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Resumé en français

En l'absence de nutriments, les cellules des embryoïdes meurent massivement vers 11 hpf.

Cela correspond à notre observation de la taille limite des cellules après 13-14 cycles cellulaires. Ces cellules se différencient ultérieurement. Avec l'apport de nutriments, les embryoides seront un modèle d'étude de la morphogenèse et de la différenciation qui conduisent à l'organisme. 
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Introduction

Embryogenesis, the biological development of an embryo, is a dynamic process that results in the formation of the entire organism. Malfunctions during embryogenesis can lead to birth defects that affect every 30 th child born [START_REF] Ferrer-Vaquer | Birth defects associated with perturbations in preimplantation, gastrulation, and axis extension: from conjoined twinning to caudal dysgenesis[END_REF].

Animals development begins with fertilisation when sperm combines with the egg cell and produces a zygote [START_REF] Gilbert | Developmental Biology[END_REF]. The zygote undergoes rapid mitotic cell divisions called the cleavage stage. The following event is called gastrulation, one of the most critical developmental stages, over which the initial body plan is established.

Afterwards, the embryo undergoes an organogenesis phase that lasts until birth. After birth embryogenesis ends and development continues through the metamorphosis which stops when an adult is formed. In many species germ cells undergo gametogenesis usually completed when the animal is fully physically mature. This gives a chance for starting a new embryo by fertilisation. The adult eventually experiences ageing and dies. There are a certain variety of developmental stages depending on the species. However, the developmental stability is maintained in the phenotype within the individuals from the same species thanks to the robustness [START_REF] Nijhout | The nature of robustness in development[END_REF]. The phenotype within the same species is a consequence of the homeostasis between variation caused in intrinsic (egg volume, concentrations & distributions of specific signalling molecules, genetic differences, epigenetic differences) and environmental factors.

The 'French Flag' concept considers mechanism in which concentrations of signalling molecule gradients across the body axis are converted into a pattern that contains different gene expression domains [START_REF] Wolpert | Positional information and the spatial pattern of cellular differentiation[END_REF]. Within developmental biologists this paradigm has been used vastly therefore we could think about it as a 'dogma' [START_REF] Sharpe | Wolpert's French Flag: what's the problem?[END_REF].

Considering the existence of other models that propose how pattering works, the 'French Flag' should be characterised more as a metaphor that gives directions on how the question should be addressed. Another famous model of pattering based on reaction-diffusion systems was established by Alan Turing [START_REF] Turing | The chemical basis of morphogenesis[END_REF] and further studied by Gierer and Meinhardt [START_REF] Gierer | A theory of biological pattern formation[END_REF]. Nevertheless, signalling molecules involved in pattering (morphogens) provoke different cell behaviour that led to specific cell fates. The influence morphogen has on the cell behaviour and fate depends as well on the size and shape of the tissue being pattered [START_REF] Turner | Organoids and the genetically encoded self-assembly of embryonic stem cells[END_REF].

In order to understand processes that underlie embryogenesis to shape the organism (morphogenesis) and build functional organs (differentiation) it is necessary to observe interactions on the molecular and cellular dynamic level. Biological processes combine dynamics at the level of gene expression, cell signalling and cell movements in space and time, shape changes and proliferation [START_REF] Delile | A cell-based computational model of early embryogenesis coupling mechanical behaviour and gene regulation[END_REF]. The field of developmental biology evolved from classical, mostly descriptive, experimental embryology, genetics and molecular biology [START_REF] Murillo-González | Evolution of embryology: a synthesis of classical, experimental, and molecular perspectives[END_REF]. The need for quantitative approaches and formal demonstrations, has meant that developmental biology employs methodology from computational biology to model and simulate these complex systems (Figure 6. 1).

The possibility to image every single cell in the live embryo and to obtain quantitative data with image processing tools opens the way to understand cell dynamics in both normal and perturbed development. One way to integrate cellular and molecular dynamics in biological processes is through multimodal microscopy imaging to capture both cell behaviour and reporters of gene expression. Current 3D+time imaging and image processing methods do not produce entirely precise and accurate detection of cell position and lineage. The reconstruction of cell lineages largely depends on manual validation and correction. The quality of imaging data is the current major bottleneck for the reconstruction of cell dynamics in live embryos.

The thesis focuses on cell dynamics during cleavage stages and gastrulation in rabbit (section 3.1) and zebrafish embryos (section 3.2) and embryoids (section 3.3). Gastrulation appeared in evolution with metazoans, although it is not known whether it also happens in placozoans [START_REF] Chea | Nodal signaling and the evolution of deuterostome gastrulation[END_REF][START_REF] Dondua | Concerning one obsolete tradition: Does gastrulation in sponges exist?[END_REF]. Gastrulation shapes the body plan and embryonic axis with cell and tissue movement conserved through evolution [START_REF] Solnica-Krezel | Conserved Patterns of Cell Movements during Vertebrate Gastrulation[END_REF]. We faced technical and methodological challenges to provide precise and accurate quantitative data for cell behaviours in live organisms. We attempt to capture the robustness of gastrulation movements in zebrafish when challenged by the absence of topological and biochemical conditions. The particular topological conditions have been accomplished by the yolk removal and biochemical perturbations have been induced through Nodal signalling loss and gain of function changes.

Epiboly

Epiboly is the gastrulation morphogenetic movement that starts at the late blastula stage 4.3 hpf. It goes on until 10 hpf. During epiboly, EVL spreads toward the vegetal pole until the entire yolk is covered, while deep cells and YSL spread toward both poles.

It is thought that EVL cells spread passively, although it has been suggested that EVL cells take an active part to spread over the yolk to overcome its sphericity (Bruce and Heisenberg, 2020). Moreover, it was reported that marginal EVL cells form filopodia at the leading edge at 50% epiboly which additionally implicates active cell movement [START_REF] Zalik | Cell adhesion and the actin cytoskeleton of the enveloping layer in the zebrafish embryo during epiboly[END_REF].

Epiboly makes the blastoderm thinner. It goes with the radial intercalation of deep cells towards and away from EVL. It has been described that radial intercalation of deep cells depends on the EVL [START_REF] Morita | The Physical Basis of Coordinated Tissue Spreading in Zebrafish Gastrulation[END_REF].

The YSL expands at the onset of gastrulation movements. Yolk nuclei run ahead of the spreading EVL. We then distinguish between the external and internal YSL under the blastoderm. Internal YSL expends actively and it is involved in external YSL narrowing.

After external YSL narrowing, it has been hypothesized that these cells take part in a circumferential constriction driven by actomyosin to generate the driving force of epiboly.

Epiboly requires the coordination of EVL, deep cells and YSL movements (Bruce and Heisenberg, 2020). How this is achieved is still unknown (Figure 1. 2). 

Emboly -tissue internalisation and formation of outer and inner layers

The morphogenetic process of internalisation starts after 50% epiboly and results in the formation a hypoblast and an epiblast layer, sliding on top of each other (Figure 1. 3A)

Internalisation is at first prominent at the level of the embryonic shield. The latter is a group of cells with so called organizing properties. Its transplantation on the ventral side of the embryo, as for the Mangold and Spemann experiment (Spemann and Mangold, 1924) leads to the formation of a complete secondary axis [START_REF] Saúde | Axis-inducing activities and cell fates of the zebrafish organizer[END_REF].

Internalisation occurs around the entire blastoderm margin [START_REF] Keller | Reconstruction of Zebrafish Early Embryonic Development by Scanned Light Sheet Microscopy[END_REF][START_REF] Warga | Cell movements during epiboly and gastrulation in zebrafish[END_REF]. The process of internalisation is described as a combination of involution and ingression. Involution prevails on the dorsal side while involution and ingression are observed concomitantly on the ventral side.

Involution is defined as the rolling of a cell sheet around its edge until it appears on the opposite side (Figure 1. 3B). Ingression is defined by the movement of individual cells that delaminate from a cell layer inward (Figure 1. 3C). Synchronous ingression leads to the formation of cell sheet as in the case of involution but less cohesive whereas in process similar to involution cells ingress in synchronous manner (Figure 1. 3D) (Solnica-Krezel and [START_REF] Solnica-Krezel | Gastrulation: Making and Shaping Germ Layers[END_REF].

The process of internalisation requires additional studies. There is evidence that the internalisation movement is probably not a completely active process but is instead influenced by the geometric confinement and physical forces originating from the surrounding cell layers and the yolk [START_REF] Pinheiro | Zebrafish gastrulation: Putting fate in motion[END_REF][START_REF] Shah | Multi-scale imaging and analysis identify pan-embryo cell dynamics of germlayer formation in zebrafish[END_REF].

Involution is largely impaired in Nodal signalling mutants [START_REF] Montero | Shield formation at the onset of zebrafish gastrulation[END_REF]. Despite the fact that Nodal signalling is known to be required for the formation of endoderm and axial mesoderm that are the tissues that involute, what properties are conferred to the cells by their genetic state to lead to involution is not clear.

Convergences and extension movements

The reconstruction of the cell lineage and the analysis of tissue flows provided more information about gastrulation movements [START_REF] Keller | Reconstruction of Zebrafish Early Embryonic Development by Scanned Light Sheet Microscopy[END_REF][START_REF] Pastor-Escuredo | Kinematic analysis of cell lineage reveals coherent and robust mechanical deformation patterns in zebrafish gastrulation[END_REF]. At mid gastrulation cells flow from a saddle point at the midline until the tailbud closure.

Convergence and extension movements are morphogenetic processes in which all three germ layers (not the EVL) are involved. Cells converge towards the dorsal embryonic midline and simultaneously extend along the antero-posterior axis (A-P axis) [START_REF] Kimmel | Stages of embryonic development of the zebrafish[END_REF]M. L. K. Williams and Solnica-Krezel, 2020). These movements shape the body axis. Convergence and extension are highly conserved in vertebrates. They have been extensively studies in Xenopus and imaged and quantified in zebrafish.

Convergence and extension movement are prominent from 70% epiboly. They are combined with epiboly and the internalization of the hypoblast. The tailbud closure marks another phase of movements that still involve convergence toward the midline and extension of the body axis. Convergence and extension movements result from specific cell behaviours. Cells undergo mediolateral intercalation as cells exert mediolaterally orientated or medially directed traction on one another [START_REF] Keller | Mechanisms of convergence and extension by cell intercalation[END_REF][START_REF] Wallingford | Convergent extension: the molecular control of polarized cell movement during embryonic development[END_REF]. Cells may undergo individually and/or collectively directed migration in a single [START_REF] Pézeron | Live Analysis of Endodermal Layer Formation Identifies Random Walk as a Novel Gastrulation Movement[END_REF].

Ectodermal cells converge and extend with mediolateral intercalation (Figure 1. 4F). This results in the emergence of the dorsal neuroectoderm. There is the evidence of Nodal signalling involvement in convergence and extension of the neuroectoderm via mesendodermal cells [START_REF] Gonsar | Temporal and spatial requirements for Nodal-induced anterior mesendoderm and mesoderm in anterior neurulation[END_REF].

The role of Wnt and PCP signalling in convergence and extension has been extensively

studied. The involvement of Nodal signalling in these movements demands more exploration. Figure from (Chan et al., 2009).

ventral and lateral internalising mesendoderm [START_REF] Norris | Toddler signaling regulates mesodermal cell migration downstream of Nodal signaling[END_REF]. Furthermore, Nodal is involved in the random migration of endodermal cells at the onset of internalisation [START_REF] David | Cell autonomous commitment to an endodermal fate and behaviour by activation of Nodal signalling[END_REF][START_REF] Woo | Nodal signaling regulates endodermal cell motility and actin dynamics via Rac1 and Prex1[END_REF]. Endodermal cells transplanted at the animal pole of the zebrafish blastula ingress and migrate toward the yolk surface. Nodal signalling is thought to trigger the ingression of endodermal cells but it is not involved in the spatial guidance of their movement [START_REF] Liu | Nodal signaling has dual roles in fate specification and directed migration during germ layer segregation[END_REF][START_REF] Warga | One-eyed pinhead regulates cell motility independent of Squint/Cyclops signaling[END_REF]. Additionally, endoderm cells migration during the late gastrula stage was suggested to be linked to Rho GTPase Rac1 by Prex1 (Rac-specific guanine nucleotide exchange), a transcriptional target of Nodal signalling [START_REF] Woo | Nodal signaling regulates endodermal cell motility and actin dynamics via Rac1 and Prex1[END_REF].

Nodal signalling is also described as promoting the persistence of cell-cell contacts by controlling the expression of E and N-cadherin and by upregulating actomyosin contractility [START_REF] Barone | An Effective Feedback Loop between Cell-Cell Contact Duration and Morphogen Signaling Determines Cell Fate[END_REF]. Persistent cell-cell contacts in endomesodermal precursors increases Nodal signalling levels. This leads to a positive feedback loop that favours the prechordal plate fate at the expense of the endodermal fate.

The role of Nodal signalling in convergence extension movements is difficult to characterise. Nodal is required for the specification of mesoderm and in the absence of Nodal induced mesoderm, convergence and even more extension of the neuroectoderm are altered (M. L. Williams and Solnica-Krezel, 2020). The authors point to a more direct role of Nodal signalling in convergence extension movements. These authors show that expression of Nodal ligands in blastoderm explants is sufficient to induce PCP-dependent mediolateral cell polarization and convergence extension. Nodal and Wnt/PCP signalling cooperate.

How Nodal signalling is implicated in gastrulation in terms of morphogenetic movements and tissue specification is still an open question. The relationship between morphogenetic movements and tissue specification is not understood. In section 3.3 we focus on the role of Nodal signalling in gastrulation using the embryoid model system.

Components of the Nodal signalling pathway

Nodal ligands, Ndr1, Ndr2 and Gdf3, are members of TGF-β superfamily. Nodal ligands expression at MBT is under control of maternal Wnt/β-catenin and Nodal signalling. Their expression is also triggered from the YSL [START_REF] Marlow | Chapter Two -Setting up for gastrulation in zebrafish[END_REF][START_REF] Pelliccia | Gdf3 is required for robust Nodal signaling during germ layer formation and left-right patterning[END_REF][START_REF] Xu | Construction of a Vertebrate Embryo from Two Opposing Morphogen Gradients[END_REF]. Activation of signalling starts with ligand binding to Oep (now called Tdgf1), co-receptor that forms a complex with the receptor heterodimer formed of Activin A

Nodal gain of function with a constitutively active form of Nodal receptor type I (acvr1ba*)

A mutated form of Nodal receptor type I, acvr1ba*, is constitutively active. It has been shown that acvr1ba* induces the formation of an embryonic shield with organizer activity, anterior dorsal mesoderm and endoderm [START_REF] Aoki | Regulation of Nodal Signalling and Mesendoderm Formation by TARAM-A, a TGFβ-Related Type I Receptor[END_REF][START_REF] Peyriéras | Conversion of zebrafish blastomeres to an endodermal fate by TGF-β-related signalling[END_REF][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]. Upon constitutive activation of Nodal signalling by acvr1ba*, naïve cells internalise, whatever their position in the embryo, and contribute to endodermal derivatives [START_REF] David | Cell autonomous commitment to an endodermal fate and behaviour by activation of Nodal signalling[END_REF].

