chemical means.

Our work suggests other differences among singletons that also seem to be compensated and still leading to normal larvae. We observed an altered and asynchronous growth rates in the development of one of the twin singletons that successfully gastrulate. This may be due to intrinsic mechanisms trying to attain an appropriate number of cells to achieve a blastula. We suspect that the most important factor in singleton developmental success are adhesion properties and being able to compact as a monolayered blastula. The perturbation of adhesion is caused by the twinning protocol itself.

The 3 datasets (e.g. 3 twin pairs) that were analyzed happen to be from the same male and female sea urchins used over the course of the 3 days of experiments, but they have different phenotypes at the 16-cell stage in particular in terms of cell number, meaning that already, the timing of the first cleavages was perturbed. The twinning separation happens at the 2-cell stage, and that timing of reaching the 2-cell stage was different slightly different between the 3 pairs. Singletons 1.1 and 1. [START_REF] Horstadius | The Mechanics of Sea Urchin Development, Studied By Operative Methods[END_REF]. Then, delayed first cleavage altered the subsequent cleavage pattern (Figure 5.2). Notice that embryo C4 will result in miscontacts between the micromeres and mesomeres (phenotype 2), D4 has correct cell numbers and correct contacts (phenotype 1), and F3 has incorrect cell numbers (potentially phenotype 3). Therefore, I propose delayed cleavage to cause the differences in phenotypes in singletons in terms of cell number at least.

The lack of rearrangement in singletons with incorrect contacts implies that the sea urchin GRN is adaptable to mechanical perturbations (separation) and responsive to cellular cues (contact with other cells to make a sphere/blastula). This highlights the robustness mechanism(s) to ensure developmental success. However, the existence of sea urchin twins in the environment does not appear likely to me, as they are located inside a fertilization envelope. Perhaps a realistic occurrence would be if one blastomere died at the 2-cell stage, and ensuing mechanisms that would allow the remaining blastomere compensate. In any case, which type of variation allowed for this type of robust mechanism? It may be a question of fidelity vs promiscuity of the transcription factor DNA-binding sites, mutations in the transcription factor DNA binding site themselves, and/or a negotiation/crosstalk between the blastomeres.

Vision for future

One of the problems during my experiments is the success rate. Out of approximately 130 imaging experiments launched, only about 10% are exploitable to answer some biological questions.

This does not include days where zebrafish did not spawn, and days where sea urchin gametes were not of good quality. In addition, problems with gametes, bad needles, and microscopy software freezing. Though it could be argued that in science we just keep trying until our experiments succeed, we have to be proactive in lessen these issues. In my experiments with zebrafish, the Siamese convergence-extension movements are more drastic than in normal embryos, thus they always turn at the end of gastrulation and with that the field of interest goes out of view. Therefore, a microscope with an automated rotating axis would help to solve this problem. In sea urchins, perhaps having an aquaculture of them would be ideal to control parameters like feeding, pH, and salinity to ensure healthy gametes, as some sea urchin seasons the gametes are not ideal, and we cannot control for environmental factors.

In addition, I needed more time to find a way to immobilize the sea urchins, the pressure of completing a project in 3 years was not an ideal setting to struggle with immobilization techniques. It actually now leaves a lot to analyze in zebrafish data. The use of methylcellulose was beneficial, but it resulted in imaging artifacts which affected the tracking quality, but I had no choice I had to keep moving forward and manage with the data I had acquired. For sea urchins, testing different viscosities non-toxic materials would be beneficial for the future to find something that immobilizes them longer without development or imaging artefacts. Also in the future, the development of an artificial assistant to attenuate laser power during overnight imaging, move the field of view in case the specimen moves, and turn off the imaging and laser when the specimen dies would be of great importance for a lab that does overnight or long-term imaging. Unless, of course, there is an overnight imaging team.

Finally, interspecies comparisons, especially with Strongylocentrotus purpuratus would be ideal in assessing cell dynamic differences between the European and American models, as well as integrate what we observe to the already vastly described GRN. 

Background and Significance

In this dissertation, we answered biologically relevant questions via the reconstruction of cell lineages through 3D+time live imaging. However, the tracking quality can be improved with increased temporal resolution and tissue penetration depth. Microscopy imaging with the purpose of having high throughput applications requires breakthroughs in temporal resolution. Recently, achieving simultaneous multi-plane imaging has been studied in both Europe and the United States. In our laboratory, we are developing multi-plane and multi-color microscopy imaging setup to deliver 3D broadband images to cover the volume of living specimens, from cells, organs and with the aim of in toto embryos. Our optical system is based on quadratically distorted (QD) grating and grisms affixed to a commercially available microscope (Olympus IX83).

In optics, a diffraction grating is an optical element with a periodic structure that splits light into several beams. This grating always acts like a dispersive element. A QD grating is formed by the arcs of a series of concentric circles with varying radii (left diagram in Figure 6.1). The QD grating can create multiple copies of the focused image distributed along the axis of the plate. Hence, the QD grating behaves like a multi-focus lens but utilizes the principle of diffraction instead of refraction [START_REF] Born | Principles of optics[END_REF]. In essence, a QD grating can be used to image multiple planes onto a single plane. In practice, a grating-lens combination is generally utilized for multi-focal imaging, in which a variable slit is used to ensure that the separated z-plane images do not overlap (Figure 6.2;[START_REF] Feng | Development and implementation of quadratically distorted (QD) grating and grisms system for 4D multi-colour microscopy imaging[END_REF]. 

Simultaneous 3-plane imaging of early development in the zebrafish embryo

To explore the gastrulation processes of early development in zebrafish, Danio rerio, embryo, we performed a few simultaneous multi-plane imaging experiments using a simple, on axis optical setup based on a QD grating. As the optical relay illustrated in Fig. 5.2, two 200 mm achromats, spaced 160 mm apart, operated as a unit magnification relay system with an effective focal length of ~167 mm.

When the QD grating was placed 167 mm from the second principal plane of the compound imaging system equal magnification images were obtained in each diffraction order, providing simultaneous multi-plane imaging due to the order dependent focusing power introduced by the QD grating. The QD grating has a nominal axial period of 30 µm, a curvature W20 of 50 waves and radius 10 mm, thus has ±1886.8 mm focal lengths in the first diffraction orders at 530 nm wavelength. Here we use an objective of 30x magnification (Olympus UPLSAPO 30XS), so the separation between object planes is 16.4 µm.

Our camera is a 2048×2048 array of 6.5 µm square pixels (Hamamastu CMOS C11440-22CU) and the exposure time is 400 ms. For fluorescence imaging, we applied CoolLED pE-4000 at 490nm as excitation light source. Please note that an approximately 10 nm narrow bandpass filter (Thorlabs FB530-10) was always applied instead of the grisms in the following imaging tests, because we would like to minimize the optical aberration at this early stage.

Initial 3-plane imaging tests were performed to see the penetration depth of a biological sample.

Below we dechorionated a 6 hpf zebrafish embryo at shield stage and placed into a 2% square agarose well in a 30 cm Petri dish in order to image on an inverted microscope (Figure 6. 3). We were able to image the surface and margin of the zebrafish embryo with a separation of 147 µm. Experiments were then attempted to see if we could observe fluorescence with a transgenic pTol2zRL5C6:H2B-egfp, however the specimen bleached too quickly, and the signal was not strong enough to observe. The signal also appeared weak when observed on a fluorescent dissecting scope. .

