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Crustacean leg regeneration restores complex microanatomy and cell diversity

The ability to regenerate injured or amputated body parts is widespread in the animal kingdom. Highly regenerative species can restore organs with complex architectures and multiple differentiated cell types, such as external appendages, internal organs or, in some cases, the entire body from tiny tissue fragments. Single-cell sequencing technologies have opened a new way to answer old questions on the cellular composition and dynamics of regenerating tissues at single-cell resolution. During my thesis, I implemented this method in the emerging model system Parhyale hawaiensis to investigate the catalog of cell types found within the legs and to assess the fidelity of regeneration. Pahryale legs are small but complex tissues surrounded by an impermeable cuticle, which presents a challenge for extracting intact cells. After several trials and optimization, I established a single-nucleus RNA sequencing (snRNA-seq) approach, which diminishes the bias in recovering heterogeneous cell populations compared with single-cell methods. Sequencing the nuclear transcriptome of intact limbs allowed me to identify distinct clusters of nuclei, based on their transcriptional profile, reflecting a diversity of putative cell types.

The comparison of datasets from uninjured and post-regenerated limbs revealed that the diversity and proportions of the cell types are faithfully restored during regeneration. Additionally, these datasets revealed a distinct cluster with a strong signature related to the molting cycle. This work establishes the basis for exploring the cell trajectories during regeneration using snRNA-seq, characterizing their dynamics and identifying the progenitor cells.

Résumé

La capacité à régénérer des parties du corps blessées ou amputées est très répandue dans le règne animal. Les espèces hautement régénératrices peuvent restaurer des organes aux architectures complexes et aux multiples types de cellules différenciées, comme des appendices externes, des organes internes ou, dans certains cas, le corps entier à partir de minuscules fragments de tissus. Les technologies de séquençage de cellules uniques ont ouvert une nouvelle voie pour répondre à l'échelle unicellulaire aux anciennes questions sur la composition et la dynamique cellulaires des tissus en régénération. Au cours de ma thèse, j'ai mis en oeuvre cette méthode dans le système modèle émergent Parhyale hawaiensis afin d'établir le catalogue des types de cellules présentes dans les membres et d'évaluer la fidélité de la régénération. Les membres de Parhyale hawaiensis sont des tissus petits mais complexes entourés d'une cuticule imperméable, qui représente un obstacle à l'extraction de cellules intactes. Après plusieurs essais et optimisations, j'ai mis en place une approche de séquençage de l'ARN mononucléaire (snRNA-seq), qui diminue le biais de récupération de populations cellulaires hétérogènes par rapport aux méthodes unicellulaires. Le séquençage du transcriptome nucléaire de membres intacts m'a permis d'identifier des groupes distincts de noyaux, sur la base de leur profil transcriptionnel, reflétant une diversité de types cellulaires putatifs. La comparaison de données provenant de membres indemnes et régénérés après amputation a révélé que la diversité et les proportions des types de cellules sont fidèlement restaurées pendant la régénération. De plus, j'ai mis en évidence un groupe de cellules distinct avec une forte signature liée au cycle de la mue.
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Research objectives

The goal of this thesis is to identify the transcriptional signature of the major cell types in the adult limbs of Parhyale hawaiensis and to use this cell atlas to assess the fidelity of regeneration. To this end, I aimed to develop a protocol for isolating intact cells or nuclei compatible with single-cell RNAseq technologies in order to characterize the transcriptomes of individual cell types in intact and regenerated limbs. Comparing these transcriptomes between intact limbs and regenerated limbs will allow me to examine whether the cell types present in uninjured limbs are restored in diversity and abundance following the dramatic event that regeneration is.

In this first chapter I introduce general concepts necessary for the subsequent chapters, which only contain a small introduction on the methodology used. The detailed materials and methods are described in Chapter 2. The results contained in this dissertation are organized in the following order:

○ Chapter 3 describes the efforts I made to develop a single cell dissociation protocol and the establishment of an alternative approach, based on nuclei dissociation.