The potential of acvr1ba*, was confirmed by injection in one marginal cell of 16-cell stage embryo (1/16 cell injection) [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]. This results in normally developed embryos except in 25% where duplicated structures were observed. When acvr1ba* injection site is positioned opposite to endogenous shield, the complete axis is duplicated.

Other findings revealed that 1/16 cell injection of acvr1ba* lead to formation of ectopic organiser whose position relative to endogenous shield is in correlation to the extent of duplication observed at 24 hpf (Peyriéras et al., 1996). It has been suggested that acvr1ba* expressing cells maintain random cell movements longer than control due to higher cell autonomous Nodal signalling activity [START_REF] Pézeron | Live Analysis of Endodermal Layer Formation Identifies Random Walk as a Novel Gastrulation Movement[END_REF]. How is the GRN dynamics modified due to the expression of acvr1ba* at different levels and what are the consequences in terms of target genes' expression, cell fate and cell movements is not understood.

Nodal signalling loss of function

The The loss of Nodal signalling leads to defects in the formation of heart and ventral central nervous system. It leads to a shorter A-P axis and cyclopia [START_REF] Gritsman | The EGF-CFC Protein One-Eyed Pinhead Is Essential for Nodal Signaling[END_REF][START_REF] Schier | The one-eyed pinhead gene functions in mesoderm and endoderm formation in zebrafish and interacts with no tail[END_REF][START_REF] Strähle | one-eyed pinhead is required for development of the ventral midline of the zebrafish (Danio rerio) neural tube[END_REF].

During gastrulation hypoblast does not invaginate in MZoep mutants but some hypoblast cells have been observed to ingress [START_REF] Montero | Shield formation at the onset of zebrafish gastrulation[END_REF]. MZoep cells transplanted to the margin of wt embryo succeed to ingress but do not migrate toward the animal pole [START_REF] Carmany-Rampey | Single-cell internalization during zebrafish gastrulation[END_REF]. Conversely, wt cells transplanted into MZoep function is evidence of Nodal conservation among vertebrates. This was first shown in the mouse where the recessive insertional mutation (413-d) leads to the loss of primitive streak and mesodermal structures [START_REF] Zhou | Nodal is a novel TGFβ-like gene expressed in the mouse node during gastrulation[END_REF].

More work is needed to compare GRN modules, their dynamics and output in terms of cell behaviour, cell fate and tissue patterning.

tube organisation [START_REF] Rossi | Progress and potential in organoid research[END_REF][START_REF] Shahbazi | Self-organization of stem cells into embryos: A window on early mammalian development[END_REF]. Embryoids studied in other species are made from blastula explants as in Xenopus, zebrafish and Astyanax mexicanus [START_REF] Cheng | Single cell response landscape of graded Nodal signaling in zebrafish explants[END_REF][START_REF] Fulton | Axis Specification in Zebrafish Is Robust to Cell Mixing and Reveals a Regulation of Pattern Formation by Morphogenesis[END_REF][START_REF] Green | Self-organization of vertebrate mesoderm based on simple boundary conditions[END_REF][START_REF] Gritti | Rethinking embryology in vitro: A synergy between engineering, data science and theory[END_REF][START_REF] Keller | Regional expression, pattern and timing of convergence and extension during gastrulation of Xenopus laevis[END_REF][START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF][START_REF] Torres-Paz | Pescoids and Chimeras to Probe Early Evo-Devo in the Fish Astyanax mexicanus[END_REF]; M. L. K. Williams and Solnica-Krezel, 2020). The development of embryoids points to the robustness of patterning and fate specification (Figure 1. 8) [START_REF] Moris | Experimental embryology of gastrulation: pluripotent stem cells as a new model system[END_REF]. Embryoid systems are useful to elucidate cell behaviours and signalling activities in morphogenesis as they provide somewhat more simple systems than the whole embryo. They also highlight the importance of topological constraints and of the organization of germ layers.

It is however unlikely that the minimal systems are sufficient to understand the complexity of the whole system in an utterly predictive manner. Still, findings from embryonic organoids contribute to the understanding of fundamental principles that underlie embryogenesis.

Zebrafish embryoids state of the art

Zebrafish embryonic explants from different regions of the blastoderm have been made:

animal cap, aggregated animal caps (4 -4.5 hpf), shield explants (6 hpf), explants of the ventral margin (6 hpf) and the combination of animal caps with shield or ventral margin explants [START_REF] Sagerström | Anteroposterior patterning in the zebrafish, Danio rerio: an explant assay reveals inductive and suppressive cell interactions[END_REF]. These experiments contributed to understand the multistep process of anterior-posterior and dorso-ventral patterning. Zebrafish embryoids made from entire blastoderm dissected at the earliest possible stage have been recently developed to investigate developmental processes [START_REF] Fulton | Axis Specification in Zebrafish Is Robust to Cell Mixing and Reveals a Regulation of Pattern Formation by Morphogenesis[END_REF][START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF]; M. L. K. Williams and Solnica-Krezel, 2020).

The protocols to make zebrafish embryoids differ between authors and it makes difficult to interpret phenotypic differences. The stage, the composition of the explant and the conditions of its culture impact the outcome.

One of the most recent work on zebrafish in vitro systems describes pescoids made from whole blastoderms dissected at 2.5 hpf, dissociated and left to re-aggregate [START_REF] Fulton | Axis Specification in Zebrafish Is Robust to Cell Mixing and Reveals a Regulation of Pattern Formation by Morphogenesis[END_REF]. These explants were able to elongate. Mesoderm specification was revealed by the analysis of gene expression. Morphogenesis in these explants is interpreted as a process of self-assembly. How it is kept after cell dissociation and aggregation is not understood. This work points to the interdependence of PCP driven elongation and tissue patterning.

Blocking PCP-dependent elongation prevents the formation of opposing poles of BMP and Wnt/TCF activity and alters patterning of neural tissue.

Studies on zebrafish embryoids point to the robustness of self-assembly, and to the importance of maternal mRNA localised at the embryo margin for axis elongation and tissue patterning [START_REF] Fulton | Axis Specification in Zebrafish Is Robust to Cell Mixing and Reveals a Regulation of Pattern Formation by Morphogenesis[END_REF][START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF]. Explants acquire a spherical shape, break their symmetry, elongate and differentiate patterned germ layers as shown by gene expression. Light sheet microscopy has been increasingly used during the past 15 years. It remains a challenging technique in terms of specimen mounting, data management and processing [START_REF] Laissue | Assessing phototoxicity in live fluorescence imaging[END_REF][START_REF] Pantazis | Advances in whole-embryo imaging: a quantitative transition is underway[END_REF].

Long term imaging of live samples utilising light sheet microscopy produces a substantial amount of data. For example, the size of one image captured with this microscope is around 15 Mb. Usually, 3D recording of the sample contains more than 150 such images.

To keep up with the cell dynamic movements, each 3D volume is recorded every few minutes. Therefore, it is not surprising that final data sets range from hundreds of Gb to Tb or more. Microscopy data storage and management solutions are diverse and, so far, incompatible. This is a major issue that limits the comparison of results from different

studies. The open source system OMERO [START_REF] Allan | OMERO: flexible, model-driven data management for experimental biology[END_REF] is largely used. However, it is convenient for 2D and 2D+time data. To store and manage 3D+time data, we use BioEmergences Phy-aWaaS provided by our laboratory [START_REF] Faure | A workflow to process 3D+time microscopy images of developing organisms and reconstruct their cell lineage[END_REF]. Janelia

Research Campus [START_REF] Amat | Efficient processing and analysis of large-scale light-sheet microscopy data[END_REF] and Acquifer HIVE (Acquifer GmbH) offer similar systems, although their solutions are proprietary. The advantage of all these systems is that they contain an interface that simplifies handling for non-IT users. Requirements necessary for an ideal live imaging consist of tradeoffs between sample health, sample resolution, signal to noise ratio and imaging speed. The laser power on the sample is higher and produces more photodamage than SPIM.

However, DSLM provides less artefacts caused by refraction, scattering and absorption than SPIM. Therefore, DSLM is more suitable for optically dense samples, such as Drosophila embryos and larvae. A large number of prototypes have been described that use either the SPIM or the DSLM techniques or microlenses to generate a light-sheet [START_REF] Galland | 3D highand super-resolution imaging using single-objective SPIM[END_REF][START_REF] Power | A guide to light-sheet fluorescence microscopy for multiscale imaging[END_REF].

Light sheet microscopy can be used for in toto imaging of developing organisms. To achieve whole embryo imaging different strategies based on multiview imaging were developed.

Light absorption and scattering through the tissue produce imaging artefacts [START_REF] Wan | Light-Sheet Microscopy and Its Potential for Understanding Developmental Processes[END_REF]. Light sheet in toto data can be acquired as two or more 3D volumes combined and stitched to optimize the image quality. However, it is a still a challenge to image in toto even small live organisms or organoids (size in the mm range).

Alpha 3 setup

Figures 1. 13 and 1. 14 provide an overview of the prototype of light sheet microscope that we contribute to develop (sections 3.1 and 3.2) is denoted in. The setup, named Alpha 3 , is commercialized by the company PhaseView (Lyuboshenko, 2019a(Lyuboshenko, , 2019b)).

Alpha 3 is of the SPIM type [START_REF] Huisken | Optical Sectioning Deep Inside Live Embryos by Selective Plane Illumination Microscopy[END_REF]. The light sheet is formed with a combination of cylindrical lens and long working distance air objective. Alpha Schematics describes a laser beam path starting from laser sources (A0) to an optical element that splits a laser light in two beams (A1). Each laser beam (A2, A2) enters one of two illuminators (B0). At the illuminator output (B1), laser light travels and excites the sample. Upon excitation, the emitted light passes to the detection objective positioned at 90° to the illumination path (C). the syringe in the imaging chamber filled with the appropriate aqueous solution. The sample can be imaged from any side. 1% LMP agarose leads to dramatic mechanical constraints when the specimen grows [START_REF] Held | Ex vivo live cell tracking in kidney organoids using light sheet fluorescence microscopy[END_REF][START_REF] Huisken | Optical Sectioning Deep Inside Live Embryos by Selective Plane Illumination Microscopy[END_REF]Keller et al., 2011b;[START_REF] Swoger | Imaging Cellular Spheroids with a Single (Selective) Plane Illumination Microscope[END_REF]. This method is convenient for samples that do not change drastically in size [START_REF] Huisken | Selective plane illumination microscopy techniques in developmental biology[END_REF]. One of its major disadvantages is that it does not allow to move the specimen and improve its position.

Specimens expected to grow can be mounted in Fluorinated Ethylene Propylene (FEP) tubes filled with low concentration LMP agarose (Figure 1. 15A) [START_REF] Kaufmann | Multilayer mounting enables long-term imaging of zebrafish development in a light sheet microscope[END_REF][START_REF] Schlaeppi | Light Sheet Microscopy of Fast Cardiac Dynamics in Zebrafish Embryos[END_REF]. As FEP refractive index (1.338) is close to that of water, it does not interfere severely with the light path when immersed in an aqueous solution. Imaging has been performed in FEP tube with 0.4 mm thick wall and an inner diameter that fits with the size of the zebrafish specimen. FEP tubes were first used to image 24 hpf zebrafish developing during 72 h embedded in 0.1% agarose enclosed in FEP and coated with 3% methylcellulose to prevent the zebrafish tail to stick to the tube. This mounting technique resulted in free growth of the embryo over 3 days in the SPIM setup [START_REF] Weber | Multilayer Mounting for Long-term Light Sheet Microscopy of Zebrafish[END_REF].

The need to maintain environmental conditions is an issue. This can be achieved with a medium flow through the FEP with the sample placed on top of a filter. The sample loading is obtained using a manual or automatised injector connected to a stepper motor.

Gualda et al, proposed two fluidics acquisition configurations. In the first sample flows through the FEP tube and cross the static light sheet. The second strategy is based on a sample that is static in the FEP tube while the detection objective is mounted on a translational stage that moves in coordination with the galvo mirror in order to refocus the selected plane. The use of microfluidics chips has been described for the same purpose of medium renewal, but to load the sample into the system may be a challenge [START_REF] Albert-Smet | Applications of Light-Sheet Microscopy in Microdevices[END_REF].

The mounting protocols have been customised to image chosen parts of the embryo. For example, a dual objective SPIM (diSPIM) was developed to image the zebrafish tail elongation (Hirsinger and Steventon, 2017). The embryo was placed on a glass ring covered with agarose in a Petri dish filled with E3 medium. The anterior part of the embryo was embedded in 1% LMP agarose while the tail was free to grow. This method improves the sample orientation, but it suffers positioning accuracy and is limited to only one sample per time lapse.

Live samples change in form and size during long-term imaging. To address this issue,

Berndt et al described a method in which the sample was embedded in agarose together with a magnetic bead. Electromagnets located externally around the mounted sample were used to orient the sample. The main disadvantage of this method is that it may lead to the deformation of the sample. The bead may also translocate in the magnetic field [START_REF] Berndt | Dynamic and non-contact 3D sample rotation for microscopy[END_REF].

Imaging mammalian embryos is particularly challenging. It requires the maintenance of the gas content, constant temperature, humidity control and stable culture medium volume over a few days under the microscope. Recently, protocols for live mammalian imaging have been developed. The mounting procedure is adapted for inverted light sheet fluorescent microscope with two objectives (Figure 1. 15B) [START_REF] Reichmann | Live imaging of cell division in preimplantation mouse embryos using inverted light-sheet microscopy[END_REF][START_REF] Strnad | Inverted light-sheet microscope for imaging mouse pre-implantation development[END_REF]. Embryos were placed on a custom sample holder with the bottom covered with a thin FEP membrane that enables embryo imaging from the bottom. Embryos were kept in a culture medium drop covered with mineral oil to prevent evaporation. Gas content and humidity were monitored in an incubation box. This approach have been used

to image mouse pre-implantation development.

The most recent in toto mouse post-implantation imaging that lasted 48 hours was done in a glass capillary filled with Matrigel, sealed on one end with dental wax and a FEP tube on the other end (Figure 1. 15C) [START_REF] Mcdole | In Toto Imaging and Reconstruction of Post-Implantation Mouse Development at the Single-Cell Level[END_REF]. The embryo ectoplacental cone was not embedded in Matrigel but left outside in the culture medium. Critical environmental parameters were regulated inside the chamber, named Maus Hous, placed around the imaging objectives and mounting system. Data were acquired with a light sheet microscope equipped with four horizontally oriented objectives.

We conclude from the reported experiments that sample mounting for SPIM imaging requires special care and expertise. Result sections 3.1 and 3.2 focus on the development of methodologies for live 3D+time imaging of developing rabbit and zebrafish embryos. Glass capillary closed on one end with dental wax and on the other end with a fitting FEP tube. EPC: ectoplacental cone. Figure modified from [START_REF] Kaufmann | Multilayer mounting enables long-term imaging of zebrafish development in a light sheet microscope[END_REF][START_REF] Reichmann | Live imaging of cell division in preimplantation mouse embryos using inverted light-sheet microscopy[END_REF][START_REF] Mcdole | In Toto Imaging and Reconstruction of Post-Implantation Mouse Development at the Single-Cell Level[END_REF].