Simultaneous 9-plane imaging tests in pharyngula stage embryos

We have demonstrated a couple of preliminary tests of simultaneous 3-plane imaging. The 9plane imaging can be thought of as using two back-to-back gratings orthogonally oriented, the second grating acting on each order from the first grating to produce 9 object planes. In order to obtain 9 sequential plane all equally spaced, the second grating must have three times the plane spacing of the first grating. In this case, both of the QD grating patterns have a nominal axial period of 21 µm, and a radius of 10 mm, but the curvature W20 are 4 waves and 12 waves, respectively. Using the identical optical setup applied in 3-plane imaging tests above and applying an objective of 10x magnification (Olympus super-apochromat). In this case, the separation between object planes is 11.8 µm. A 32 hpf wild-type zebrafish embryo was dechorionated and placed in a well of a 6-well Falcon plate (#353046) with Embryo Medium and tricaine. The 9-plane images of the zebrafish embryo otic vesicle and pigmented retina are shown in Figures 6.5 and 6.6. Imaged with a 10x objective, and separation between the planes being 11.8 µm. 
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 11 Figure 1.1. The French flag model and its classical schematic representation. The morphogen source (green cell) secretes the morphogen and it diffuses toward the sink (pink cell) generating a linear gradient through a series of undifferentiated cells. Thresholds are indicated by T1 and T2. The cells can measure the concentrations of this gradient and turn on concentration specific gene products indicated by the colors blue, white and red. Figure from Jaeger et al., 2008.
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 12 Figure 1.2. Quantifying the Drosophila dorsal gradients. A) Schematic representation of the nuclear accumulation of key Dorsal target genes as reported in Kanodia et al., 2009 and Liberman et
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 13 Figure 1.3. Anterior and posterior patterning in Drosophila. The maternal Bicoid gradient activates the transcription of hunchback (red) in the anterior, while repressing caudal (green) in the same region. On the other hand, Nanos is localized to the posterior, and transcriptionally represses hunchback. Figure from Dearden & Akam, 1999.
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 14 Figure 1.4. Localization of bicoid (bcd) RNA in the Drosophila embryo. An insitu hybridization showing the localization of bcd mRNA in a wild-type embryo. Figure from Irion and St Johnston, 2007.
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 15 Figure 1.5. Hox genes in Drosophila. The hox genes are clustered into two complexes in Drosophila.
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 16 Figure 1.6. Conjoined twins in vertebrates. Various examples of conjoined twins: A) Chang and Eng Bunker B) Albino coral snake (Ray, 2015) C) Domesticated cow (EPA, 2015) D) Shark (Johnston, 2016).
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 1 Figure 1.7. Gastrulation movements in zebrafish early development. Schematic representation of the formation of the hypoblast (mesendoderm; left panel). This is achieved by either by the involution of cells at the margin of the blastoderm, or by ingression of the cells of the epiblast (right panel).

  Color code: mesoderm (red), mesendoderm (orange), endoderm (yellow), ectoderm and neuroectoderm (blue).

  Figure based onDriever, 1995;[START_REF] Langeland | The embryology of fish[END_REF] 

  Figure taken from Gilbert, 2010 (6th Edition).
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 18 Figure 1.8. Generation of BMP gradient in zebrafish. Sequence of patterning events from predome, dome, 30% epiboly, post 40% epiboly. Dorsal (D) determinants are actively induced, with BMP ligand being initially ubiquitous. Symmetry breaking happens when bmp2b is transcriptionally repressed by Dharma at dome stage, leading to graded BMP ligand on the ventral (V) side. FGF is critical for establishing graded bmp expression. The ensuing bmp and BMP gradients are then maintained via auto-regulation. Figure from Ramel and Hill, 2013.
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 19 Figure 1.9. Schematic representation of the Nodal signaling pathway in Danio rerio. See description of pathway in text. Figure adapted from Weng & Stemple 2003.

  Figure 1.10 is an example from Chan et al., 2009 of early zebrafish development in cleavage and early gastrula stage embryos. It combines ZFIN (The Zebrafish
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 1 Figure 1.10. GRN of cleavage and early gastrula of Danio rerio in the dorsoanterior region. GRNs that determine the dorsal-ventral axis on the dorsoanterior side of the cleavage (A) and early gastrula (B) embryos. Pictures on the bottom right show the embryo at their respective stages. Colors represent individual signaling molecules and transcription factors, their inputs, and whether they activate (arrow), or repress (blunt end) targets. Figure from Chan et al. 2009.
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 1 Figure 1.11. Overview of methods to generate conjoined zebrafish. Photos of conjoined zebrafish induced in the following methods: A) Ectopic Nodal Overexpression. Embryos were injected at the 16-cell stage with acvr1ba*. Lineage tracing of the injected cell progeny with β-galactosidase (left image; blue). B) Shield Transplantation. Shields were taken from a donor embryo at shield stage and transplanted to the ventral side of a recipient shield stage embryo. Duplicated notochord (no) and prechordal plate (pcp) structures are traced with fluorescein. C) Janus Mutant. Complete separation of the two blastoderms at shield stage from the maternal recessive effect mutant janus results in two axes with fused trunk[START_REF] Peyriéras | Inhibitory interactions controlling organizer activity in fish[END_REF][START_REF] Abdelilah | Pattern formation in janus-mutant zebrafish embryos[END_REF][START_REF] Saúde | Axis-inducing activities and cell fates of the zebrafish organizer[END_REF]. Scale bars

  The sea urchin has been intertwined in the field of embryology and then developmental biology since the classical experiments performed by Hans Driesch in the late 1800s. He demonstrated the fundamental phenomenon of regulative development, whereby separation of the blastomeres at the 2-cell and 4-cell stage of embryo development led to fully functional sea urchin larvae, called a pluteus, with the caveat of them being smaller in size. His work would greatly influence the field and future scientists alike.

Figure 1 .

 1 Figure 1.12. Overview of sea urchin cleavage. A) Planes of cleavage are displayed in the first three divisions; the three germ layers are indicated by the colors blue (ectoderm), yellow (endoderm), and red (mesoderm). B) Confocal fluorescent image of the unequal cell division that occurs in the 16-cell stage with the appearance of the mesomeres micromeres and macromeres (asterisk in A; Gilbert, 2010).

Figure 1 .

 1 Figure 1.13. Development of the sea urchin. Development of a sea urchin through blastula, mesenchyme blastula, early gastrula, mid-gastrula, prism, and pluteus. The animal (A) and vegetal (V) half of the animals are indicated. The Aboral (Ab) and Oral (O) portions of the sea urchin at the prism stage are also indicated. Colors indicate the 3 germ layers as in Figure 1.12. Figure kindly provided by Dr. David R. McClay (Duke University).
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 1 Figure 1.14. Orthologs amongst bilateria. Hs: Homo sapiens, Mm: Mus musculus, Ci: Ciona intestinalis, Sp: S. purpuratus, Dm: Drosophila melanogaster, Ce: C. elegans. Numbers indicate number of orthologous genes between species. One member per gene family was considered in the calculation. Figure from Consortium, 2006.

  ectoderm and endomesoderm of Strongylocentrotus purpuratus. This network has been pioneered by a group of scientists; most notably, the late Dr. Eric Davidson (California Institute of Technology).The regulatory network contains information about specification from maternal inputs to 30 hours post fertilization. The network, in its entirety, is composed of approximately 50 genes, which include not only transcription factors, but also signaling molecules. A current gene regulatory network for the ectoderm and endomesoderm is depicted in Figure1.15.

Figure 1 .

 1 Figure 1.15. Current representation of the architecture of the gene regulatory network for endomesoderm specification in the sea urchin. GRN representing endomesoderm specification from 21 to 30 hours post fertilization. Color codes represent different genes, and resulting transcription factors/signaling molecules, that activate (arrow) or repress (blunt end) other genes. Colored blocks represent different morphogenetic domains which are annotated with the names inside

Figure 1 .