Mounting strategies for live imaging with the Alpha 3 set up from PhaseView

We used an Alpha 3 light sheet microscope and a Phytagel based mounting strategy to image zebrafish embryos and embryoids (Lyuboshenko, 2019b). Phytagel is an agar substitute gelling agent produced from bacterial fermentation. The refractive index of a 1. The analysis of the cell lineage combined with the expression of fluorescent reporters for signalling pathways or metabolic states is acknowledge as a powerful tool to understand the processes that underlie morphogenesis and cell differentiation [START_REF] Betjes | Cell Tracking for Organoids: Lessons From Developmental Biology[END_REF]. The potential of this methodology to organoid research is about to be exploited [START_REF] Betjes | Cell Tracking for Organoids: Lessons From Developmental Biology[END_REF][START_REF] Kok | OrganoidTracker: Efficient cell tracking using machine learning and manual error correction[END_REF].

I successfully applied the BioEmergences methodology and tools to investigate cell behaviours in zebrafish embryos and embryoids derived from zebrafish blastulae (sections 3.2 and 3.3). From top to bottom consecutive steps: embryo preparation, imaging, image processing (i.e., filtering, centre detection, tracking). Raw and reconstructed data are displayed and analysed with the interactive visualization software Mov-IT.

From [START_REF] Faure | A workflow to process 3D+time microscopy images of developing organisms and reconstruct their cell lineage[END_REF].

Results
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In toto imaging of rabbit pre-implantation development by light sheet microscopy with upright detection

Svetlana Jovanic 1 , Monique Frain 1,2 , Thierry Savy 1,2 , Sylvia Bruneau 1 , Nathalie Daniel 3 , Véronique Duranthon 3 and Nadine Peyrieras 1,2,* chamber before returning to the system. The top hole is used to connect the temperature probe from the temperature control device to the inner part of the sample holder.

The last part of the imaging chamber contains lateral hooks to hold a latex gas isolator for 5% CO 2 and 95% air maintenance. The gas isolator contains one hole that brings an output tube with a controlled percentage of gases that is on the opposite side connected with the OKOlab gas mixer. A gas mixer used 100% CO2 tank and air pump to construct 5% CO 2 and 95% air, respectively. This mixture ensured pH=7.2 of culture medium.

Imaging chamber is manufactured from medical grade stainless steel 316L by laser melting metal production process with shot peened finish technique. The choice of material makes our imaging chamber resistant to corrosion, non-toxic for live embryos and autoclavable which is suitable for sterile conditions maintenance. In order to increase stability on the Alpha 3 z stage, the whole chamber is made in one piece.

RESULTS

the gas mixer to 0.5 bar. Next, output valve of the gas mixer can be open. Then, the open flow device is connected to the gas mixer and set the metal ball inside this device at∼ 0.4 max flow (gas flow ∼ 0.4 L/min). After one hour on the gas mixer screen, parameters should be 5% CO2 and 95% air and pressure of 3 bar meaning that the gas mixer system is stable. Lastly, the output tube was connected to the mammalian imaging chamber.

Environmental conditions: temperature

The temperature control device comes with a liquid circulation that goes to the imaging chamber. This device controls temperature in a range 12-40 °C +/-0.2 °C. Temperature control device was turned on ∼30 min prior to imaging to readjust to 38.5 °C. The device is connected to software, thermostatProcessing2, installed on the PC belonging to the Alpha 3 microscope. Temperature control software allows setting needed output temperature and starting water flow. Additionally, this software displays in real-time room temperature, temperature inside sample holder (via probe), needed temperature and temperature inside the water tank. After the device reached 38.5 °C, the output tube is ready to be installed in the chamber.

Characterisation of the light sheet

Before placing the sample for imaging, light sheet properties were determined using 45°

mirror in order to position the thinnest part of the light sheet in the middle of FOV. The 5x5 mm 2 mirror was mounted into the PhaseView chamber filled with water (or in this case rabbit medium) and placed on the z motorised stage. The light sheet properties were measured using a mirror oriented for 45° to the illumination plane that is coming horizontally to it. Images of the light sheet were made over the FOV with 0.5 µm increments. We used the QuickFit 3 (JW. [START_REF] Krieger | Imaging fluorescence (cross-) correlation spectroscopy in live cells and organisms[END_REF][START_REF] Krieger | Imaging fluorescence (cross-) correlation spectroscopy in live cells and organisms[END_REF] software to quantify light sheet properties. This software plots Gaussian function fit averaged and plotted for every z cut through the light sheet of one slice made for the same x position (Figure 3. 3). Therefore, the average of z cuts intensity profiles was plotted against x position (Figure 3. 4). The resolution obtained by Alpha 3 setup (60x/1.1 water immersion detection objective, Olympus) suitable for nuclei detection in rabbit embryos is: 20 µm length in the light sheet waist and 1.5-2 µm thick.

RESULTS

The imaging chamber and accessories were autoclaved and cleaned with distilled water and 70% ethanol. Also, 12x12 cover glass was carefully (to prevent culture medium leaking through the glass) glued on the lateral windows of the chamber to prevent leaking fo the culture medium. This dried mimally three hours.

Embryos in a sterile µ-Slide 8 well dish surrounded by CO2 medium were transferred on the heating plate (set before to 38.5 °C) and then mounted at the bottom-centre of the chamber sample holder by a mouth pipette that has thin glass tip. Around 80 µL (volume required for 9 rabbit embryos) of the CO2 medium, prepared the same day and preequilibrated in the humid incubator, was placed on 0.5% agarose layer that is well-shaped using agarose forming mold. Thus, embryos were mounted on the bottom centre of the sample holder. Mounting was performed under a dissecting bright field microscope to precisely locate the region corresponding to agarose well and rabbit embryos.

Embryos mounted inside of the chamber sample holder were next placed on the microscope z stage of Alpha 3 . Afterwards, a custom-made temperature device tube was attached to the chamber to maintain the temperature at 38.5 °C and a gas mixer tube was injected to the gas isolator used to allow flow of 5% CO 2 and 95% air. After obtaining a meniscus between the detection objective and CO2 medium, 30 µL of mineral oil was carefully placed around the objective. Properly added sterile mineral oil allows long term imaging without evaporation of the culture medium.

3D in toto imaging with Alpha 3

The mounted sample was visualised and focused by adjusting microscope z scanning stage in x, y, z direction with bright field light via the binocular. Then, imaging parameters was set in QtSPIM software: camera exposure time (50 ms), grey intensity values of image, resolution (2048x2048), laser wavelength (488 nm) and laser intensity (power after each illumination objective ∼5 mW), selecting emission filter on motorised filter wheel (ET 525/50), interval between each image (0.5 µm) and 3D stack top and bottom limits.

Eventually, 3D imaging utilising the Alpha 3 system can start. 

RESULTS

In toto imaging for the reconstruction of cell dynamics in zebrafish gastrulation

Svetlana Jovanic 1 , Matteo Bernardello 3 , Emilio J. Gualda 3 , Thierry Savy 1,2 , Pablo Loza-Alvarez 3 and Nadine Peyrieras 1,2,*

In toto imaging of the zebrafish gastrulation and reconstruction of the full cell lineage remains a challenge. One of the first attempts to follow cell behaviour was focused on lineage tracing within zebrafish embryonic shield [START_REF] Shih | Distribution of tissue progenitors within the shield region of the zebrafish gastrula[END_REF]. The reported methodology based on digital reconstruction of early developing whole zebrafish embryo allows precise and accurate single cell tracking over 3 to 5 h [START_REF] Keller | Reconstruction of Zebrafish Early Embryonic Development by Scanned Light Sheet Microscopy[END_REF]. This study was focused on revealing morphogenetic movements in gastrulation without obtaining information on cell identity. The most recent work [START_REF] Shah | Multi-scale imaging and analysis identify pan-embryo cell dynamics of germlayer formation in zebrafish[END_REF], based on in toto long term imaging data, reveal identity of all three germ layers separately. They based gastrulation processes analysis on the global cell flow but did not accomplish complete accuracy and precision of cell tracking over all 14 hours of imaging.

We aim to establish a methodology based on one-photon light sheet microscopy that is supposed to enable accurate and precise reconstruction of the complete cell clonal history during the first ten hours of zebrafish embryogenesis. The first challenge is to improve methodology for light sheet long term in toto imaging of gastrulating zebrafish embryos that considers improving mounting strategy and control of environmental parameters (stable medium composition and temperature). We also achieved optimal 3D imaging of the whole zebrafish embryo size of 800 µm by overcoming limitations in arising optical aberrations after 400 µm without sacrificing temporal resolution necessary to keep up with cell movements. Furthermore, due to the necessity for multiview imaging of these relatively large embryos, we focused on deciding best possible strategy for stitching two 3D volumes of zebrafish embryo. Finally, performance of our methodology for in toto gastrulating zebrafish imaging intends to be verified by cell detection and tracking accuracy and precision. Cell detection and tracking accuracy will be examined by custom-made BioEmergences algorithms which were expected to provide better results compared to any other state of the art cell tracking strategy [START_REF] Faure | A workflow to process 3D+time microscopy images of developing organisms and reconstruct their cell lineage[END_REF].

We establish methodology for whole fixed and long term imaging of live one half of zebrafish embryo utilizing light sheet microscopy developed by PhaseView, named Alpha 3 (Lyuboshenko, 2019a). Furthermore, using custom-made multiview light sheet microscopy at ICFO [START_REF] Bernardello | Light-sheet fluorescence microscopy for the in vivo study of microtubule dynamics in the zebrafish embryo[END_REF] we obtained three exploitable data sets of in toto zebrafish embryos developing over more than 10 hours.

RESULTS

In order to image developing zebrafish embryo, we established control of environmental parameters on the Alpha 3 microscope. For normal development of zebrafish, it is necessary that the embryo is held in E3 medium all the time and to develop on stable temperature.

To keep the sample in sufficient medium volume during imaging, we used a PhaseView imaging chamber filled with the E3 medium. The imaging chamber bottom fits the microscope z scanning stage and contains two large lateral windows covered with glass for proper illumination and top opening for sable meniscus formation with detection objective. A temperature of 28.5 °C was ensured by custom-made device. The temperature regulation is based on liquid circulation inside tubes installed below the Alpha 3 z scanning stage. It is efficient in controlling temperature in a range 12-40 °C +/-0.2 °C.

In vivo imaging scheme

We tested accomplished mounting and environmental conditions on Alpha 3 microscope with imaging fixed and live zebrafish embryos. The main elements of the microscope were given in Figure 3. 7. Imaging architecture of two illumination and one detection objective simplifies mounting and access to the sample. Because of the microscope organisation it is possible to rotate the sample before imaging starts in order to maintain the best possible orientation to follow blastomere divisions over time of development.

RESULTS

Our zebrafish mounting strategy was tested and validated on live zebrafish transgenic line that ubiquitously labels nuclei and membrane (Video 3. 1). We imaged halves of embryos starting from 8-cell stage until around 11 hpf. We proved the functioning of this novel approach by obtaining 3D+time data of two halves from animal and vegetal view in two different embryos. We succeeded in properly orienting embryos to acquire cell movements of 6 to 5000 cells by using the thinnest part of the light sheet for illumination. Embryos 

Exploitable data obtained with ICFO setup

We utilized another light sheet microscope built at ICFO that consist of two illumination and two detection horizontally positioned objectives (Video 3. 3; Figure 3. 10). [START_REF] Bernardello | Light-sheet fluorescence microscopy for the in vivo study of microtubule dynamics in the zebrafish embryo[END_REF]. The acquired data consists of two embryo hemispheres that overlap by 20 µm. The temporal resolution (time interval of 3 min for the whole embryo) of the acquisition is sufficiently short to keep up with cell movements of several microns per minute. Acquisition details are given in section 3.2.6.6. Two hemispheres were imaged thanks to the use of two illumination and two detection objectives and a flipping mirror (+/-90°) positioned before the detector. ICFO light sheet microscopy strategy's allowed acquisition of four potentially exploitable date sets of in toto gastrulating zebrafish embryos. 

Current challenges of in toto long term imaging

Utilising Alpha 3 and ICFO microscopes in imaging gastrulating zebrafish embryos, we faced challenges associated with the sample, imaging steps, data processing and data analysis (Figure 3. 10).

The first important step in 3D+time imaging of early developing zebrafish embryos consists of choosing an appropriate labelling strategy. Such strategy should allow Both 3D volumes (420 µm) contained 20 µm overlapping regions located in the middle of a sphere necessary for stitching. Embryo expressed ubiquitously H2B-mCherry in nuclei (red) and Hras-EGFP in membrane (green). Embryonic stage 2.75 hpf. Scale bar: 100 µm.

simultaneous and ubiquitous nuclei and cell membrane labelling that permits cell tracking and cell shape segmentation, respectively. Besides, for the experiments conducted in this work it was necessary to obtain labelling from the fertilisation developmental stage when maternal genes are still activated and as well as after the zygotic gene activation. Therefore, we used maternal-zygotic expressed mCherry and EGFP fluorescent proteins targeted to the cell nuclei with H2B and to the cell membrane with Hras.

Embryo survival was one of the challenges. Embryos died or did not succeed to develop normally due to photo-damage caused by one-photon laser illumination or wounding appeared over the process of orienting embryos in the Phytagel socket. However, the Phytagel socket based embedding method enabled stable zebrafish immobilisation in the FOV and control of environmental conditions.

Another problem was caused by increasing the S/N ratio in depth, especially after reaching more than 400 µm. This problem got resolved by utilising the ICFO setup to image in toto gastrulating zebrafish embryo from the two 3D views. To keep up with fast cell movements and obtain the best possible cell lineage tracking for the whole embryo, the imaging time interval should be around 30 to 60 seconds, instead of 120 to 180 seconds.

Adding to the system even faster detector (camera) and motor commutator could offer the solution to this challenge. Recently acquisition speed was improved on the ICFO setup by implementing a more powerfully stepper motor. Thus, the 3D volume of 800 µm could be recorded in approximately 60 seconds.

Furthermore, we determined more challenges associated with data processing and analysis, which mostly occurred due to big data size. Figure 3. 11 shows that for one hemisphere imaging over 10 h produced data, it took 1.54 Tb. This data size was 10 times larger than the same data set by fluorescent microscopy techniques based on point scanning (i.e., twophoton laser scanning microscopy). Even after compression during data upload from the Alpha 3 computer to the BioEmergences workflow database processing and analysis steps took a few hours to 5 days with an increased risk of system failure. The current limitation appeared since the unexpected drastic decrease in a dynamic range of images in the compression and format conversion steps. This influenced cell centre detection accuracy.

A multiview acquisition for the whole zebrafish imaging requires stitching of 3D volumes.

Firstly, stitching options are explored on fixed zebrafish data using Arivis software. Future analysis should allow automatised stitching of many time points. This will be done by using ICFO data. A possible solution is a BigStitcher software (Hörl et al., 2019). Finally, after BioEmergences big data strategy is fully adjusted, we aim to achieve the best possible 3. RESULTS

Mounting strategy for the ICFO light sheet microscope

Dechorionated embryo with a small amount of the E3 medium was transferred with a syringe placed on one end of the glass cylinder that was already filled nearly until its end with 1% agarose and finally more agarose was added till cylinder another end. The sample embedded in the agarose cylinder was placed hanging from the top of the imaging chamber. The imaging chamber was filled with the E3 medium and contained 4 laterally positioned openings designed for insertion of 2 illumination and 2 detection objectives [START_REF] Bernardello | Light-sheet fluorescence microscopy for the in vivo study of microtubule dynamics in the zebrafish embryo[END_REF]. 