 1 Figure 1.16. Transfating mechanism in early sea urchin development. Diagram showing the transfating mechanism in the sea urchin embryo. First, ablation of the primary mesenchyme cells (PMCs; red) at mesenchyme blastula stage (A). Non-skeletogenic mesenchyme (NSM; secondary mesenchyme cells; SMCs) are colored in green. Second, transfating (indicated by the arrows) of the NSM cells migrating from the tip of the archenteron into the blastocoel at mid-to late gastrula stage (B). Finally, at pluteus stage, the larval skeleton (yellow) is derived from NSM cells rather than PMCs (C).Figure from Sharma and Ettensohn, 2011.
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 1 Figure 1.17. Hypothetical evolution of primary mesenchyme cells in echinoderms. The ancestral echinoderm lacked early ingressing mesenchyme and a larval skeleton (top row). The ancestral echinoid had late ingressing skeletogenic mesenchyme (red cells; subpopulation from tip of archenteron) and a larval skeleton (black rods; middle row). Modern euechinoid have micromeres (red cells), early ingressing mesenchyme, and a larval skeleton resulting from them (bottom row).Skeletogenic mesenchyme (SM; PMCs) indicated in red, with non-skeletogenic mesenchyme (NSM; SMCs) cells in green. Figure from[START_REF] Ettensohn | Gene regulatory networks and developmental plasticity in the early sea urchin embryo: alternative deployment of the skeletogenic gene regulatory network[END_REF] 

Figure 1 .

 1 Figure 1.18. Induction of a second gut via micromere transplantation. Transplanted micromeres located at the animal pole of the 16-cell stage sea urchin embryo (A). Induced gut (green) and endogenous gut (yellow) start to invaginate with their respective skeletogenic mesenchyme indicated by the red cells (B). Elongated archenterons at midgastrula (C). Figure from Gilbert, 2010.

Figure 1 .

 1 Figure 1.19. Developmental pathways of wild-type and singleton embryos. Open questions and technical constraints: A) 3 Phenotypes observed based on cell contacts and cell number, and the flat phenotype. What are the biomechanics from going from flat monolayer to spherical blastula? B) Do singletons rearrange their cells to form a blastula? C) Generation of equivalent number of PMCs: Is this achieved through transfating or additional mitotic event? D) Are the pluteus larval stages equivalent between wild-type and singleton? Do they compensate through feeding? E) Do they reach equivalency after metamorphosis? Figure from Fabreges 2016.
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 1 Figure 1.20. Number and Diameter of PMCs. Apical view of wild-type (A) and singleton (B) at gastrula stage. C and D are the same as A and B respectively, with PMCs marked with red dots. E) Measurements of PMC diameters with control, control for treatment (not mechanically separated), and singletons. Scale bar is 50 µm. Figure from Fabreges, 2016.
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 1 Figure 1.21. Methodological workflow. The technical content of each box is described in detail in the supplementary material. Bottom to top: increasing levels of abstraction, from raw data to theory and modelling. The concept of "augmented phenomenology" (second tier) represents the superposition of raw data and its reconstruction. Features extracted from the augmented phenomenology are combined into an organized dataset conveying maximum biological meaning and leading to the formulation of theoretical hypotheses. (a to d) Upward arrowheads indicate derivation from data, including reconstruction of digital specimens and statistical analysis leading to probabilistic models. (e and f, h and j) Downward arrowheads indicate prediction testing, whether analytically (e) or by simulation (f), (h) and (j). Horizontal arrow: (g) Aggregation step leading to the design of a "normal" prototype from measurable individual cell features across the five specimens. (i) The prototype is used as an input into the biomechanical model. (k) Bidirectional arrow indicating the quantitative comparison between model simulations and digital reconstruction. (l) Feedback loop tuning the parameter values of the biomechanical model as a function of realism. Figure from Villoutreix et al., 2016.
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 1 Figure 1.22. The BioEmergences workflow. From top to bottom, successive steps starting from embryo microinjection, preparation and mounting, and leading to the reconstructed data, all available for display and analysis by the interactive visualization tool Mov-IT. Each method is described in detail in Faure et al., 2016. There are two nuclear center detection methods with either being used for segmentation and tracking. Figure from Faure et al., 2016.
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 2 Figure 2.1. Regulation by fusion of identical fields. In situ hybridizations of tar* injected embryos. Top row: in toto, tailbud stage, in situs were performed on foxa2 (axial) and ctslb (hgg1). Bottom row: flat mounts, 6-8 somite stage pax6a, myod1, ctslb (hgg1), egr2a (krox20), and tbxta (ntl).

  Control (C) and categories according to the position of the shields with respect to one another indicated bottom left.
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 22 Figure 2.2. Injected cell progeny likely to be endomesodermal. Tail bud stage fixed embryos. Injected cell progeny is labeled with ß-galactosidase either in blue (right panel in toto) or by immunocytochemistry performed after in situ hybridization (left panel, flat mount, foxa2 (axial) in dark blue and ctslb (hgg1) in red. Scale bars are 100 µm.
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 23 Figure 2.3. Incomplete structures in secondary axis and morphogenetic field fusion. Around 12 somites. Embryo was injected with tar* at the 16-cell stage into one of the marginal blastomeres. Doral view, with anterior to the top. Left panel: Nomarski microscopy live embryo. Right panel: in situ with tbxta (ntl; blue) and egr2a (krox20; red). Arrowheads point to notochord defects and somite fusion. Scale bars are 100 µm.
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 24 Figure 2.4. Categorization of the shield positions. The schematic representation is viewed from the animal pole at shield stage. The endogenous shield is indicated by an arrow with the induced shield overlapping (Position 0), or on opposite sides of the blastoderm (Position 6), or on the sides in between the 0 and 6 positions (Positions 1 2, 3, 4, and 5). Lateral view of the embryos at 80% epiboly with endogenous axis dorsal side to the right and animal pole to the top.

Expert 2

 2 was able to get more 6 positions(Figure 2.5). Needle clogging, adjustment of injection volume and timing unquestionably play a role in the size of the induced shield. Furthermore, Expert 1 preferred to fill the entire cell volume at the 16-cell stage, while Expert 2 preferred to fill 25-50% of the cell volume due to constant death seen in 6 specimens when the injected cell was filled completely. The filling of the entire cell may result in a larger domain of cell progeny, and thus more 4 and 5 position specimens. We saw that there is extensive regulation and range of duplication which is position dependent. Thus, we further explored the how 0 and 1 position specimens regulate (in collaboration with S. de Man), aimed to identify distinct morphogenetic processes in position 6 specimens which lead to the formation of opposite axes, and how similar morphogenetic fields fuse.
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 25 Figure 2.5 Random positioning of secondary axes and scoring artifacts. Top Row: Photos of the categories of the specimens are shield stage from 0 to 6. Endogenous shield is marked by the goosecoid reporter (GFP; green), and the induced shield is marked by H2B-mCherry mRNA microinjection (red). Bottom row: Scoring artifacts between two experts (left) compared to what we expected by random chance (right; center) to experimental observations (outer circle).Figure adapted from the thesis of S. de Man (2016).