Acquisition parameters -Alpha

Acquisition parameters -ICFO light sheet microscope

For 3D+time data acquisition using ICFO light sheet microscope acquisition parameters were controlled by custom-made software using the LabVIEW framework. For the excitation two laser diodes were used, λ=480 nm and λ=561 nm. After passing two cylindrical lenses and the cubes the light entered to the left and right illumination objectives

RESULTS

(4x/0.13, water immersion, Olympus) positioned horizontally. Next the sample is illuminated, placed inside the chamber and emitted light is passed to the two horizontally positioned detection objectives (16x/0.8, water immersion, Nikon). Next, the light is directed by the motorized mirror rotating for 90° to the sCMOS camera (Orca Flesh 4.0, Hamamatsu). The motorized mirror (using stepper motor, Thorlabs) enables imaging of two 3D views until the approximate middle of the sample after which the mirror rotates for 90° and imaging starts from the overlapping middle (first 20 µm of the 3D volume middle) of the 3D volume until the end. Images were acquired with 50 ms camera exposure time and 1024x1024 resolution. Each image was captured every 3 min with the z spacing between images of 2 µm [START_REF] Bernardello | Light-sheet fluorescence microscopy for the in vivo study of microtubule dynamics in the zebrafish embryo[END_REF].

Data analysis

Halves of 3D+time and 3D data obtained with Alpha 3 microscope were visualised in the Arivis Vision4D software. Maximum intensity projections of 3D volumes were compensated for the change in intensity over time in this software.

Stitching of fixed two 3D volumes recorded with the Alpha 3 microscope was obtained in the Arivis Vision4D software.

Cell centre detection was achieved with algorithms integrated to BioEmergences workflow. Centres were superimposed to the raw nuclei data in BioEmergences interactive visualization software Mov-IT [START_REF] Faure | A workflow to process 3D+time microscopy images of developing organisms and reconstruct their cell lineage[END_REF].

Cell detection and linkage success rate was obtained by manual inspection of 30 cells chosen randomly over 5 h (from 512 cell until shield stage). Manual inspection was obtained in Mov-IT software. Success rate was measured by summarising cell centre detection sensitivity ("total number of centres"/("wrong centres" + "missing centres"))

and linkage sensitivity ("total number of links"/("wrong links" + "missing links")). For details, please see "Accuracy estimation protocol" from [START_REF] Faure | A workflow to process 3D+time microscopy images of developing organisms and reconstruct their cell lineage[END_REF].

Two halves of 3D+time data obtained from the same zebrafish embryo utilising ICFO light sheet microscopy were visualized in Fiji using the Concatenate tool.

Script availability

Accessory for mounting zebrafish embryos (0.2-18 hpf) on Alpha3 microscope.

OpenSCAD script: http://bioemergences.iscpif.fr/SJovanic/tools.php

Here, we explored morphogenetic movements in gastrulation and the influence of Nodal signalling using the zebrafish embryoid model [START_REF] Fulton | Axis Specification in Zebrafish Is Robust to Cell Mixing and Reveals a Regulation of Pattern Formation by Morphogenesis[END_REF][START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF].

Embryoids are systems that contain cultured zebrafish blastula cells that are able to form a sphere shape and then organize in cylindrical-like structures. Previous studies have shown that zebrafish embryoids (explants) are good tools to study symmetry breaking, elongation, patterning and differentiation (Fulton et al., 2020a;[START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF]M. L. Williams and Solnica-Krezel, 2020). The zebrafish embryoid cells are developing without the yolk. Thus, its development is not impacted by the yolk topology and biochemical activity. Hence, using an in vitro system lacking mechanical and geometrical boundaries of extraembryonic tissues (yolk) have the potential to exhibit more evolutionarily conserved developmental mechanisms [START_REF] Duboule | Temporal colinearity and the phylotypic progression: a basis for the stability of a vertebrate Bauplan and the evolution of morphologies through heterochrony[END_REF][START_REF] Huch | The hope and the hype of organoid research[END_REF]. Moreover, embryoids are the half size of the whole zebrafish embryo, thus, they are more suitable for 3D+time imaging.

Although Nodal involvement in embryoid elongation and mesendoderm formation has been extensively studied, its influence on the single cell level over gastrulation has not been reported [START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF]. Additionally, recent findings on this in vitro model point to the significance of elongation in maintaining a proper balance between BMP and Wnt signalling pathways during zebrafish gastrulation (Fulton et al., 2020a). Yet, how embryoids elongate on the level of cell behaviour still remains to be explored.

In this study, we addressed cell behaviour during gastrulation in embryos and embryoids.

Secondly, we focused on the role of Nodal signalling in gastrulation and axis elongation using embryoid model. We noted a similarity in the level of cell proliferation and mixing between zebrafish embryo and embryoid. We suggest that embryoids are able to elongate without directed convergence. We underlay differences in embryoid elongation dependent on the condition of the Nodal signalling pathway. We revealed tissue deformation in the form of buds not yet reported in zebrafish embryos. Embryoids generated from embryos injected of acvr1ba* in one marginal cell at the 16-cell stage exposed internalization-like movement and development of up to two proximal extensions tips. Moreover, acvr1ba* injected embryoids display up to two spots of Nodal responsive gene gsc. In intact embryos, this behaviour corresponds to the formation of two shields that are domains of gsc expression [START_REF] Peyriéras | Conversion of zebrafish blastomeres to an endodermal fate by TGF-β-related signalling[END_REF]. In all, this study showed that during gastrulation zebrafish embryoids are robust to the deficiency of yolk topology and signalling originating from the yolk.

RESULTS

convergence movement according to this line. They were localised at a certain distance to the arbitrary midline, moving along the curved real midline selected at 0°. This result proves the existence of only one actual midline in the embryo along which convergence occurs. Once the cells reached the convergence midline, elongation took place as can be seen on the white selected cells at 9.5 hpf and later on the red and blue selected cells at 12.5 hpf. Cells coloured in yellow migrated outside from the field of view (FOV) to posterior parts.

Surprisingly, in comparison to the embryos, convergence movement of cells in embryoids

were not observed (Figure 3. 13C, Video S3. 2). Red and blue selected cells did not reach the midline over time, which was not seen at 0° nor at 45° position. These cells migrated downwards and remained along the surface of the lateral sides of the embryoid. Only extension was observed. Cells belonging to the white selected region of the embryoid did not follow the extension as represented in the embryo but sustained along the surface on the top part of the embryoid. Cell populations coloured in yellow were positioned at the proximal part of the embryoid, elongated over time in the same direction, and moderately narrowing due to the extension process. Our findings indicated that in the absence of yolk constraints and signalling derived from extraembryonic tissues. Embryoids follow a different path in their development. The direction of collective cell movements causes only an extension compared to embryos in which convergence is reported as well.

Considering that the directed convergence on the midline in embryoids was not identified, we additionally deciphered this observation by looking at the spatial organisation of krox20

(marks hindbrain rhombomeres 3 and 5) in this model (Figure 6. 8; Video S3. 3; Video 6.

3). In the embryo, krox20 is expressed on the convergence region that we indicated as the midline in a round arch-like shape. In embryoids, krox20 emerges as only one half of a round arch-like shape. The absence of the second part of krox20 in embryoids additionally implied a convergence-midline deficiency. Therefore, we can report a broken symmetry of krox20 in embryoids that is given in embryos according to the midline.

3. RESULTS

Modulation in Nodal signalling activity affects embryoid elongation

To determine whether Nodal signalling is involved in embryoid elongation they were produced from the following embryos: wt, wt injected with constitutively active receptor acvr1ba* (wt+acvr1ba*), Nodal-deficient mutants (MZoep) and MZoep mutants injected with acvr1ba* (MZoep+acvr1ba*) (Figure S3. 2, Table S3. 1, Video S3. 4, Video S3. 5). Using time lapse bright field imaging, we observed that wild type embryoids form one proximal extension tip at around 8 hpf. Surprisingly and in contrast, 18% of wt+acvr1ba* formed up to two dominant extensions (Table S3. 1). Despite the absence of oep co-receptor in MZoep mutants and MZoep+acvr1ba*, some embryoids succeed to elongate (Figure 3. 15A).

To compare the extension development over time (5.5 to 13 hpf) between the four embryoid conditions, we calculated the elongation as the aspect ratio (Figure 3. 15B, Figure S3. 2). At 8 hpf, wild type embryoids started to extend along the major axis and shrink along the minor axis, known as the first morphogenetic symmetry breaking moment in zebrafish [START_REF] Keller | Reconstruction of Zebrafish Early Embryonic Development by Scanned Light Sheet Microscopy[END_REF]. Wild type embryoids showed the most significant change in aspect ratio values over time compared to the other three conditions. Surprisingly, Nodal 3. RESULTS

Zebrafish embryoids budding activity coincide with the timing of gastrulation onset

Furthermore, we observed an increase in budding activit at the onset of gastrulation of embryoids which was not reported in gastrulating zebrafish embryos. Budding morphogenesis appear as cells on the periphery collectively expand and fold inward [START_REF] Wang | Budding epithelial morphogenesis driven by cell-matrix versus cell-cell adhesion[END_REF]. Budding exhibit from the embryoid for several hours, starting approximately 2 hours after embryo dissection obtained at 2.5 hpf. In wt and wt+acvr1ba* embryoids Furthermore, we aimed to reveal whether the dominant bud, the bud that elongates, is the one that has the longest lifetime and if the lifetime of the dominant bud changes corresponding to the Nodal signalling condition (Figure 3. 16D). To analyse the dominantbud duration, we measured for each embryoid of the four embryoid states the time between 5.5 hpf until budding ends (BE). Our results revealed that the bud with the maximum lifetime was not always dominant in all four conditions. However, the dominant bud lifetime in Nodal overexpressed embryoids lasted for 2.5 h which is longer than in the three other embryoid conditions (****p<0.0001).

It was previously reported that zebrafish embryoids were characterised with the appearance of the cavity on the opposite side to the extension tip [START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF].

We observed at the early gastrulation stage (5.5 hpf) the largest distance between the dominant bud and the cavity (Figure S3. 4). Distance measurements were obtained for four embryoid conditions. The distance of the dominant buds of all conditions to the cavity was reduced. Therefore, in wt embryoids, 89% of the dominant buds had the largest distance to the cavity. In wt+acvr1ba*, MZoep and MZoep+acvr1ba* embryoids, the percentage of dominant buds decreased.

Expression of acvr1ba* in embryoids promotes internalisation-like gastrulation movements

Previous findings have shown that overexpression of Nodal signalling by acvr1ba* in naïve transplanted cells could lead to cell internalisation behaviour [START_REF] David | Cell autonomous commitment to an endodermal fate and behaviour by activation of Nodal signalling[END_REF].

Furthermore, it was reported that wt embryoids do not undergo internalization [START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF]. Therefore, we asked whether internalisation can be induced in wt and MZoep embryoids after acvr1ba* injection at the 16-cell stage prior dissection of the yolk. Larger tissue deformations were observed from the 3D+time data with ubiquitously labelled nuclei staining, using reporter (H2B-mCherry) in embryoids made of embryos 1/16 cell coinjected with acvr1ba* and Hras-H2B in wt and MZoep phenotypes. The movement from 6.7 to 10.5 hpf resembled internalisation morphogenetic movement in zebrafish embryos.

Moreover, following internalisation-like movement the second proximal tip was observed from 10.5 to 13 hpf in 18% of wt+acvr1ba* specimen. MZoep+acvr1ba* express two much shorter proximal tips compared to wt+acvr1ba* embryoids (Figure 3. 17; Video S3. 7).

Tissue flow analysis revealed an increase in velocity of cells directed towards the proximal part of the embryoid (Fig. 3. 17, bottom rows). In three observed embryoid conditions (wt, wt+acvr1ba*, MZoep + acvr1ba*) from the shield stage (6-6.7 hpf), multiple regions located around the border of the sample showed an increase in velocity. This corresponded to an increase in the budding activity as previously described in outer space. At around 9.05 hpf, flow analysis revealed that these cells changed their direction to the inner part of embryoids. These cells returned to the embryoid by migrating below cell layers on the surface. At the end of gastrulation (time point 10.5 hpf in the Fig. 3. 17) cells belonging to more external tissue layers migrated into the proximal direction and formed up to two extension tips which were visible at 13 hpf. Moreover, flow analysis showed an increase in maximum velocity in wt+acvr1ba* than to wt and MZoep+acvr1ba* embryoids. 

Expression of acvr1ba* in embryoids induces the expression of the gsc fluorescent reporter

To further investigate the embryoid robustness to the absence of yolk boundaries and signalling molecules coming from the yolk and YSL, we studied the effect of acvr1ba* on embryoids (Figure 3. 18A). The injection of mRNA encoding constitutively activated acvr1ba* into one marginal cell (fated to become mesendoderm) at the 16-cell stage embryo led to Nodal overexpression in embryo. In order to identify the effect of acvr1ba* on embryoids, we used the transgenic zebrafish line Tg(gsc:EGFP) which specifically labeled the shield and at later stages it is present in axial mesodermal and endodermal structures [START_REF] Schulte-Merker | Expression of zebrafish goosecoid and no tail gene products in wild-type and mutant no tail embryos[END_REF]. Peyriéras et al. reported about Nodal overexpression via injection of acvr1ba* through duplicated expression of the Nodal response gene, gsc. In Fig.

3. 18B we gave an example of this duplication as one gsc reporter expressed in the shield and induced a shield located at 180° relative to the endogenous shield. To trace progeny of constitutively activated acvr1ba* 1/16 cell microinjection, we co-injected mRNA encoding H2B-mCherry. We observe the position of acvr1ba*+H2B-mCherry (red) and Tg(gsc:EGFP) (green) expression for 1.5 hours after embryoids were made (time necessary for embryoids to "heal" and express a sufficient amount of the mCherry fluorescent protein) (Fig. 3. 18C, Figure S3. 5; Figure 6. 12, Figure 6. 13). At 13 hpf, embryoids were fully elongated. It was possible to distinguish two gene expression categories based on acvr1ba* and gsc spatial positions: "single green and red overlap" (n=11) and "two green spots and one red overlap" (n=3). The existence of these two categories suggested that the constitutively activated acvr1ba* Nodal receptor may upregulate the gsc reporter expression in embryoids in the same place or in the proximity to the region which contains acvr1ba*.

RESULTS

modulating the Nodal pathway in embryoids reveal that Nodal is significant but not the only factor required for the axis elongation.

We further focused on understanding how modulations in the Nodal pathway affect embryoids on the level of their morphology (Fig. ). Budding has been described during the development of the salivary gland, pancreas, mammary gland, and airway epithelium in the lung (Shih et al., 2013;[START_REF] Spurlin | Building branched tissue structures: from single cell guidance to coordinated construction[END_REF]. It has been reported that in these organs, mesenchyme secreted growth factors belonging to the identical protein superfamily as Nodal (TGF-β) were involved in the budding movement [START_REF] Wang | Budding epithelial morphogenesis driven by cell-matrix versus cell-cell adhesion[END_REF]. This is the first study that shows budding activity in zebrafish. However, further research needs to investigate the mechanisms of bud formation and its function.