  4gsc:egfp)isc3[START_REF] Castro-González | A Digital Framework to Build, Visualize and Analyze a Gene Expression Atlas with Cellular Resolution in Zebrafish Early Embryogenesis[END_REF] as a reporter for Nodal signaling. This transgenic line labels the embryonic shield, notochord, and prechordal plate. tar*, H2B-mCherry, and eGFP-HRAS mRNA were injected into zebrafish embryos in one of the following combinations: 1) h2b-mcherry co-injected with tar* the 16-cell stage into one of the 12 marginal blastomeres 2) h2b-mcherry at the 1-cell stage following by the tar* into one of the 12 marginal blastomeres 3) h2b-mcherry at the 1-cell stage followed by 16-cell stage injection of tar* co-injected with egfp-hras into one of the 12 marginal blastomeres. The concentration of tar* was 0.35 ng/µl and 100 ng/µl for h2b-mcherry/egfp-hras.
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 26 Figure 2.6. Impaired regulation of the notochord domain in ADMP morphants. A) 0.5mM admp Mo injection at the 1-cell stage and at the 16-cell stage with 0.17ng/µl tar* and 100 ng/µl H2B-mCherry RNA. Epifluorescence image of the goosecoid signal ~26hpf taken with a stereo microscope. B) Embryo injected at the 1-cell stage with 0.5mM control Mo and at 16-cell stage with 0.17ng/µl tar* and 100 ng/µl H2B-mCherry RNA as in 8A. C-H) Gsc:eGFP1 reporter-green, H2B-mCherry-red, DAPI nuclear stain-cyan. C) Embryo injected at the one cell stage with 0.6mM admp Mo and at the 16-cell stage as in A. D) Gsc:eGFP1 reporter signal of the boxed region in C E) Embryo injected at the one cell stage with 0.6mM control morpholino and subsequently at the 16-cell stage as in A F) Embryo injected at the one cell stage with 0.6mM admp Mo G) Embryo injected at the one cell stage with 600µM control Mo H) Uninjected embryo. Scale bar 200 m.Figure and legend from the thesis of S. de Man (2016).
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 27 Figure 2.7. In toto imaging of gastrulation zebrafish by horizontal 2-photon. Time lapse imaging of Siamese zebrafish. Induced axis is traced with H2B-mCherry (left panel; red), and both axes are labeled with the goosecoid eGFP reporter (green). The induced axis (red and green) can be seen scattering and then converging with the endogenous axis (green only). Scale bar = 150 µm.
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 28 Figure 2.8. Delayed convergence in induced axis. Screen shots of time lapse data showing endogenous axis (left; white arrow) and induced axis (right; yellow arrow) from the animal pole. The endogeneous and induced axes are labeled with eGFP from the goosecoid transgene, and the induced axis is traced with the microinjection of H2B-mCherry (red).Figure shows the delayed compaction/convergence of the prechordal plate in the induced axis (yellow circle). Blue dots represent detected nuclear centers of the induced axis. Scale bar is 50 µm.
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 29 Figure 2.9. Two axes display mirror symmetric features. A) Example of conjoined zebrafish larva at 10 days post fertilization (dpf). Scale Bar = 500 µm. B) Inverted heart looping in specimen seen in panel A showing that they are mirror symmetric. Scale Bar = 50 µm. C) Second example of inverted heart looping in a zebrafish embryo at 2 dpf. Scale bar = 200 µm. D). Same specimens as in C at 3 dpf. Scale bar = 200 µm. BA = Bulbous arteriosus (yellow); V = Ventricle (red); A = Atrium (blue).

  Figure. 2.10. Perturbation of endogenous gradients. The schematic represents the hypothesized BMP (blue) and Nodal (red) gradients in wild-type (left), category 0 (center), and category 6 (right) specimens in both an anatomical and graphical schematic. Embryonic shields are encircled in red, and mesendoderm inhibition by BMP is highlighted with blunt ends.

  2010/63/EU of the European Parliament, 2010. The zebrafish transgenic line Tg(-4gsc:egfp)isc3[START_REF] Castro-González | A Digital Framework to Build, Visualize and Analyze a Gene Expression Atlas with Cellular Resolution in Zebrafish Early Embryogenesis[END_REF] was utilized as a reporter for Nodal signaling. Acvr1ba*, H2B-mCherry, and eGFP-HRAS mRNA were injected into zebrafish embryos in one of the following combinations: 1) h2b-mcherry co-injected with acvr1ba* the 16-cell stage into one of the 12 marginal blastomeres 2) h2b-mcherry at the 1-cell stage following by the acvr1ba* into one of the 12 marginal blastomeres 3) h2b-mcherry at the 1-cell stage followed by 16-cell stage injection of acvr1ba* coinjected with egfp-hras into one of the 12 marginal blastomeres. The concentration of acvr1ba* was 0.35 ng/µl and 100 ng/µl for h2b-mcherry/egfp-hras. Embryos were subsequently categorized into 7

Figure 2 .

 2 Figure 2.11. Mounting components for the horizontal microscope. Photos courtesy of J. Dumont.

  We investigated the possibility to achieve such a goal in different species chosen for their phylogenetic position in Deuterostome and tissue transparency, making them suitable for live microscopy imaging. Comparison of phenotypic traits at the level of cell dynamics in cohorts of individuals, in normal or perturbed genetic and environmental conditions, is the basis of our understanding of developmental robustness and resilience. The integration of qualitative and quantitative information based on in vivo data allows for biological systems modeling and in silico experimentation towards better understanding and prediction, together with compliance with the 3Rs ethical rules (Delile et al. 2017; Directive 2010/63/EU of the European Parliament, 2010).

FIG. 1

 1 FIG. 1 Overview of sea urchin early development in normal and twin embryos. Left: schematic representation of the early stages of normal sea urchin development, from zygote through hatched blastula. Right: early development of twinned sea urchins. Twinning obtained by mechanical separation of the 2-cell stage normal embryo. 8-cell stage singletons are classified by their cell number and type of contacts. Class 1: Correct cell number and correct contacts. Class 2: Correct cell number with incorrect contacts. Class 3: Incorrect cell number with incorrect contacts. Blastulae form in each of the 3 classes, though are smaller in size. Color code: mesomeres/blue, macromeres/yellow, and micromeres/red. Adapted from the dissertation of Fabre `ges, D. (2016). Phenotypic variability in animal morphogenesis: Sea urchin twins and cloned rabbits.

•

  Borosilicate Glass Capillaries (Harvard Apparatus Part Number: 30-0038) 1.0 mm O.D. Â 0.78 mm I.D. • SP6 mMessage mMachine Transcription Kit (Invitrogen 10086184). • 30 Â 10 mm Petri Dish (Nunc 153066 by Thermo Fisher Scientific). • Sea urchins are collected by fishermen from the Observatoire Oc eanologique de Banyuls-sur-Mer (OOB) off the coast of Banyuls-sur-Mer, France or at another suitable location. Animals should be kept between 14 °C and 19 °C with circulating seawater (open system with seawater pumped offshore, or indoor with water recirculation and a skimmer). • Acidified seawater (citric acid seawater): 135 μL of 0.3 M citric acid per 50 mL of FNSW. The pH should range from 5.1 to 5.4. • ATA-PABA seawater (ATA-PABA-SW). Add PABA and ATA to seawater at a final concentration of 1-2 mM each. • mRNA encoding H2B-mCherry, fusion between part of zebrafish H2B histone and mcherry fluorescent protein to label cell nuclei, and eGFP-HRAS, fusion between the green fluorescent protein and part of 403 3 Materials

4 .

 4 Pour excess into next Petri dish, and repeat. 5. Let the agarose solidify at room temperature. 6. Store in a refrigerator until use (usable unless contaminated or dry).
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 422 FIG. 2Overview of twinning procedure. Flow chart depicting injection, fertilization, and washes to mechanical separation of blastomeres. 8-cell stage singletons are then mounted for imaging. The egg is rendered in orange, the pronucleus is in yellow. Color code for 8-cell stage singletons as in Fig.1.

FIG. 3

 3 FIG. 3Injection, mounting and imaging setup for sea urchin embryos. (A) Microinjection setup on a Leica DM IL LED microscope and Leica fine micromanipulator on the left. On the right, the needle is immersed into the FNSW in the lid of a Petri dish used for injection. (B) 35 Â 10-mm Petri dish with a custom-made 5 mm circular hole and a coverslip glued underneath with rubber cement (Fixo Gum from Marabu). (C) Diagram showing how to create 200 μm agarose well in LMP agarose for mounting the sea urchin embryo using a custom stamp. (D) On the left: a scheme of the imaging dish filled with 2% (w/v) methyl cellulose (light blue) and two singleton embryos mounted inside the LMP agarose well (gray). The objective is immersed in the methylcellulose and is then focused on the embryos. The imaging dish (top view) shows positioning of the embryos inside the LMP agarose well without them touching. Mesomeres/blue, macromeres/yellow, and micromeres/red.

FIG. 5

 5 FIG. 5 Cell lineage reconstruction of twinned sea urchins. (A-F) Snapshots from a 3D + time imaging sequence throughout the development of a pair of P. lividus twins. Animal pole to the top. Hours post fertilization (hpf ) indicated top right. Scale bar 10 μm indicated in A bottom left. (A-C) Raw data, developing twins imaged simultaneously and displayed side-by-side, nuclei in red, membranes in green, Avizo 3D rendering. (D-F) same scheme as in (A-C) with nuclei raw data in white and their detected approximate center indicated by a dot, Mov-IT visualization software, color code: micromeres in red, macromeres in yellow and mesomeres in blue. (G) Temporal sequence through the division of a macromere, hpf indicated top right, nuclei raw data in white, yellow dot indicating nucleus center (macromere's color code) and line indicating the nucleus displacement for the next four time steps, Mov-IT visualization software, scale bar 5 μm indicated bottom left of the first panel. (H-I) Flat representation of the cell lineage tree with branching points for mitosis and branch length corresponding to the time interval between divisions. Time in hpf indicated between the two panels, color code as in (D-F). (H) Corresponds to the singleton displayed on the left side and (I) to the right side in panels (A-F). Yellow arrowhead in (F) pointing to the mitosis displayed in (G).

  visualized and interpreted. Interesting phenotypes and cell arrangements were observed in our 3 datasets, and each of them were classified into one of 3 phenotypes (Figure 4.1; Supplemental Table 4.2A & 4.2B). These phenotypes are: P1) Correct cell number with correct contacts between the germ layer progenitors P2) correct cell number with incorrect cell contacts P3) incorrect cell number with incorrect cell contacts.

Figure 4 . 1 .

 41 Figure 4.1. Three phenotypic classes of twin sea urchin development. The three phenotypic classes are based on the cell number and contacts between the meso -(blue dots), macro-(yellow dots), and micromeres (red dots). The panel includes schematics (1st column) or stained (2nd and 3 rd column) images of each phenotype with the stage (bottom left) along with embryo names (upper right). Observed frequencies of each phenotypic class (pie chart, last column) with their survival rate (SR) are also presented. Scale bar = 10 µm.

Figure 4 .

 4 Figure 4.2A. Rescaled total growth rate in singleton development. The growth rate of Each singleton was rescaled to the published normal prototype (Black; Villoutreix et al. 2016).

Figure 4 .

 4 Figure 4.2B. Rescaled macromere growth rate in singleton development. The macromere growth rate of each singleton was rescaled to the published normal prototype (Black; Villoutreix et al. 2016).

Figure 4 .

 4 Figure 4.2C. Rescaled mesomere growth rate in singleton development. The mesomere growth rate of each singleton was rescaled to the published normal prototype (Black; Villoutreix et al. 2016).

Figure 4 .

 4 Figure 4.2D. Rescaled micromere growth rate in singleton development. The micromere growth rate of each singleton was rescaled to the published normal prototype (Black; Villoutreix et al. 2016).

Figure 4 . 3 .

 43 Figure 4.3. Cell rearrangement in singleton development. The folding and arrangement of 4 singleton embryos, depicting the arrangement of the macro-, meso-, and micromeres at the onset of imaging (first column), their closure (middle column), and a close-up view of the miscontacts between the mesomeres and the micromeres (last column). White box shows area zoomed in third column. White scale bar = 10 µm; yellow scale bar = 2 µm.

Figure 4 . 4 .

 44 Figure 4.4. Observed asynchrony in cell divisions in singletons. The number of cell divisions at each time step is plotted as a function of time. Singletons are imaged from the 16-cell stage to 32-cell stage, and the prototype is modeled beginning at the 32-cell stage. A trendline is added for the prototype.

Figure 4 . 5 .

 45 Figure 4.5. Potential transfating PMCs in sea urchin twins. Apical view of wild-type (A), and singleton (B) gastrula. C, D: Same as A and B respectively, PMCs were identified during the experiment and marked with red dots. E. Diameters of PMCs measured during the experiment for controls (Blue, n=38 PMCs in 10 embryos), controls of treatment in which blastomeres were not mechanically separated (Purple n=56 PMCs in 12 embryos) and singletones (Red, n=32 PMCs in 8 embryos; Scale bar = 50 µm; A -E from the dissertation of Dimitri Fabreges, 2016). F: Micromeres lineages from the 170524aR. Colors represent generation number (Red = 0; Blue = 1). G: Movie showing micromere that does not divide (solid red line) from F during the observational window (Red Dot = Micromere; Blue Dot = Mesomere; Yellow Dot = Macromere; Scale Bar = 5 µm).

Figure 5 . 1 .

 51 Figure 5.1. Ldb2a inhibits positive feedback while activating negative feedback for TGFβ family in zebrafish. Overview of the Ldb2a pathway in zebrafish. Ldb2a helps in activating I-Smad7, but represses positive feedback of Nodal Figure from Gu et al. 2015.

Figure 5 . 2 .

 52 Figure 5.2. Horstadius' delayed cleavage experiment. A through A5 are normal cleavage in P. lividus. B, C, D, E, F are delayed due to either shaking or hypotonic sea water (Figure from Horstadius, 1939). Note: Embryo C4 will result in miscontacts between the micromeres and mesomeres(singleton phenotype 2), D4 has correct cell numbers and correct contacts (singleton phenotype 1), and F3 has incorrect cell numbers (potentially singleton phenotype 3).

Figure 6 .

 6 Figure 6.1. A representation of the structure of QD grating in an x-y Cartesian coordinate system (Feng, 2016).

Figure 6 . 2 .

 62 Figure 6.2. A schematic representation of a QD grating based 4D imaging system (Feng, 2016).

Figure 6 . 3 .

 63 Figure 6.3. Initial 3-plane imaging test of wild-type zebrafish embryo at shield stage. Most superficial plane is on the right, and the curved margin indicates the embryonic shield. The margin can be seen on the middle plane. Imaged with a 10x objective, separation between the planes is 147 µm.

Figure 6 . 4 . 3 -

 643 Figure 6.4. 3-plane fluorescent imaging test of wild-type zebrafish embryo at shield stage. Embryo was injected with mRNA encoding H2B-eGFP. Most superficial plane is on the right. Imaged with a 30x objective, and separation between the planes being 16.4 µm.

Figure 6 . 5

 65 Figure 6.5. 9-plane imaging test of otic vesicle wild-type zebrafish embryo at pharyngula stage. Embryo was immersed in embryo medium with tricaine. Otoliths can clearly be seen as the two black dots. Most superficial plane is on the bottom right. Imaged with a 10x objective, and separation between the planes being 11.8 µm.

Figure 6 .

 6 Figure 6.6. 9-plane imaging test of pigmented retina of wild-type zebrafish embryo at pharyngula stage. Embryo was immersed in embryo medium with tricaine. Retina can clearly be separated into two epithelial layers: the pigmented epithelium (top row images; more pigment) and the retinal neuroepithelium (center image; less pigment). Most superficial plane is on the bottom right.
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 2 1. Percentages of categories assigned at shield stage sorting. Table S4.1. Developmental timeline of Paracentrotus lividus Table S4.2A. Measurements of cell diameters Table S4.2B. Measurements of cell diameters

	Chapter I
	Introduction & Background Information

Table 2

 2 .1).