Previous research demonstrated the possibility to induce internalisation in transplanted acvr1ba* naïve cells in zebrafish. Moreover, this movement is absent in wt embryoids [START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF]. This suggests that acvr1ba* might be involved to trigger this movement in the absence of yolk. Therefore, we explored the possibility to induce internalisation in wt+ acvr1ba* and MZoep+acvr1ba* embryoids. We noticed potential internalisation gastrulation movements based on 3D+time data (Fig. 3. 17). The internalisation-like movements emerged after the shield stage and continued until the bud stage, when cells belonging to the more external layers take over and extend, creating the second extension tip. From 10-13 hpf both types of embryoids form two extensions.

MZoep+acvr1ba* developed shorter extension tips that correspond to the disrupted Nodal signalling pathway in MZoep mutants. In David and Rosa's 2001 work, it was found that activation of Nodal signalling by acvr1ba* in naïve cells could lead to cell internalisation behaviour which agrees with our findings on embryoids. Additionally, we do not report internalisation-like movements in wt as recently reported on the same model (Schauer et 3. RESULTS al, 2020). Consequently, this further supports our hypothesis that 1/16 cell injected with acvr1ba* is responsible for embryoid internalisation-like movement.

To further analyse the influence of the Nodal pathway on this model, we focused on its modification upon acvr1ba* 1/16 cell injection. Utilising embryoids prepared from Tg(gsc:EGFP) embryos upon acvr1ba* 1/16 cell injection showed expression of two spots of shield and axial mesoderm markers, gsc, and even in some instances, second extension tip (Fig. 3. 18); in embryos this behaviour corresponds to the formation of two shields and further the formation of the second body axis [START_REF] Peyriéras | Conversion of zebrafish blastomeres to an endodermal fate by TGF-β-related signalling[END_REF]. This study showed that during gastrulation zebrafish embryoids are robust to the deficiency of yolk topology and signalling originating from the yolk. This work offers a step forward in integrating molecular and cellular processes that underlie gastrulation.

Moreover, with nutrient supply to our saline based culture conditions, this in vitro zebrafish system might be a valuable model to further investigate morphogenesis and differentiation.

3. RESULTS

Embryoid fixation

Live embryoids were gently taken by glass pipette and transferred in a 3 cm Petri dish filled with 4% PFA in PBS (under the laminar). Embryoids were left for the next 12 hours at 4°C. Next day embryos were rinsed in PBS 0.1% Tween 20 at least three times for 5

minutes by swirling the plate from time to time. Then, samples were stored at 4°C in PBS 0,1% Tween 2 until used for 3D imaging.

Embryo microinjection

Respective plasmids encoding H2B-mCherry, EGFP-Hras, mCherry-F and acvr1ba* were linearised with the appropriate enzyme and purified by Phenol-Chloroform extraction.

According to the manufacturer's procedure, 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). Zebrafish mutant line MZoep tz57/z57 was injected at the one-cell stage with 100 ng/µl H2B-mCherry and Hras-EGFP mRNA. Zebrafish lines Tg(gsc:EGFP) SD5 and MZoep tz57/z57 mutant, were used for 1/16 cell injection. Acvr1b* and H2B-mCherry mRNA or acvr1ba* and mCherry-F mRNA were injected into zebrafish eggs at the 16-cell stage into one of the 12 marginal blastomeres.

The concentration of acvr1ba* was 0.35 ng/µl and 100 ng/µl for H2B-mCherry and mCherry-F. Zebrafish lines Tg(act26:mcherry-F) were used for 64-128 cell stage injection of 12.5 µM SYTOX Green fluorescence dye in the space of YSL.

Image acquisition

Embryoids mounted inside the wells (r1=600 µm, r2=500 µm, h=1000 µm) made by using custom designed embryoid 3D printed mold) (script available from the link: http://bioemergences.iscpif.fr/SJovanic/tools.php) (Figure 6. 6; Figure 6. 7). Mold was left on the top of 3 cm Petri dish which is filled for 25% with melted 1% agarose diluted in embryoid culture medium. Embryos were dechorionated and mounted into a

Teflon ring, inside a 3 cm Petri dish filled with E3 medium. Temperature of 28.5 °C maintained with the OKOlab temperature control system for the 3D+time imaging and the Minitube HT 50 heating system for microscopes in fluorescence imaging and bright field two-dimensional imaging. 3D+time image acquired using LSM780 Zeiss one-photon and SP5 Leica 2-photon microscopy (Figure 6. 14) with 20x/1.0 Zeiss water immersion

RESULTS

objective and Olympus 20x/0.95 water immersion objective, respectively. For one-photon microscopy sample excitation continuous lasers were used (λ=488 and λ =543 nm) and two photon microscope uses Spectra-Physics Mai Tai Ti:Sapphire, λ =980 nm and Amplitude, λ=1030 nm femtosecond lasers. Two-dimensional bright field image acquisition was obtained with Leica MZ16 microscope with PLANAPO 1.0 x objective with chosen magnifications of: 1.6x, 2x and 2.5x. Two-dimensional bright field and fluorescent images were acquired using BX61 Olympus microscope with 5x/0.5 Nikon air objective, CoolLED pE-4000 illumination system (λ=490 nm and λ=550 nm) and Orca Flash 4.0 Hamamatsu camera for detection. Image acquisition parameters are given in the Table S3. 2, Table S3. 3, Table S3. 4 and Table S3. 5. 

Analysis of SYTOX positive domains

Analysis of embryoid buds

Analyse Particles function in Fiji software was used to analyse the morphology of twodimensional bright filed images: number of buds per embryoid, bud length and dominant bud duration. Detailed values are included in the Excel sheet.

Statistics

GraphPad Prism 9 software was used for statistical analysis and to generate graphs. The statistical test varies between experiments and they are described in figure legends and the text. To compare two groups unpaired t-test was used and to compare four groups twoway ANOVA test.

3. RESULTS

Image processing

Images belonging to the Fig. 3. 17 were corrected for brightness and contrast. Image belonging to the Fig. 3. 12, 3. 16, Video S3. 5 and Video S3. 6 were filtered using custommade algorithm based on deep learning.

Tissue flow analysis

We used PIVlab implemented in Matlab to analyse the tissue velocity. Interrogation windows of 32x32 pixels and sub-windows of 16x16 pixels with an overlap of 50% were chosen. Images of embryoids and embryos were pre-processed in ImageJ/Fiji. For each time point, we created a maximum z-projection of the z-stack. Drift corrections using the Template Matching plugin, smoothening and threshold (B&W) adjustments were applied.

Heatmaps visualizing the velocities were smoothened via interpolations.

Analysis of cell behaviour

Cell lineage trees were reconstructed with a custom image processing workflow that performs nuclei detection and tracking. Data validation, visualisation and quantitative analysis were performed with Mov-IT software [START_REF] Faure | A workflow to process 3D+time microscopy images of developing organisms and reconstruct their cell lineage[END_REF]. Mov-IT can extract numerical information about cell division of each cell lineage which was then used to plot mixing and proliferation. For the stripe analysis automatically detected cell and linages of selected cell population were propagated forward in time to investigate convergence and extension movements in embryos and embryoids. Table S3. 1 Number of tail like extensions depending on Nodal activity (13 hpf).
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Embryoid
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Figure S3. 3 Measurement of the elongation tail like structures.

Bright filed original images extracted from the time lapse videos for each 1 h of embryoid development. To segment embryoid shape Ilastik software was used. Training with one of images was done by Pixel Classification Ilastik workflow. After classifier is trained it is possible to apply results on the batch of other images and generate probability maps. Probability maps were analysed in Fiji by using threshold adjustment, analyse particles option to generate outline of embryoids and finally to calculate Aspect Ratio (AR = Major axis/Minor axis) for the best fit to ellipse. Table S3. 4 Image acquisition parameters for 2D bright field and fluorescence data.
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Table S3. 2 3D+time imaging parameters. Table S3. 5 Image acquisition parameters for 2D bright field data.
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Video S3. 3 Krox20 reporter spatial expression pattern in embryoid (16 hpf).

Embryoid expressed ubiquitously H2B-mCherry in nuclei (orange) and krox20 driven EGFP membrane expression (green). 3D representation of krox20 spatial expression in embryoid indicating its position in one quarter of the embryoid width. Data acquisition parameters give in the Table S3. S3. 5. Scale bar: 400 µm. Link: http://bioemergences.eu/SJovanic/videos/VideoS3.4.m4v [START_REF] Fabrèges | Control of inner cells' proportion by asymmetric divisions and ensuing resilience of cloned rabbit embryos[END_REF]. Performed imaging validated the high mechanical stability of the chamber. Moreover, the same strategy was successfully performed for 3D imaging of live bovine embryos (Fig. S3. 1).

Development of rabbit mounting protocol

To improve the rabbit mounting strategy for light-sheet imaging, within this project, several imaging chambers designs were developed and tested (Figure 6. 3; Figure 6. 4). One of the first mounting schemes were made of several pieces. Those pieces were a sample holder, a cuvette that fits the Alpha 3 z stage and a chamber for gas control (Fig. 6. 3). The main disadvantage of this approach was the instability of the system because it contained many parts. Mainly this was causing instability of the meniscus formed between detection objective and culture medium. This constrains led to culture medium evaporation. As a solution to culture medium evaporation, we modified the strategy by adding the FEP membrane (Fig. 6. 4). The FEP membrane was placed between the culture medium and the detection objective. The FEP membrane is permeable to gases but not to water and it has a refractive index close to water. Consequently, this should prevent culture medium evaporation over time while the detection objective was dipped in water. The water was placed on the top of the FEP membrane using an IV infusion system. Nevertheless, after testing this mounting strategy, we concluded that the system's stability remained the problem. Moreover, provided strategy to fix the FEP membrane with the 3D printed clipping frame caused dropwise condensation on the FEP membrane. This interfered with image focus. The final chamber design resulted in complete stability on the z scanning stage during acquisition, stationarity of tubes for gas flow and temperature control and stable meniscus formed between detection objective and culture medium (Fig. 3. 2). Our 3D imaging chamber and accessories will be available as an open-source script to offer assistance to the scientific community and inspire other studies on sample mounting for light sheet microscopes with a similar design. Additionally, the dimensions of the chamber sample holder should support the mounting of various specimens with a diameter of ∼1 mm (Fig. 3. 2). Therefore, this imaging chamber could be useful for a wide range of laboratories working with different model organisms.

Perspectives

It is worth mentioning, that the latest improvements on the Alpha 3 setup by PhaseView based on motorised XY tiling module could enable imaging more than 3-4 embryos (maximum number of embryos achieved in this thesis). The XY tiling module permits sample displacement inside the modified PhaseView chamber in the Z and X-axis and in the Y-axis chamber displacement along the longitudinal axis. However, the use of this multiview imaging, problems with hardware control, big data size that resulting in timeconsuming data processing and analysis (Fig. 3. 10;Fig. 3. 11). In order to image the whole zebrafish embryo, we used the light sheet setup with four horizontal objectives from our collaborates at ICFO in Barcelona (Video 3. 3;Fig. 3. 9). ICFO light sheet microscope allows imaging of zebrafish from two 3D views simultaneously over 10 hours. Ongoing processing, stitching (BigStitcher) and cell lineage reconstruction (BioEmergences workflow), of ICFO data should determine whether strategy based on two 3D views was sufficient to improve the cell lineage tracking of the entire embryos.

One of our major challenges was the hardware control using the QtSPIM software on the Alpha 3 microscope. QtSPIM was often not reliable (despite very much appreciated efforts by PhaseView team) during time lapse which made many experimental attempts difficult to use. Even a short-lasting software failure results in extension of time interval between 3D stacks which makes it impossible to accurately observe cell movements during data analysis. Considering that the software has to run at a high frequency for at least 10 hours, system failure is a problem that often arises. As a matter of fact, we faced a few times the same difficulty using LabView custom-made software used to control acquisition on ICFO light sheet microscopy setup.

Additional challenges in this project were caused by the amount of data produced during imaging. Imaging one half of embryo resulted in more than 1 Tb data (Fig. 3. 11). Even after data compression to approximately 600 Gb, processing steps took many hours or days and sometimes this led to crashes of the system during crucial data processing steps.

As in the future novel developments in microscopy and embryo methodologies will most likely lead to even longer data acquisition accompanied by even larger data sets, it is important for developmental biologists to work closely with software engineers to overcome these problems. Nevertheless, we show 94% accuracy in correct cell centre detection and single cell tracks observed over 5 h of development in one imaged embryo half.

Results of zebrafish embryos lineage reconstruction have the potential to be correlated with gene expression pattern called "atlases". This would offer the information not just about cell trajectories but also on cell identity. Our laboratory provided a workflow to create gene expression "atlases" from overlaps between 3D volumes of expression patterns for several genes (gsc, sox32, tbx16, oep, snai1a, foxa2, ntla, flh) To study how acvr1ba* modulates the Nodal pathway and the influence of cellular movements, we constitutively activated acvr1ba* receptor upon 1/16 cell injection and determined cell behaviours (Fig. 3. 17). Previous research demonstrated the possibility to induce internalisation in transplanted acvr1ba* naïve cells in zebrafish [START_REF] David | Cell autonomous commitment to an endodermal fate and behaviour by activation of Nodal signalling[END_REF]. Moreover, this movement is not reported in wt embryoids [START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF].

Taken together, these findings suggests that acvr1ba* might be involved to trigger this movement in the absence of yolk. Our results displayed movement similar to internalisation behaviours in wt and MZoep embryoids 1/16 cell injected with acvr1ba*.

Besides, we did not observe internalisation-like movements in wt embryoids as recently reported on the same model [START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF]. These findings support our hypothesis about involvement of acvr1ba* in internalisation-like movements in embryoids.

Additionally, [START_REF] Liu | Nodal signaling has dual roles in fate specification and directed migration during germ layer segregation[END_REF][START_REF] Warga | One-eyed pinhead regulates cell motility independent of Squint/Cyclops signaling[END_REF] revealed that acvr1ba* in transplanted naïve cells contribute to endodermal specification in embryos. Hence, it could be speculated that acvr1ba* is involved in endodermal fates specification in embryoids as well.

Intriguingly, we encountered another morphological measurement based on tissue deformation, called budding (Fig. 3. 16). Budding is described as morphogenetic movement in which cells on the periphery collectively expand and fold inward [START_REF] Wang | Budding epithelial morphogenesis driven by cell-matrix versus cell-cell adhesion[END_REF]. We focused on the relationship between budding and Nodal activity using embryoids with loss and gain of function in the Nodal pathway. We revealed tissue deformation in the form of buds in all Nodal conditions. Upon 1/16 injection of acvr1ba*, budding activity in terms of its quantity, length and dominant bud lifetime is especially increased in embryoids made of wt and to some extent MZoep embryos. These results are supported with the previous findings that growth factors, such as a mouse homologue of TGF-β, are involved in promoting budding activity in mammary glands [START_REF] Joseph | Overexpression of a Kinase-deficient Transforming Growth Factor-β Type II Receptor in Mouse Mammary Stroma Results in Increased Epithelial Branching[END_REF][START_REF] Spurlin | Building branched tissue structures: from single cell guidance to coordinated construction[END_REF][START_REF] Wang | Budding epithelial morphogenesis driven by cell-matrix versus cell-cell adhesion[END_REF].

It could be speculated that the budding is a movement on the tissue level, which could imitate individual cell blebbing linked to zebrafish gastrulation (Diz-Muñoz et al., 2016).

This hypothesis is based on the fact that both blebbing and budding appear during early gastrulation stages. Secondly, blebs and buds are associated with changes in cell/tissue migration in the direction of sites with relatively low persistency. Moreover, in the work of Diz-Muñoz et al., it has been suggested that blebbing could have a function in enhancing the robustness of cell migration in complex and changing environments. Thus, we could speculate that the purpose of budding we observed in the embryoids is to explore the environment on the tissue level.

The injection of constitutively active acvr1ba* promotes expression of gsc reporter and axis duplication in zebrafish embryoids

We provided further evidence of Nodal signalling robustness in embryoids in experiments with embryoids made of Tg(gsc:EGFP) embryos, that specifically labels shield, that are 1/16 cell injected of acvr1ba* (Fig. 3. 18). Our data shows that gsc reporter expression pattern could appear in two separated proximal domains in 18% of cases. This resembles the response in embryos transgenic line Tg(gsc:EGFP) denoted as the second shield and second body axis formed in 25% of cases. Therefore, it can be concluded that embryoid shield formation and axis duplication is robust to the absence of signalling originating from the yolk.

3D+time imaging of zebrafish embryoids

In order to image zebrafish embryoids, we used confocal and two photon laser scanning microscopies together with BioEmergences workflow for cell lineage reconstruction. For the analysis of cell behaviour, we obtained a few 3D+time data sets that can provide good quality of cell lineage tracking. As it was previously mentioned, embryoids are more amenable for live 3D imaging because it is half size of the zebrafish embryo. However, the main imaging challenge in terms of sufficiently short time interval between 3D stacks and increase of S/N ratio in depth remained the same. The light sheet microscope is a promising alternative as it allows imaging with shorter time intervals and its multiview acquisition option helps with increasing S/N ratio in depth. However, considering that BioEmergences workflow for processing and analysis light sheet microscopy big data sets is still not finalised, we had to compromise using laser scanning fluorescence microscopes.

The zebrafish embryoids to study later developmental stages

Our embryoid acquisition time was limited by the time gastrulation ends and by start of cell death, at around 11 hpf, due to lack of nutrients (Figure 6. 11). The observation period could be extended by changing the Ringer's solution to L15 medium supplemented with fetal bovine serum a few hours before 11 hpf. In this project, we did not focus on such experiments, but our future explorations could reveal whether adding nutrients prevents upcoming cell death and consequently enable study of later developmental stages.

Summary

To summarise (Figure 4. 1), we developed zebrafish embryoids with a success rate of more than 80% in formation of cylindrical-like structures (Fig. 3. 12), similar to what was already published [START_REF] Fulton | Axis Specification in Zebrafish Is Robust to Cell Mixing and Reveals a Regulation of Pattern Formation by Morphogenesis[END_REF][START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF], in growth serum free culture conditions. Our study based on cell lineage tracking led to the conclusion that these in vitro systems elongate without directed convergence (Fig. 3. 13). Moreover, even in the absence of yolk cells in zebrafish embryoids keep their proliferation rate and cell mixing (Fig. 3. 14; Fig. 6. 10). Growing embryoids from embryos with modulated Nodal signalling pathway exposed that Nodal is significant but not the only factor required for the axis elongation (Fig. 3. 15). Then, we reported, to our knowledge, for the first time budding activity in embryoids (Fig. 3. 16). The budding activity is highly influenced by the Nodal signalling pathway status, because we observed enhancement of bud length and number and dominant bud lifetime in wt+acvr1ba* (****p<0.0001) more than in any of other three conditions. Furthermore, we demonstrated for the first time on embryoids that it is possible to promotes internalisation-like gastrulation movements when made from embryos 1/16 cell injected of acvr1ba* (Fig. 3. 17). Lastly, the expression of acvr1ba* in embryoids induce the expression of two instead of one domain of gsc fluorescent reporter in the regions of two proximal extension tips (Fig. 3. 18). This indicates that yolk geometry and signalling originating from it is not essential for the formation of included shield (gsc)

and body axis duplication.

rabbit embryos. Finally, the zebrafish 3D in vitro systems enabled a more profound understanding of cell dynamics and signalling mechanisms during gastrulation. The main limitation of all applied model systems was in obtaining imaging conditions to achieve good quality 3D+time data.

Collected findings over the past four years aimed to contribute a general understanding of the gastrulation process on the level of cell behaviours and signalling mechanisms. [START_REF] Faure | A workflow to process 3D+time microscopy images of developing organisms and reconstruct their cell lineage[END_REF]. Figure from (Fabrèges, n.d.) and (Delile et al., 2014). Our laboratory disseminated BioEmergences workflow that allows digital reconstruction of developing embryos. 3D+time data was obtained from the different specimens (left panel) using microscopy setups adapted for long term imaging (middle panel) where one of the most critical parts is sample mounting (blue arrow, left). Acquired data are transferred to the workflow that allows visualisation of the row data, it contains an algorithmic library that permits digital data reconstruction (middle right panel). Furthermore, reconstructed data can be visualised, manually corrected cell positions, annotated and analysed in custom-made visualisation software Mov-IT (bottom right panel). Our laboratory uses a web service named Autonomic Workflow as a Web Service (Phy-aWaaS). Phy-aWaaS functions as a web service for storage (IRODS data transfer system), annotation and organisation in a database, and it uses clusters of computers (top right panel). Calculations were performed on a computer grid and distributed on many processors which speed up data digital reconstruction. Flat representations of the cell lineages. Data details given in the Table S3. 2. 

Objectifs

Les objectifs du travail décrit dans cette thèse sont résumés comme suit:

1. Optimiser l'imagerie 3D+temps à long terme d'embryons vivants: stratégies de montage, contrôle des paramètres environnementaux avec le microscope à feuille de lumière Alpha 3

(PhaseView) et le prototype de l'ICFO (Barcelone, partenaire de l'ITN ImageInLife).

2. Tester la performance de notre méthodologie pour l'imagerie in toto de la gastrulation du poisson zébré en termes de précision de la détection des cellules et du suivi de leurs trajectoires pour quantifier les comportements cellulaires qui sous-tendent les processus morphogénétiques. Imagerie in toto du développement pré-implantatoire chez le lapin par microscopie à feuille de lumière avec détection verticale

Le développement du lapin a été décrit comme plus similaire à celui de l'homme que celui de la souris pour certaines caractéristiques telles que la formation de la forme de l'épiblaste [START_REF] Duranthon | On the emerging role of rabbit as human disease model and the instrumental role of novel transgenic tools[END_REF]. Par conséquent, l'étude du développement du lapin pourrait nous permettre de mieux comprendre blastulation et gastrulation des embryons humains. 

  Chez l'homme, les dysfonctionnements du développement précoce compromettent la survie de l'embryon. Nous devons comprendre les processus cellulaires et moléculaires en jeu pour anticiper les effets délétères et trouver des traitements. Du fait de la conservation évolutive des processus biologiques, cela peut être réalisé dans des modèles animaux et des organoïdes dérivés d'embryons précoces. Notre premier objectif a été d'observer in vivo et in toto, reconstruire et quantifier les comportements cellulaires au début de l'embryogenèse chez une espèce de mammifère -le lapin Oryctolagus cuniculus -et un vertébré non mammifère -le poisson zébré Danio rerio. Il s'agit ensuite d'étudier les comportements cellulaires qui sous-tendent la gastrulation du poisson zébré dans des conditions normales et lors de perturbations. Nous avons surmonté les obstacles pour imager des embryons de lapin vivants avec un prototype de microscope à feuille de lumière développé par l'entreprise PhaseView selon nos spécifications. Nous avons conçu des chambres imprimées en 3D pour l'imagerie in toto de l'embryogenèse précoce de mammifères qui permettent une imagerie 3D+temps haute résolution. Notre méthodologie fournit des données d'imagerie pour une reconstruction précise des lignages et des contours cellulaires. Malgré les tentatives de plusieurs laboratoires, l'histoire clonale des cellules de l'embryon de poisson zébré n'est pas encore connue en raison des limites de l'imagerie. Nous avons optimisé le montage d'embryons, l'imagerie à feuille de lumière avec (prototypes PhaseView et ICFO Barcelona) et le traitement d'images. La taille de l'embryon de poisson zébré reste un obstacle même avec le recollement des deux moitiés de l'embryon. Les embryoïdes obtenus à partir d'embryons dépourvus de vitellus sont plus petits. Nous avons étudié leur résilience au cours de la gastrulation. Nous avons établi une stratégie contrôlée et reproductible pour fabriquer des embryoïdes à partir d'embryons au stade 256 cellules. Ils s'allongent en milieu salin avec un taux de réussite de 80%. L'analyse quantitative des déplacements et du lignage cellulaire à partir d'images 3D+temps permet de distinguer les processus de la morphogenèse en jeu dans les embryoïdes et ceux RESUMÉ EN FRANÇAIS VII dépendant de la topologie de l'embryon. Les cellules des embryoïdes conservent leur taux de prolifération et leur comportement de mélange cellulaire. Les embryoïdes allongent une structure de type caudal sans convergence vers une ligne médiane. L'élongation est altérée chez les mutants MZoep dépourvus de transduction Nodal. L'allongement observé chez 29,7 % des embryoïdes MZoep est retardé et limité. Dans les embryoides, les cellules ne s'invaginent et ne délaminent pas sauf si elles surexpriment la signalisation Nodal par injection au stade 16 cellules d'une forme constitutivement active du récepteur Nodal de type I acvr1ba*. Comme dans les embryons normaux où elle induit la duplication de l'axe embryonnaire, l'injection d'ARNm acvr1ba* peut conduire à deux extensions caudales. Les excroissances induites expriment le rapporteur fluorescent du facteur de transcription Goosecoïd. Notre travail est une étape vers l'intégration des processus moléculaires et cellulaires qui sous-tendent la morphogenèse précoce. Les embryoïdes révèlent la robustesse du développement et les possibilités de résilience de l'organisme. Le gain et la perte de la fonction Nodal chez les embryoïdes indiquent son implication dans la motilité cellulaire et la cohésion tissulaire probablement impliquée dans le processus d'invagination.
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 12 Figure 1. 2 Schematics of epiboly movement in the zebrafish embryo. Sphere stage: EVL (light blue), deep cells (blue), YSL (brown), yolk (yellow). Dome: epiboly starts. 50% epiboly cells spread to the equator. Shield: shield forms. 75% epiboly continues until bud stage (10 hpf). Dorsal side (d), Mesoderm (red), Enveloping layer (EVL), external yolk syncytial layer (E-YSL), internal yolk syncytial layer (I-YSL).Figure from (Bruce and Heisenberg, 2020).
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 13 Figure 1. 3 Schematics of internalisation movements in the zebrafish embryo. (A) Left: Involution and ingression/synchronised ingression at shield stage. Hypoblast cells' movements depicted with orange arrows. Middle: In the next ∼2 hours internalised cells migrate anteriorly (dark blue arrow) and from 7.5 hpf vegetally localised cells move posteriorly (green arrow). Right: Hypoblast cells further move in animal and vegetal pole directions and take part in convergence and extension until tail bud stage. Epiboly movements (black arrows) are combined with convergence (white arrows) and extension. (B) Involution of blastoderm cells to form the hypoblast happens together with (C) ingression of individual cells and/or (D) synchronised ingression until around 8 hpf. A, Anterior axis; P, Posterior axis; D, Dorsal side; V, Ventral side. Figure modified from[START_REF] Pinheiro | Zebrafish gastrulation: Putting fate in motion[END_REF][START_REF] Solnica-Krezel | Gastrulation: Making and Shaping Germ Layers[END_REF].

  direction. Polarised radial intercalation describes cells that migrate radially into deeper layers. Radial intercalation separates neighbouring cells and thus contributes to the extension of the A-P axis. The three germ layers undergo convergence and extension. Cell movements in the three layers are however specific. Cells movements in the mesoderm layer are region specific (Figure 1. 4). The most ventrally positioned mesoderm cells (region I) contribute to the formation of the posterior mesoderm. Lateral mesoderm gives rise to the heart, blood and kidneys. Lateral mesoderm cells move dorsally with slow (region II) and fast convergence (region III) (Figure 1. 4B, D). Cells of the paraxial mesoderm, that will form muscles, bones and skin, intercalate radially and medially (region IV) (Figure 1. 4C, D). The axial mesoderm, which gives rise to the notochord. It converges and extends through mediolateral intercalation movement (region V) (Figure 1. 4C, D). Cells of the most anterior part of axial mesoderm form the prechordal plate. They undergo anteriorward directed migration (region V) (Figure 1. 4C, D) (Roszko et al., 2009; M. L. K. Williams and Solnica-Krezel, 2020). Compared to mesodermal cells, cells of the endoderm use a different strategy during convergence and extension movements. At the onset of gastrulation, endodermal cells undergo autonomous "random walk" over the yolk surface. It correlates with high levels of Nodal signalling (Figure 1. 4E). Later during gastrulation, endodermal cells change their behaviour. They move collectively and converge dorsally. Endoderm convergence is not cell-autonomous. It requires environmental cues (Figure 1. 4E)
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 14 Figure 1. 4 Schematics of convergences and extension movements in the zebrafish embryo. (A) Cell movements at the onset of convergence and extension (B) lateral and (C) dorsal view during convergence and extension of mesoderm. (D) Specific cell movements in five regions of mesodermal tissue are represented in (B) and (C). Region I, migration of ventral mesoderm (orange rectangle); Region II and Region III, lateral mesoderm (pink rectangle); Region IV, paraxial mesoderm (light violet); Region V, axial chordamesoderm (violet rectangle); Region V, axial mesoderm (blue rectangle). (E) Cell movements underlying convergence and extension of endoderm. Left, at the beginning of the morphogenetic movement, endoderm cells spread randomly over the yolk. Right, at later stages, endoderm cells converge dorsally. (F) Convergence and extension movements of neuroectoderm. Figure modified from (Williams and Solnica-Krezel, 2020).
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 15 Figure 1. 5 GRN during cleavage, early and later gastrula of zebrafish localised in dorsoanterior region. Putative GRN at: (A) cleavage, (B) early gastrula stage, (C) late gastrula stage. Coloured lines follow signalling molecule or transcription factor (output) effect on another element of GRN. The effect (output) is given as activation (arrow) or repression (blunt end). The Biotapestry software is meant to integrate all the experimental data that indicates genetic and molecular interactions, activation, and inhibition, direct or indirect. It allows the identification of functional modules and highlights the connexion between signalling pathways.Figure from(Chan et al., 2009).

  zebrafish line one-eyed-pinhead gene (oep) is defective in oep encoding the Nodal coreceptor. MZoep devoid of maternal and zygotic Oep are not rescued by ndr1 and ndr2 mRNA injection. It shows that Nodal pathway is not functional in MZoep embryos. MZoep mutants are devoid of mesoderm except in the tail, endoderm and ventral neuroectoderm.
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 18 Figure 1. 8 Embryoids and resilience in early development. (A) Gastruloid: Mouse embryoid made of mouse embryonic stem cells cultured in a well containing specific medium and stimulated with specific growth factors (Chi) organise in structures that mirror gastrulation-like behaviour and elongate. (B) Xenoid: Animal cap cells taken from Xenopus embryo stimulated with Activin, configure in axially polarised systems. (C) Zebrafish embryoid: early zebrafish blastomeres separated from the yolk, dissociated and reaggregated were able to pattern and axially organise. Highlighted in orange: localisation of maternal determinants at the zebrafish embryo margin and genetically encoded self-assembled in zebrafish embryoid. Figure modified from (Moris et al., 2020).