	Position	Random distribution	tar* injection	Expert 1 Expert 2 Control	Sorting Measured
			n=430 (16)	n=237	n=193	n=72 (2) n=41 (1)	n=41 (1)
				(7)	(9)			
	0	8.33%	32.79%	28.69%	37.82%	13.89%	39.02%	29.27%
	1	16.67%	6.98%	10.97%	2.07%	15.28%	4.88%	0.00%
	2	16.67%	12.56%	10.97%	14.51%	12.50%	2.44%	17.07%
	3	16.67%	16.74%	15.19%	18.65%	13.89%	19.51%	17.07%
	4	16.67%	13.02%	18.14%	6.74%	13.89%	19.51%	19.51%
	5	16.67%	6.98%	8.44%	5.18%	16.67%	4.88%	12.20%
	6	8.33%	10.93%	7.59%	15.03%	13.89%	9.76%	4.88%

Table 2 .1. Percentages of categories assigned at shield stage sorting

 2 

. n is the total number of embryos, between brackets is the number of experiments that were pooled. The random distribution assumes an equal distribution over all categories. For the tar* injections 430 embryos in 16 experiments were sorted. The results of the tar* injections were obtained by two experts. These results

  Table from the thesis of S. de Man (2016).

  Training, protocols, and advice were provided by Drs. Cristina Calestani, David McClay, Anne-Marie Geneviere, and Marnie Halpern, and foundational preliminary studies in the BioEmergences laboratory by Drs. Fabreges and Duloquin led to the breakthrough that is presented in this paper. This protocol is also a result of extraordinary effort to adjust protocols that were already established with the American sea urchin model, Strongylocentrotus pupuratus, to the European model, Paracentrotus lividus. All fostered by the resources and expertise of the BioEmergences laboratory, Dr. Nadine
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  ): p Marine Biological Laboratory Artificial Seawater (ASW): 437 mM NaCl, 9 mM KCl, 22.9 mM MgCl 2 Á 6H 2 O, 25.5 mM MgSO 4 Á 7H 2 O, 9.3 mM CaCl 2 Á 2H 2 O and 2.1 mM NaHCO 3 . p Calcium Free Seawater (CFSW): the same as ASW without CaCl 2 ;2H 2 O. p Calcium-Magnesium-Free Artificial Seawater (CMFSW): 526 mM NaCl, 10 mM KCl, 2 mM EGTA, and 2.5 mM NaHCO 3 . • Custom-made 3D-printed stamps (stereolithography) used to make a circular agarose well of 200 μm diameter for imaging.

	• 3% (w/v) methylcellulose (Sigma M0512, viscosity 4000 cP, in ASW or filtered
	natural seawater) stock for sea urchin embryo immobilization, working solution:
	2% (w/v) in seawater.
	• Low melting point agarose (1-1.5% (w/v) in FNSW or ASW; Roth 6351.5).
	• Sutter Instrument P-1000 Micropipette Puller (Sutter Instrument Company,
	Novato, CA, USA)

  2 came from an original embryo who reached the 2-cell stage approximately 1.25 hpf, Singletons 2.1 and 2.2 were separated starting at 1.75 hpf, and Singletons 3.1 and 3.2 1.5 hpf. This observation of different cleavage patterns is reminiscent of Horstadius in 1939. They observed that «progressive changes in the cytoplasm, cause spindles formed a certain time after fertilization to lie in a certain direction »

Table S4 .

 S4 2A. Measurements of cell diameters. Measurements of cell diameters from each specimen analyzed with experiment name, timestep the measurements were taken, and singleton annotation above each table. Color codes represent micromeres (red), mesomeres (blue), and macromeres (yellow).

	170522aR 170523aR		170522aR 170524aR	170523aR 170524aR	
	Timestep 10 Timestep 4		Timestep 10 Timestep 9	Timestep 4 Timestep 9	
	Singleton 1.1 Singleton 2.2		Singleton 1.2 Singleton 3.1	Singleton 2.1 Singleton 3.2
	Cell ID Cell ID	Size (µm) Size (µm)	Cell ID Cell ID	Size (µm) Size (µm)	Cell ID Size (µm) Cell ID Size (µm)
	18 2	10.88 18	28 51	9.6 9.18	4 10	20.42
	1	7	19.2 18	10 49	19.2 9.47	5 44	21.6 18.64
	13 7	25.6 27	31 1055	23.04 11.46	33 15	19.47
	11 27	27.52 27	22 1054	24.32 13.54*	24 16	21.13
	26 13	27.52 28	16 28	25.6 16.43	12 26	22.46
	8	3	27.52 28	32 47	28.096 18.48	9 4	23.402
	1034 22	28.16 28	20 46	28.16 21.6	26 9	23.97
	29 3	28.8 29	15 48	28.16 22.03	28 11	24.64
	6	2	28.8 30	1034 1052	28.16 22.07	11 21	24.88
	12 21	28.8 30	14 12	28.8 23.37	30 13	26.81
	23	5	30.72 30	1036 1053	29.44 23.4	14 23	26.94
	21 17	30.72 36	25 17	30.72 24.89	15 7	27.49
	27 16	31.36 36	1033 30	30.72 25.06	20 37	27.49
	24 10	32.64 36	9 42	30.72 25.83	19 36	27.6
	17 36	34.56 40	19 2	37.12 26.162	38 32	28.94
		1	40.32	1037 8	37.12 26.5	32 34	29.1
				25	26.807	18	29.64
				29	27.39	27	29.7
				6	27.61	43	30.07
				31	28.17	54	31.26
				22	28.34		
				1	28.38		
				5	26.05		
				24	29.2		
				35	28.73		
				52	28.86		
				3	28.889		
				33	29.4		
				20	29.6		
				19	29.83		
				14	30.98		

Table S4 .

 S4 2B. Measurements of cell diameters. Measurements of cell diameters from each specimen analyzed. With experiment name, timestep the measurements were taken, and singleton annotation above each table. Color codes represent micromeres (red), mesomeres (blue), and macromeres (yellow). * Cell recently underwent division, this impacted its perceived size.

	161115a	Center		6		1.37x1.37x1. 1.51x1.51x1. 1.51x1.51x1.							
	161018a F 170327a	select	Moves terribly Nice, duplication not clear at all Moves & lacks 2nd axis	6 6 convergin AP 6	No No No	39 51 1.36x1.36x1. 51	Yes Yes Yes	444 507 458	1m53 1m54s 2m08s	AP View AP View AP View	No No No	No No No	No No No
	170123a	OK	AP and PCP fusion	g	Yes	39	Yes	409	2m5s	AP View	Yes	Yes	Yes
	161021a 161117a 170327a	Center Center				1.51x1.51x1. 1.51x1.51x1. 1.51x1.51x1.							
	F F 170123a F	select select	endogenous axis OK, nothing of an induced axis May be for TB and kupfer's Moves & lacks 2nd axis	5 6 AP 6 ?	No No No	51 51 1.51x1.51x1. 51	Yes Yes Yes	489 492 444	1m59s 1m55s 2m08s	AP View AP View AP View	No No No	No No No	No No No
	F		mays be early cell migration	6	No	51	Yes	453	1m57s	AP View	No	No	No
						1.37x1.37x1. 1.51x1.51x1. 1.36x1.36x1.							
	161023a 161122a 170328a		early explosion Moves and explodes late explosion	5 6 AP 6	No No No	39 51 1.51x1.51x1. 39	Yes Yes Yes	461 469 508	2m13s 2m02s 1m51s	AP View AP View AP View	No No No	No No No	No No No
	170124a		shifts, lateral brain	6	No	51	Yes	447	2m08s	AP View	No	No	No
	161023a 161122a 170328a		Does not seem to be duplicated -a priori not			1.51x1.51x1. 1.51x1.51x1. 1.51x1.51x1.							
	F F 170124a F		early explosion useful explodes exogastrulates	6 6? AP 6	No No No	51 51 1.51x1.51x1. 51	Yes Yes Yes	615 451 466	1m39s 2m08s 2m00s	AP View AP View AP View	No No No	No No No	No No No
	F	going on	good for somite fusion	6	No	51	Yes	536	1m46s	AP View	No	No	No
	161028a					1.51x1.51x1. 1.38x1.38x1. 1.36x1.36x1.							
	F 161204a 170329a	EM OK	nice endogenous axis, induced one disappears Useable until 9h14 AP Moves terribly	6 6 AP 6	No No No	51 39 1.51x1.51x1. 39	No No Yes	418 437 230	2m18s 2m5s 2m02s	AP View AP View AP View	No Yes No	No No No	No No No
	170128a		AP Moves terribly	6	No	51	No	509	1m52s	AP View	No	No	No
	161204a 170329a	Center	May be an interesting case of low Nodal, red1/16 is May be some somite fusion until 17 somite (NO			1.37x1.37x1. 1.38x1.38x1. 1.51x1.51x1.							
	161028c F 170128a F	select	weak TICAINE !!!!!!) AP Moves terribly	6 6 AP 6	No No No	39 38 1.51x1.51x1. 51	No No Yes	414 469 177	2m18s 1m57s 1m57s	AP View AP View AP View	No No No	No No No	No No No
	F		nice 2nd axis	6	No	51	No	515	1m50s	AP View	No	No	No
	170701b	Center				1.38x1.38x1. 1.51x1.51x1. 1.51x1.51x1.							
	161030a 161205a F	select	Moves probably too much, 2nd axis disappears Moves and explodes AP and PCP fusion --> 10h30	6 6 AP 6	No No No	39 51 1.51x1.51x1. 51	Yes Yes Yes	432 455 561	2m09s 2m02s 1m54s	AP View AP View AP View	No No No	No No No	No No No
	170131a		AP Moves terribly	6	No	51	Yes	441	2m12s	Induced Shield	No	No	No
	161030a 161205a	Center				1.38x1.38x1. 1.16x1.16x1.							
	F F 170131a	select	Nice but 2nd axis seems to disappear ? Nice, duplication not clear at all	6 6	No No	39 18 1.51x1.51x1.	Yes Yes	617 494	1m32s 1m54s	AP View AP View	No No	No No	No No
	F		AP Moves terribly, but duplicated	6	No	51	Yes	466	2m04s	AP View	No	No	No
			half forebrain 1rst axis (for movements in the			1.51x1.51x1. 1.38x1.38x1. 1.51x1.51x1.							
	161031a 161210a 170202a		hatching gland) does not show much, duplication not clear Moves and explodes	? 6 6	No No No	51 39 51 1.51x1.51x1.	Yes No No	416 665 497	2m18s 1m39s 1m54s	AP View AP View Induced Shield	No No No	No No No	No No No
	F		Second axis no head. cell migration ?	6	No	51	Yes	446	2m08s	AP View	No	No	No
	160819a 161031a 170110a		forebrain 1rst axis OK (for movements in the Nice movie does not show much. No head in 2nd			1.51x1.51x1. 1.38x1.38x1. 1.51x1.51x1.							
	F F F	OK OK	hatching gland) Nice, forebrain fusion only axis	4 6 6	No Yes No	51 39 51 1.51x1.51x1.	Yes No Yes	559 613 427	2m01s 1m38 1m56s	AP View AP View AP View	No Yes No	No No No	No No No
	170207a		moves a lot -2nd axis nice-eye fusion ?	6	No	51	Yes	416	2m12s	AP View	No	No	No
	160823a 170109a		Exploitable until 11h20 does not show much			1.51x1.51x1. 1.51x1.51x1. 1.51x1.51x1.							
	F 161110a F 170207a	OK	Moves terribly Moves and duplication not clear at all however	6 5 or 6 6	No No No	51 51 51 1.51x1.51x1.	Yes Yes No	427 537 669	2m11s 1m58 1m31s	AP View AP View AP View	No No Yes	No No No	No No No
	F		1 hour margin 2nd axis	6	No	51	Yes	450	2m01s	AP View	No	No	No
	160824a 161110a					1.51x1.51x1. 1.51x1.51x1. 1.51x1.51x1.							
	F F 170109a	OK	May be something to get of the 2nd axis Duplication not clear at all Short movie 9h45, anterior 2nd axis only	6 6 6	No No No	51 51 51 1.51x1.51x1.	Yes Yes No	459 501 591	2m25s 2m04s 1m44s	AP View AP View AP View	No No Yes	No No No	No No No
	170208a		For lateral view between axes	6	No	51	Yes	435	2m17s	AP View	No	No	No
	160917a	Center	Seems OK (if does not explode) does not show			1.51x1.51x1. 1.51x1.51x1. 1.51x1.51x1.							
	F 161111a 170110a 170221a	select Center	?? Moves terribly, possibly explodes much	6 6 6	No No No	51 51 51 1.51x1.51x1.	Yes Yes Yes	198 459 387	1m56s 1m39s 2m07	AP View AP View AP View	No No No	No No No	No No No
	F	select	enogenous axis only may be TB	6	No	51	Yes	504	1m52s	AP View	No	No	No
	160919a 161111a		If does not explode ?? fine for 2nd axis including			1.51x1.51x1. 1.51x1.51x1. 1.51x1.51x1.							
	F F 170121a	going on	Moves and explodes Nice but not clear at all that it is duplicated margin	6 6 6	No No No	51 51 51 1.36x1.36x1.	Yes Yes No	694 489 534	1m32s 1m55s 1m4s	AP View AP View Induced Shield	No No No	No No No	No No No
	170323a		May be OK for margin 2nd axis	6	No	39	Yes	481	1m59s	AP View	No	No	No
	170121a					1.37x1.37x1. 1.51x1.51x1. 1.51x1.51x1.							
	161017a 161115a F 170323b	going on	Messy, 1/16 injection was probably not clean at all Moves terribly, possibly explodes May be for kupfer's 2nd axis Lateral view may explode, no comment	6 6 6	No No No	39 51 51 1.51x1.51x1.	Yes Yes No	462 481 559	2m00 1m59s 1m39s	AP View AP View Induced Shield	No No No	No No No	No No No
	F		on that.Margin ?	6	No	51	Yes	467	2m25s	AP View	No	No	No
													127 129

catégories phénotypiques en fonction du nombre de précurseurs de feuillets embryonnaires (nombre correct ou non) et de leurs contacts (contacts correct ou non). Cependant, les 3 classes conduisent à un pourcentage similaire de larves de pluteus normales. Nous démontrons qu'une réorganisation cellulaire qui rétablirait des contacts normaux entre les différents types cellulaires n'est pas nécessaire, ce qui implique que le développement passe par des changements de destinées cellulaires. En outre, les larves de jumeaux ont un nombre normal de cellules mésenchymateuses primaires, sans division cellulaire supplémentaire. Cette situation est réminiscente de l'ablation des micromères dont la perte est compensée par un changement de destinée cellulaires des cellules mésenchymateuses secondaires.Les poissons zébrés siamois peuvent être obtenus par la surexpression de la voie nodale, la transplantation de l'organisateur de Spemann au début de la gastrulation, ou chez le mutant homozygote maternel Janus. Notre travail s'est concentré sur le premier cas. L'interaction des voies de signalisation dans la détermination des axes embryonnaires et dans l'instauration d'un centre d'organisation de type Spemann a fait l'objet de nombreuses études chez le poisson zébré. Cependant, l'état de l'art n'explique pas le lien entre les signaux biochimiques et les comportements cellulaires individuels, ni l'émergence de champs morphogénétiques et la régulation de leur taille. Lorsque organisateur endogène et organisateur induit ne sont pas en positions parfaitement opposées, l'étendue de la régulation de la taille des champs morphogénétique dépend de la position de l'organisateur induit. Le lignage cellulaire de poissons zébrés siamois reconstruit à partir de d'imagerie 3D + temps in toto révèle les comportements cellulaires sous-jacents à la fusion de champs morphogénétiques identiques.
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CHAPTER 16 3D +time imaging of normal and twin sea urchin embryos

Zebrafish mounting and imaging on upright 2-photon microscopes (Leica SP5 & Lavision Biotech TrimScope)

Embryos were dechorionated and placed into a teflon ring, inside of a 3 cm Petri dish filled with Embryo Medium (EM). Embryos were positioned with the animal pole facing the objective.