  [START_REF] Schauer | Zebrafish embryonic explants undergo genetically encoded self-assembly[END_REF] discuss the requirement for maternal determinants that come, in normal embryos, from the extraembryonic tissue. Embryonic explants are devoid of YSL expected to take part in the Nodal positive regulation loop. High levels of Nodal signalling necessary for the induction of axial mesoderm (gsc) an endoderm (sox32) are probably not reached. The robustness of signalling activities required for patterning is altered.The role of Nodal in convergence and extension movement and its relationship with PCP signalling was studied in naïve explants(Williams and Solnica-Krezel 2020). The authors found that ndr2 mRNA injection is required to observe elongation. They reported that the role of Nodal in convergence and extension is independent of its role in mesoderm induction. This was shown by incubation of ndr2-expressing explants in SB-505124 (SB) to disrupt Nodal signaling after the specification of mesoderm (7 hpf). Addition of SB at 4, 5, or 6 hpf completely blocked both explant extension, expression of the mesoderm markers and direct transcriptional targets of Nodal signaling. The authors conclude that Nodal acts in convergence and extension both downstream and in parallel with PCP signalling. The combination of parallel and downstream action was suggested by reduced Gastrulation starts around 6 dpc and germ layers form (ectoderm, mesoderm and endoderm). The main body axes are set (cranio-caudal and consequentially left-right)[START_REF] Fischer | Rabbit as a reproductive model for human health[END_REF] The embryo proper has a flat disk shape with two tissues, epiblast and hypoblast, contrary to rodents "egg cylinder" shape. Rabbit gastrulation is described with 7 stages. Stage 0 does not show axial differentiation. Elongation starts at stage 1. The anterior marginal crescent is formed. At stage 2, posterior extension occurs. Stage 3 is defined by the formation of the primitive streak. The primitive streak forms at the midline in the posterior extension. It involves cell migration and epithelia-mesenchymal transition of epiblast cells. At stage 4, the embryo extends. Hensen's node appears at the anterior tip of primitive streak. Implantation starts at stage 4. During implantation, pattering and differentiation continue until gastrulation stage 7. Somites start to form.
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 19 Figure 1. 9 Rabbit pre-implantation stages.Bright-field images represent main pre-implantation stages starting from 1-cell stage when maternal and paternal pronuclei are formed. Time sequence of events given in embryonic day (E). Arrows indicates particular events. Embryonic genome activation happens at 8-16 cell stage. The onset of gastrulation around 6 th embryonic day (E6) and beginning of implantation at gastrula stage 4. Figure modified from[START_REF] Bibliography Afanassieff | Embryoderived and induced pluripotent stem cells: Towards naive pluripotency and chimeric competency in rabbits[END_REF][START_REF] Duranthon | On the emerging role of rabbit as human disease model and the instrumental role of novel transgenic tools[END_REF].
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 1 Figure 1. 10 Live imaging tradeoffs.

  Figure modified from: (Lemon and McDole, 2020) from the detection in confocal microscopy, thanks to the use of a pinhole, The light from the whole plane can be detected by ultra-fast and sensitive camera. Imaging speed is improved by 10-100 times compared to point laser scanning confocal and/or multiphoton microscopy (Pantazis and Supatto, 2014). Light sheet imaging produces less photodamage (photobleaching and phototoxicity) than confocal microscopy because of localised and short time illumination and low laser power. The light sheet technique advanced in parallel with the use of genetically encoded fluorescent proteins and zebrafish as a model in developmental biology. A cylindrical lens and a long working distance objective can be used to make a light sheet. That illuminates the entire focal plane. Digitally scanned light sheet microscopy (DSLM) is based on the rapid scanning along the focal plane of a conventionally focused laser beam(Keller et al., 2011a). The beam moves across the FOV fast enough to fit with the time of exposure.

  3 is equipped with two illumination objectives positioned horizontally. The detection unit is perpendicular to the illumination plane. The detection path is equipped with water immersion objectives (10x, 20x, 60x), an automatised filter wheel and ultra-fast high dynamic range camera (Hamamatsu Orca Flesh 4.0 sCMOS). The imaging chamber is placed on the motorised z scanning stage. The output of the laser sources (405, 488, 561 and 638 nm) is sent through optical fibre to a separate module containing the needed optical elements to generate the light sheet. This module contains the cylindrical lens, a scanning system that minimize the stripe artifact, the illumination objective, and the stage to enable it's motorized displacement. The composed module on Alpha 3 setup is called "illuminator". The light sheet shape is manually tuneable with x, y, z knobs that lead to the movement of the objective in the illuminator. The microscope is operated using the QtSPIM software (PhaseView). It controls the microscope objectives, camera exposure time, binning, region of interest, laser power, time lapse temporal resolution, size of z stacks and sectioning, filter wheel and acquisition mode (3D, 3D+time).

Figure 1 .

 1 Figure 1. 13 Photography of the Alpha 3 PhaseView setup with labelled main parts.

Figure 1 .

 1 Figure 1. 14 Schematics of Alpha 3 instrumentation and beam path.

(

  A0) laser sources 405, 488, 561, 638 nm (A1) beam splitter (A2) optical bre injection (B0) illuminator bre input (B1) illuminator output (C) detection and illumination path oriented at 90° with respect to each other (D0) Notch lter in detection path (D1) output signal to lter wheel (D2) 10x eyepiece (D3) output signal to camera 1.4.1.3 Sample mounting for light sheet microscopy live imaging Sample mounting for SPIM live imaging is a challenge. Mounting strategy is optimized to keep appropriate environmental conditions over hours or days. The ideal mounting strategy should immobilise the sample in the FOV and allow growth without mechanical constraint. Mounting should be optimized to the species, sample size, optical characteristics and environmental conditions. I describe state of the art mounting techniques used for zebrafish or mammalian embryos and their limitations. They inspired the mounting strategies that I propose for in toto rabbit and zebrafish imaging with Alpha 3 . The most basic mounting strategy for light sheet microscopy to image the whole sample or a particular organ is to embed the sample (i.e., zebrafish embryo, Drosophila egg, Medaka embryo, spheroids, organoids etc.) in ∼1 to 1.5% % low melting point (LMP) agarose (Figure 1. 15A). A single or a few specimens are embedded into low melting point agarose using a syringe. The part of the agarose cylinder that contains the sample is pushed outside

Figure 1 .

 1 Figure 1. 16 Schematics of sample mounting strategies for light sheet microscopy live imaging. (A) Left: zebrafish embryo mounted in 1.5% agarose. Right: coated FEP tube filled with 0.1% agarose and plugged with 1.5% agarose. (B) Top: holder (SH) for mouse embryos (S) placed on FEP membrane (M). Bottom: Position of two objectives above the sample holder. Inset to indicate the direction of light sheet illumination that goes through a drop of medium covered with mineral oil. (C) Mouse embryo embedded in Matrigel.Glass capillary closed on one end with dental wax and on the other end with a fitting FEP tube. EPC: ectoplacental cone. Figure modified from[START_REF] Kaufmann | Multilayer mounting enables long-term imaging of zebrafish development in a light sheet microscope[END_REF][START_REF] Reichmann | Live imaging of cell division in preimplantation mouse embryos using inverted light-sheet microscopy[END_REF][START_REF] Mcdole | In Toto Imaging and Reconstruction of Post-Implantation Mouse Development at the Single-Cell Level[END_REF].

  5% solution is close to 1.33. It is more transparent and more flexible and resistant to break than agarose at the same concentration. We make a Phytagel socket with 1.5% Phytagel and custom designed Teflon molds adapted to the sample geometry. Three Teflon pieces are used to make a socket: holder, cylindrical mold and a plunger (Figure1. 16 A). Phytagel solidifies very rapidly. The plunger and the cylindrical mold are removed to expose the phytagel socket that stands on the holder (Figure1. 16A). The sample is placed inside of the socket (Figure1. 16B). The top of the socket is sealed with 0.3-0.5% LMP agarose. The specimen can be oriented and positioned gently at this step. The T-spike holder can be placed into the chamber (Figure1. 16 C). The chamber is then moved to the Alpha 3 z scanning stage (Figure1. 16 D). The design is meant to ensure sample holding without mechanical constraint and to facilitate positioning of the sample before imaging. We use to orient the embryo a custom tool made with an eyelash.The chamber is designed to be stable during the time lapse. Its opening is made to fit the large high NA dipping lens objectives. It is made of medical-grade stainless steel resistant to corrosion and easy to clean and sterilize. It has two lateral windows covered with 18x18 mm coverslips 0.17 mm thick. Temperature control is achieved with water circulation under the chamber.

Figure 1 .

 1 Figure 1. 17 Mounting strategy for live imaging based on Phytagel socket. (A) Three Teflon pieces (the plunger (1), cylindrical mold (2), T-spike holder (3)) are used to make a Phytagel socket. (B) The sample is placed inside the Phytagel socket (left) and then into the chamber filled with embryo medium (right). (C) The T-spike piece can be placed on the holder (right) and then into the chamber (left). The chamber dimensions are given in the drawing. (D) The chamber is moved to the Alpha 3 z scanning stage equipped with temperature control. Figure modified from Light Sheet Fluorescence Microscope Alpha 3 Operation's manual & safety instructions, version 2.1 and (Lyuboshenko, 2019b).

Figure

  Figure 1. 18 The cell lineage reconstruction workflow from the BioEmergences platform.
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 35 Figure 3. 5 In toto imaging of live rabbit embryos with Alpha 3 . Maximum intensity projection of four rabbit embryos at 32 cell stage (3 dpc) showing ubiquitous EGFP staining (green) in nuclei. Scale bar: 100 µm.

Figure S3. 1

 1 Figure S3. 1 Imaging of live bovine embryos by Alpha 3 . Maximum intensity projection image of two bovine embryos at 4-6 cell stage expressing DRAQ5 vital dye ubiquitously in nuclei (red) and HCS LipidTOX Green Neutral Lipid in lipid bodies (green). Scale bar: 100 µm

  were imaged until ∼ 420 µm in depth, which correspond to one half. The enlarged one plane on the Video 3. 1 in x-y over time showed appropriate spatial resolution during more than 10 hours of acquiring which should be sufficient for proper nuclear centres detection.Data set of one half of embryo imaged over 10 hours comprised more than 80 000 images (1.35 TB). One half consists of 267 steps (∼ 420 µm) recorded in 2 -2.5 min interval. Our environmental and mounting conditions enabled normal development of zebrafish embryos. Moreover, the embryo was within the FOV during the whole recording period.Video 3. 1 Maximum intensity projections of 3D stacks acquired over 10 h for animal and vegetal halves of zebrafish embryos.Left: 3D+time data acquired from animal view until the middle from 1.5 to 11.4 hpf. Right: 3D+time data acquired from vegetal view until the middle from 1.5 to 11.4 hpf. Bottom: Drawings demonstrated orientations of the samples on left and right, respectively. Moreover, they indicate imaging depth and location of 20 µm deep section planned to be used for stitching of embryo halves (overlapping region). Both embryos expressed ubiquitously H2B-mCherry in nuclei (red) and Hras-EGFP in membrane (green). Link: http://bioemergences.eu/SJovanic/videos/Video3.1.m4v

Video 3. 2

 2 Stitching of imaged data and nucleus detection at 10 hpf. Left: Maximum intensity projections of 2 stitched 3D volumes. Video displays z-cut through the middle of the stitched embryo. Embryo ubiquitously expressing H2B-mCherry in nuclei (red). Right: Nuclei center detection (violet) superimposed to raw nuclei data (yellow) presented from the bottom to top of the stitched volume. Scale bar: 100 and 50 µm, respectively. Link: http://bioemergences.eu/SJovanic/videos/Video3.2.m4v

Video 3. 3

 3 Figure 3. 9 Overlapping 3D volumes of a single zebrafish embryo imaged with ICFO light sheet microscopy setup.

  3 microscope 3D+time data acquisition utilizing Alpha 3 upright light sheet microscope acquisitions parameters were controlled via QtSPIM software provided by PhaseView. The light source consists of a laser combiner (Oxxius) with 4 continuous laser diodes λ from 375 to 785 nm. In our experiments we used λ=480 nm and λ=561 nm for the excitation and power of around 5-15 mW coming from each illuminator. The light from the lasers travelled by two illumination objectives, 10x/0.25 WD 11 mm, air, Zeiss, to the sample. Signal from the sample is collected with detection objective 20x/0.5 water immersion Olympus positioned orthogonally to the illumination path. Emitted light passes two emission filters ET 525/50 and ET 600/50 that are present on the motorized emission filter wheel and can be automatically changed by QtSPIM software during acquisition. The emitted light comes to the ultra-fast and high dynamic range sCMOS camera (Orca Flesh 4.0, Hamamatsu). Images were acquired with 50-100 ms camera exposure, 2048x2048 resolution. Each z section has been imaged every 2 -2.5 min with the space between each image of 1.3 µm.

  gain of function (wt+acvr1ba*) embryoids are revealing smaller changes in aspect ratio values than in wt. Contrary to what has been reported (Schauer et al., 2020b; Williams and Solnica-Krezel, 2020), certain embryoids (29.7%) obtained from MZoep eggs achieve to extend. MZoep embryoids with the addition of the constitutively active acvr1ba*-receptor show a bigger significant change in elongation than in MZoep samples (Figure 3. 15C).
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 7 to 10 hpf, only one of the buds takes over and elongates. Embryoids belonging to MZoep and MZoep+acvr1ba* stop the budding activity between 8 to 10 hpf and 9 to 10 hpf, respectively (Figure3. 16A).Next, we examined whether different Nodal signalling conditions induce changes in the embryoid budding activity. Therefore, we measured the number of buds and their length in embryoids for the time from 5.5 to 10 hpf and at time point 13 hpf, concerning four embryoids prepared from embryos with distinctive Nodal signalling status (Figure3. 16B).At 5.5 hpf, we observed zero, one or two buds over the following 2.5 hours. Afterwards, the budding was replaced by one or two proximal extensions. In Nodal gain of function embryoids (wt+acvr1ba*) we detected at least one or more buds compared to any other embryoid condition. MZoep embryoids that have overexpressed acvr1ba* (MZoep+acvr1ba*) revealed a larger number of buds in later stages of budding than in the MZoep group. Moreover, our results showed that wt+acvr1ba* embryoids created longer buds than in the other three conditions (****p<0.0001) (Figure3. 16C).

  Fig 3. 1. After approximately 6.7 hpf, cells belonging to wt embryoids started to migrate into the proximal direction until 13 hpf. Contrary to wt embryoids cells of wt+acvr1ba* and MZoep+acvr1ba* undergo different pathways. It was detected with vector analysis that at around time point 7.75 hpf wt+acvr1ba* and MZoep+acvr1ba* embryoid cells at proximal parts belonging to the 1/16 cell injection progeny or in close proximity were collectively moving towards 3. RESULTS

Figure 3 .