Approximately 20 µl 0.5% LMP agarose was added around the embryo to prevent it from moving during the image acquisition. Embryos were imaged on either Leica SP5s with dual excitation at 980 nm and 1030 nm, or 1000 nm only, and the LaVision Biotech TrimScope system with single excitation at 1000 nm.

Image Processing with the BioEmergences workflow

Cell positions were placed at the local intensity maxima of cell center images filtered by Difference of Gaussians and cells were linked with Simulated Annealing as described in [START_REF] Faure | A workflow to process 3D +time microscopy images of developing organisms and reconstruct their cell lineage[END_REF]. The resulting lineage tree was validated by visual inspection using our Mov-IT visualization software.

Abstract

The Mediterranean sea urchin, Paracentrotus lividus, has been a powerful model to study embryonic development since the late 1800s. As a model, it has the advantage of having external fertilization, it can easily be manipulated experimentally, and it has semi-transparent embryonic stages, which makes it ideal for live imaging. Embryogenesis is a highly dynamic process with intrinsic variability. The reconstruction of cell dynamics and an assessment of such variability from in vivo observations has proven to be a challenge. Here, we provide an innovative methodology for manipulation and immobilization of embryos and their long-term 3D + time imaging. We then describe the twinning procedure that allows us to assess the variability and robustness of developmental processes. We demonstrate the reconstruction of cell lineages based on automated image processing and cell tracking using the BioEmergences workflow as well as the use of interactive visualization tools (Mov-IT software) for lineage validation, correction and analysis.

Build up of the primary mesenchyme cells' population through transfating

Previously, it was observed that singletons possess the same number of PMCs as wild-type [START_REF] Fabreges | Phenotypic variability in animal morphogenesis: sea urchin twins and cloned rabbits[END_REF]. To test our hypothesis of PMC transfating we analyzed the first 100 timesteps looking for an additional mitotic event. Unfortunately, while imaging was long enough to observe invagination, the tracking was not of the quality necessary to go that far in its development. Looking at the lineage of the micromeres which give rise to the PMCs, our data showed that there was no additional mitotic event, and even a lack of a mitotic event in one singleton's micromere (Figure 4.5).

DISCUSSION

Cell contacts and rearrangement

In this dissertation, we observed that singletons with incorrect contacts between the germ layer progenitors lacked cell rearrangement and still successfully developed through gastrulation. The organization of the germ layer progenitors in singleton development result in three distinct phenotypes. Surpsingly, these three phenotypes result in the same developmental success rate [START_REF] Fabreges | Phenotypic variability in animal morphogenesis: sea urchin twins and cloned rabbits[END_REF]. One of the questions that remained still to be answered was whether these singletons with incorrect contacts between mesomeres and micromeres had to rearrange themselves in order to only have mesomere-macromere or micromere-macromere. Quite the contrary to what was expected, even embryos with incorrect contacts between germ layer progenitors, and lack of cellular rearrangement, led to gastrulating singletons which successfully developed to pluteus stage. Previous studies have demonstrated that endoderm can arise from mesomeres, and there is variation in contribution of blastomeres to ectoderm and endoderm [START_REF] Logan | The allocation of early blastomeres to the ectoderm and endoderm is variable in the sea urchin embryo[END_REF][START_REF] Sherwood | LvNotch signaling plays a dual role in regulating the position of the ectoderm-endoderm boundary in the sea urchin embryo[END_REF]. Hence, this lack of cell rearrangement in embryos with incorrect contacts who surivive supports the notion that there is in fact plasticity in the endoderm-ectoderm boundary in singleton development, as observed in normally developing embryos [START_REF] Angerer | Patterning the sea urchin embryo: gene regulatory networks, signaling pathways, and cellular interactions[END_REF]. In addition, this plasticity in the endoderm-ectoderm boundary is hypothesized to be dependent on cellcell interactions as in normal embryos. With this question now closed, the objective here was to elucidate the other possible factors which affect singleton survival since rearrangement appeared not to play a role.

Variation in growth rate

The discrepancies in survival rate may be due to combinatorial factors and individual history of each singleton, therefore it remains to be difficult to trace a common factor that directs their survival. In singletons 1.1 and 1.2 their arrest is conceivably due to premature closure, which led to miscontacts between the micromeres and mesomeres. By premature closure we mean, in this case, closure occuring before the embryo can reach the appropriate embryo diameter. In this case, the two poles touch, cell-cell interations beging to reinforce, and thus they cannot expand to reach the appropriate embryo diameter and allow formation of a blastocoel. In the case of singletons 2.1 and 2.2, they close with many cells inside their blastocoel, which then cannot migrate and imbed into the blastoderm. These initial four datasets suggested that developmental success depended on folding, cell adhesion, and closure time, and perhaps even the state of cell adhesion at the time of closure.

When looking globally at the singletons, they all became motile, indicated by cilia growth, at approximately 10 hpf. However, they even varied at the time of invagination, if they even proceeded We were able with the 9-plane imaging technique to have an increased spatial resolution than with the 3-plane. We were also surprisingly able to distinguish between two epithelia in the zebrafish retina, the pigmented epithelium and the retinal neuroepithelium, with just a 10x objective at 32 hpf. In the otic vesicle, we were able to image the entire z stack of the organ with the nine planes. Though this technology is still in its preliminary stages, it may be further adapted to live imaging of the zebrafish otic vesicle and retina as models for human disease. Furthermore, the fusion of this technique with laser scanning microscopy systems may aid in the decrease of z stack acquisition time, which could then aid better in the reconstruction of cell lineages, and perhaps even in the retinal progenitors. Title : Variability and robustness of gastrulation processes in deuterostomes: sea urchin twins and conjoined zebrafish.
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Abstract : The experimental induction of twins (sea urchin) or conjoined (zebrafish) challenges the plasticity and robustness of the developing embryo. We showed that individuals in twin and Siamese pairs follow different developmental paths that are in fact quite different than wild-type. We hypothesize that these different paths reveal the organism's developmental plasticity.

In both species, twinning is interpreted to rely on i) the lability of morphogen gradients setting the embryonic axes, ii) the repertoire of cell behaviors during blastulation and gastrulation in response to morphogen gradients and biomechanical cues and/or iii) the regulation of morphogenetic field size. We showed that the development of sea urchin twins explores a realm of possibilities different from that of typical embryos. The twins develop first as a single and flat cell layer before compacting into a bona fide blastula. Developing twins belong to 3 phenotypic categories depending on the number of germ layer precursors (correct number or not) and their contacts (correct contacts or not). However, the 3 classes led to similar percentage of normal pluteus larvae. We demonstrate that cellular reorganization is not required to restore the normal contacts between the different cell types implying that development proceeds through fate changes.

In addition, larvae from twins have a normal number of primary mesenchymal cells and this does not involve further cell division. This situation is reminiscent of the ablation of micromeres with transfating compensating for the loss, leading to a proper number of primary mesenchyme cells (PMCs) and is thus likely to involve the transfating of secondary mesenchyme cells (SMCs). Conjoined zebrafish are observed through Nodal pathway overexpression, transplantation of the Spemann organizer at the onset of gastrulation, or in the maternal homozygous mutant Janus. Our work focused on the first case. The interplay of signaling pathways in setting embryonic axes and inducing a Spemann-type organizing center has been extensively studied in zebrafish. However, the current state of art does not explain the link between biochemical cues and individual cell behaviors, and from them the emergence of morphogenetic fields and the regulation of their size. If not in opposite positions, the extent of field size regulation is dependent on the position of the induced or transplanted organizer. The cell lineage of conjoined zebrafish reconstructed from 3D+time live imaging reveals cell behaviors underlying the fusion of identical fields.