 3 Figure 3. 17 Internalisation-like movements appeared upon acvr1ba* injection in wt and MZoep embryoids. Selected maximum intensity projections of embryoids starting from 6 to 13 hpf of (A) wt expressing ubiquitously H2B-mCherry (yellow) in nuclei, (B) wt + acvr1ba* and (C) MZoep + acvr1ba* expressing ubiquitously H2B-mCherry (yellow) in nuclei and Hras-EGFP with acvr1ba* (green) in the progeny of one cell on the margin microinjected at 16 cell stage. Zoom-in segments, white rectangles, followed with white arrows represented collective cell movements toward the distal part of the wt embryoid; white arrowheads in wt + acvr1ba* and MZoep + acvr1ba* represented collective cell movements to outside (6.7 and 7.75 hpf), synchronised return to the embryoid (9.05 and 10.5 hpf) and the emergence of two extensions (13 hpf) in which one or both belong to the progeny of 1/16 cell injection of acvr1ba* and Hras-EGFP. The bottom row in each embryoid condition (wt, wt + acvr1ba* and MZoep + acvr1ba*) represents embryoid velocity and global tissue flow given as arrowhead white vectors (5 μm/min) across the maximum intensity projections of embryoids. The colour bar depicted relative velocity given in μm/min. Embryoids oriented from distal (top) to proximal (bottom). Scale bar: 200 µm.

  3. 16). 2D and 3D live imaging of embryoids belonging to four Nodal conditions revealed budding activity. Budding occurred from approximately 4.5 hpf until one or two buds took over and formed the extension tip (Fig. 3. 15A). We observed a correlation between embryoids prepared from wt+acvr1ba* embryos and enhanced budding activity reflected by the bud length and number (****p<0.0001) (Fig. 3. B16, C). Furthermore, the bud length and number (****p<0.0001) with the longest lifetime was identified in wt+acvr1ba* condition (****p<0.0001). The increase in the dominant bud life time in wt+acvr1ba* embryoids, could indicate greater stability of the Nodal positive loop upon 1/16 cell injection of acvr1ba* (Fig. 3. 16D

  Gsc expression pattern directly indicates a modified Nodal pathway. Considering that the gsc expression domain and body axis duplication upon acvr1ba* injection resembles behaviour in embryos, these findings indicate the robustness of embryoid development to the lack of signalling originating from the yolk.

  SYTOX domains measurement has been done by using Analyse Particles tool that is a part of Fiji software. Percentage of SYTOX Green domain was measured as a ratio between the area of SYTOX Green fluorescence and area of embryoid obtained from bright filed two-dimensional images. Images used in measurement obtained 30 min after 256-cell stage embryo dissection which corresponds to 3 hpf embryoid. A detailed values can be seen in the Excel sheet.

  3. Samples oriented from proximal (top) to distal (bottom). Scale bar: 50 µm. Link: http://bioemergences.eu/SJovanic/videos/VideoS3.3Embryoids belonging to the following Nodal signalling pathway conditions: wt, wt+acvr1ba*, MZoep and MZoep+acvr1ba*. Observation time from 5.5-13 hpf. Data acquisition parameters give in the Table
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 61 Figure 6. 1 Formal and applied epistemology for the reconstruction of multiscale dynamics.This pyramid summarises the methodology for the modelling of the morphogenesis in live embryos. The three bottom images illustrate the example of our modelling concept on the sea urchin blastula that consists of: Multiscale 4D raw data or Imaged Specimen (blue, bottom-left), Phenomenological multilevel data or Reconstructed Specimen (blue, bottomcentre), and Virtual multilevel data or Simulated Specimen obtained with the MecaGen platform (blue, bottom-right). The phenomenological multilevel model (green, middle-left) represents the set of operations based on algorithmic methods that use 4D raw data and provide the most accurate quantitative information: cell numbers, divisions, positions, shapes, interactions, trajectories, neighbourhood persistence etc. These quantitative results were used to set the parameters for the Theoretical model (yellow, top panel) and also for Numerical simulations that provide a Simulated multilevel model (green, middle-right) that is finally visualised as Virtual multilevel data (blue, bottom-right). ∆v represents the need for validation of the proposed model by testing the Phenomenological multilevel model and Simulated multilevel model. ∆m shows the major challenges represented as the need for adjustments between Multiscale 4D raw data, Phenomenological multilevel data and Virtual multilevel data. ∆m represents validation between Multiscale 4D raw data and Phenomenological multilevel data obtained with custom-made interactive visualisation software Mov-IT[START_REF] Faure | A workflow to process 3D+time microscopy images of developing organisms and reconstruct their cell lineage[END_REF]. Figure from(Fabrèges, n.d.) and(Delile et al., 2014).
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 62 Figure 6. 2 Multiscale 3D+time reconstruction from in vivo and in toto imaging.

Figure 6 . 3

 63 Figure 6. 3 The first version of our mounting scheme for rabbit embryos.Step 1: Mold used to create an agarose well at the bottom of the sample holder. Mounting rabbit embryos with mouth pipette on the bottom of the agarose well.Step 2: The sample holder placed in a cuvette that fits the Alpha 3 z scanning stage. Rabbit embryos mounted on the agarose and well filled with culture medium. Step 3: Mounted rabbit embryos placed on the Alpha 3 z scanning stage. (1a, 1b) The chamber placed around the detection objective connects tubing with the constant flow of air and CO2. (2) Tubing for the temperature control positioned inside the z scanning stage. (3) After the meniscus is formed between culture medium and detection objective mineral oil is added on the top of the meniscus to prevent evaporation.

Figure 6 . 4

 64 Figure 6. 4 The second version of our mounting scheme for rabbit embryos.Step 1: Mold used to create an agarose well at the bottom of the sample holder. Mounting rabbit embryos with a mouth pipette on the bottom of the agarose well.Step 2: The sample holder placed in a cuvette that fits the Alpha 3 z scanning stage. Rabbit embryos mounted on the agarose and well filled with culture medium. In order to prevent evaporation of culture medium, FEP membrane was placed on the top of the sample holder and clipped with a 3D printed frame to keep it tight. Step 3: Mounted rabbit embryos placed on the Alpha 3 z scanning stage. (1a, 1b) The chamber placed around the detection objective connects tubing with the constant flow of air and CO2. (2) IV infusion system used to keep meniscus of the water and detection objective. (3) Tubing for the temperature control positioned inside the z scanning stage. Captions coloured in red highlight the modifications from the first version.
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 65 Figure 6. 5 Photography of a chamber for in toto imaging of mammalian embryos adapted to the Alpha 3 microscope. (1) Chamber; (2) Temperature control tubing; (3) Temperature probe; (4) Z motorised stage; (5) Illumination objective 1; (6) Illumination objective 2; (7) Detection objective.
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 6669 Figure 6. 6 Mold for imaging zebrafish organoids version 1.Custom-designed mold for mounting 91 embryoids. Mold designed to fit inside a 3 cm Petri dish. Buds used to form well-like shape inside the dish using 1% agarose. Dimensions of each bud are: r1=600 µm, r2=500 µm, h=900 µm. Buds positioned to fit camera FOV for imaging maximum number of embryoids simultaneously in 2D with bright file or fluorescent microscopes. Script available from the link: http://bioemergences.iscpif.fr/SJovanic/tools.php

Figure 6 .

 6 Figure 6. 12 Goosecoid reporter expression pattern in embryoids (20 hpf). Superimposed bright field and gsc expression embryoids made from Tg(gsc:EGFP) embryos. Scale bar: 200 μm.

Figure 6 .

 6 Figure 6. 14 Schematics of Leica SP5 two-photon laser scanning microscopy setup.Laser 1: Ytterbium mode-locked laser, with linear polarization, λ1 =1030 nm, pulse duration 200 fs. Laser 2: tuneable Ti-Sapphire mode-locked laser used at fixed wavelength λ2 =980 nm, pulse duration < 100 fs. HWP: Achromatic Half-Wave Plate. PC: Polarizing Tube (HWP+PC is used as a hand power controller). BS: 50/50 Beam Splitter (broadband, non-polarizing cube) to transform two separate beams with distinct wavelengths into two dual-wavelength beams with equal optical power. SM: Scanning Mirror. DM: Dichroic Mirror. PMTs: Photomultiplier Tubes. Schematics from(Fabrèges, n.d.).

3.

  Établir les conditions de montage et d'environnement pour l'imagerie à long terme (jusqu'à 5 jours) d'embryons de lapin aux stades pré-implantatoires avec Alpha 3 (PhaseView). 4. Documenter la robustesse du comportement cellulaire en l'absence de vitellus et des modifications topologiques et de signalisation qui accompagnent son ablation. 5. Caractériser l'implication de la signalisation Nodal dans les mouvements de gastrulation chez les embryons de poisson zébré et les embryoides.

  Nous nous sommes attachés à surmonter les goulots d'étranglement liés à l'imagerie d'embryons de lapin vivants afin de suivre les comportements cellulaires sous-jacents à la formation du futur organisme. Nous avons conçu une chambre imprimée en 3D et développé des stratégies pour le contrôle environnemental appropriées pour l'imagerie in toto de l'embryogenèse de lapin et optimisées pour la microscopie à feuille de lumière avec un chemin optique de détection positionné verticalement. Nous avons montré que notre prototype de chambre possède les propriétés adéquates en termes d'ergonomie et de robustesse pour réaliser l'imagerie 3D haute résolution d'embryons de lapins vivants et d'autres embryons de mammifères tels que les embryons bovins. L'approche d'imagerie établie a pour but de permettre une reconstruction précise et exacte du lignage cellulaire complet des embryons de mammifères au cours de leur développement.Imagerie in toto pour la reconstruction des dynamiques cellulaires au cours de la gastrulation du poisson zébréLes stratégies actuelles d'imagerie 3D+temps et de reconstruction du lignage cellulaire embryonnaire manquent de précision. Il est nécessaire d'améliorer la qualité des images : résolution spatiale, temporelle, rapport signal/bruit de fond. Afin de répondre à ce défi, nous développons les outils et les méthodes nécessaires à l'imagerie in toto d'embryons de poisson zébré au cours des 10 premières heures de leur développement. La taille de l'embryon ne permet pas d'obtenir la qualité d'images requise dans toute l'épaisseur du tissu. Nous proposons d'imager deux moitiés avec une région de recouvrement suffisamment étendue pour permettre un collage précis des deux moitiés. Le microscope Alpha3 n'étant pas équipé d'un rotation motorisée, nous avons réalisé notre protocole avec le prototype de microscope à feuille de lumière élaboré par l'ICFO (Barcelone). Nous avons obtenu des données 3D+temps in toto de moitiés recouvrantes de poisson zébré.Ces images sont cependant altérées par des artefact d'imagerie qu'il s'agira d'améliorer pour obtenir une reconstruction numérique précise et exacte du lignage cellulaire de l'embryon entier de poisson zébré pendant les 10 premieres heures de son développement, soit du stade 1-cellule jusqu'à la fin de la gastrulation.

Figure 3 .

 3 Figure 3. 19 Imagerie in toto d'embryons de lapin vivants avec le microscope Alpha 3 . Projection d'intensité maximale des piles d'images avec quatre embryons de lapin vivants au stade 32 cellules (3 dpc). Embryons colorés de manière ubiquitaire avec EGFP adressée dans les noyaux (vert). Barre d'échelle: 100 µm.
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Table S3 . 3 Image acquisition parameters of 3D fixed data.

 S3 

	type ID	Genotype	Imaged	Pixel	Pixel	Timestep Duration
				depth	size x,y	size z	(hpf)
				(µm)	(µm)	(µm)
	3D+time						
	Embryo	141108aF wt	238,38	1,38	1,37	2' 26"	6.5 to 12.5
	Embryo	140523aF wt	221,25	1,26	1,25	2' 28"	5 to 12
	Embryoid	200312aZ wt	258,23	1,19	1,19	3' 29"	5.3 to 13
	Embryoid	200818aZ wt + acvr1ba*	267,75	1,19	1,19	2' 39"	5.6 to 12
	Embryoid	200825aF wt + acvr1ba*	269,1	1,38	1,17	2' 31"	5.6 to 13
	Embryoid	210218aZ MZoep	253,47	1,19	1,19	2' 42"	5.6 to 13
	Embryoid	201204aF MZoep+acvr1ba* 283,04	1,51	1,22	2' 41"	5.6 to 13
	Embryoid	201223aZ MZoep+acvr1ba* 266,56	1,19	1,19	2' 44"	6.5 to 13
	Sample type ID	Genotype		Pixel size x,y (µm) Pixel size z (µm) Time point (hpf)
	3D fixed						
	Embryoid	200715 krox20:Hras EGFP 1,19	1,19	16
	Sample type ID	Genotype		Pixel size x,y (µm)	Timestep Timepoints (hpf)
	2D bright field and fluorescence				
	Embryoid	210413 gsc:EGFP		1,3		10"	4 and 13
	Embryoid	210524 gsc:EGFP		1,3		10"	4 and 13
	Embryoid	210911 gsc:EGFP		1,3		10"	4 and 13
	Embryoid	210611 gsc:EGFP + acvr1ba*	1,3		10"	5 and 13
	Embryoid	210603 gsc:EGFP + acvr1ba*	1,3		10"	5 and 13
	Embryoid	210601 gsc:EGFP + acvr1ba*	1,3		10"	5 and 13

implication of Nodal signalling on axis elongation and morphogenetic movements in zebrafish embryoids

  Thomson et al., 2021. They suggested that elongation of presomitic mesoderm appears in the absence of local cell intercalation by the mechanism referred as compaction-extension.

	The In order to better understand the role of Nodal signalling pathway in gastrulation
	movements and axis elongation, we constructed embryoids with inactivated proteins of
	the nodal pathway (loss of function) or overexpressed (gain of function). This was studied
	on embryoids containing four Nodal signalling pathway conditions. Wt embryoids were
	used as a control. Gain of function model was wt injected of consecutively active Nodal
	receptor type I (acvr1ba*). We inactivated oep, Nodal co-receptor, in MZoep that was used
	as loss of function model. Finally, MZoep injected of acvr1ba* was a combination of Nodal
	loss and gain of function (Fig. 3. 15). First, we provided evidence of Nodal signalling
	involvement in elongation by showing the highest level of aspect ratio on wt and wt gain
	of function (wt+acvr1ba*) embryoids. Surprisingly, still some elongation occurs in 29.7%

and 3D volumes of nuclei labelled embryos data that have automatically detected nuclei (Castro-González et al., 2014). If cell detection and tracking accuracy of data obtained in this dissertation is of Nodal loss of function (MZoep) embryoids suggesting that apart from Nodal other factors play a role in this process. MZoep embryoids containing acvr1ba* show slightly higher values in elongation measurements, which confirms Nodal non-autonomous involvement in this process. In all, Nodal signalling plays a role in elongation processes, but future studies should elucidate which other factors are involved.
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Video S3. 5 3D+time data for embryoids depending on Nodal activity.

Embryoids belong to the following Nodal signalling pathway conditions: wt, wt+acvr1ba*, MZoep and MZoep+acvr1ba* developing from 5.5 to 13 hpf. Data acquisition parameters give in the Table S3. mCherry-H2B ubiquitously expressed in nuclei (red) and Hras-EGFP with acvr1ba* in the progeny of one cell on the margin microinjected at 16 cell stage (green). Zoom-in segments, white rectangles, depicted collective cell movements appeared outside of the embryoid, synchronised return to the embryoid and emergence of two proximal extension tips. Samples oriented from distal (top) to proximal (bottom). Scale bars: 50 µm. Link: http://bioemergences.eu/SJovanic/videos/VideoS3.6.m4v