○ Chapter 4 presents a single-nucleus RNA sequencing (snRNA-seq) cell types atlas on intact limbs, including the analysis of the data, the identification of putative cell types, and further analyses on putative cell subtypes.

○ Chapter 5 assesses the degree to which these diverse cell types are faithfully restored after regeneration by comparing additional snRNA-seq datasets generated from uninjured and regenerated limbs.

○ Chapter 6 discusses the molting in Parhyale, specifically how it can have an impact in the transcriptomic signature.

This dissertation closes with a general discussion, future perspectives and conclusions in chapter 7. An appendix follows with additional tables, detailed protocols, publications and a link to the folder containing the non-book components.

GENERAL ASPECTS OF REGENERATION

During the course of their lives, all animals will occasionally have to deal with serious injuries, which may include losing body parts. Some animals close their wounds and adapt to their new condition, but others are able to restore the loss completely and continue living as if nothing had ever happened. Although regeneration covers an extensive and heterogeneous array of processes present in metazoans (including physiological turnover of structures like hair and blood), it is restorative regeneration, the ability to restore a lost body part, that has fed the dreams and nightmares of human beings and, moreover, is the one addressed in this thesis. Regeneration is present in ancient folklore. For instance, Ainu stories tell of a giant octopus-like creature able to regenerate its limbs, Atkor Kamuy, which has terrified Hokkaido's Uchiura Bay since ancient times. Perhaps humans already had a sense of animals' ability to regenerate, but it was not until 1712 when the first formal report on animal (crustacean) regeneration was presented to the French Academy by René-Antoine Ferchault de [START_REF] Réaumur | Sur les diverses Reproductions qui se font dans les Ecrevisses, les Omars, les Crabes, etc. Et entre autres sur celles de leurs Jambes & de leurs Ecailles[END_REF]. Then, in 1744 Abraham Trembley discovered a microscopic creature decorated with tentacles at one end [START_REF] Lenhoff | Hydra and the Birth of Experimental Biology, 1744: Abraham Trembley's Memoires Concerning the Polyps[END_REF], with doubts as to whether it represented an animal or a plant. Because of its anatomy and regenerative capacity, he called it Hydra after the ancient greek myth. His work initiated a modern research approach in regeneration, that involved manipulating living organisms as the methodology for answering biological problems [START_REF] Dinsmore | Animal Regeneration-from Fact to Concept[END_REF] A contagious enthusiasm about regeneration spread during the eighteenth century and gave rise to multiple reports telling us that many animals have the capacity to regenerate. Charles Bonnet discovered regeneration in earthworms [START_REF] Bonnet | Traité d'insectologie ou Observations sur les pucerons[END_REF]) and in the eyes and lens of salamanders and newts, respectively (Bonnet 1780;[START_REF] Bonnet | Memoirs on the Reproduction of the Members of the Water Newt[END_REF]. Bernard de Jussieu, Girard de Villars, Jean-Étienne Guettard, and John Turberville Needham demonstrated that starfish arms regenerate [START_REF] Needham | Nouvelles Découvertes Faites Avec Le Microscope[END_REF][START_REF] Morgan | Regeneration[END_REF]). Lazzaro Spallanzani examined limb, tail, and jaw regeneration in salamanders, in addition to regeneration in frog tadpoles and snails [START_REF] Spallanzani | Prodromo di un'opera da imprimersi sopra le riproduzioni animali[END_REF] and Peter Simon Pallas described regeneration in planarians [START_REF] Pallas | Miscellanea zoologica: quibus novae imprimis atque obscurae animalium species describuntur et observationibus iconibusque illustrantur[END_REF]. [START_REF] Newth | New (and Better?) Parts for Old[END_REF] told us that such was the enthusiasm Spallanzani inspired, that French naturalists and lay people went out into the field and decapitated thousands of snails to find out whether it was true they would equip themselves with new heads. Even Voltaire became curious enough to try the experiments himself [START_REF] Okada | A Brief History of Regeneration Research-For Admiring Professor Niazi's Discovery of the Effect of Vitamin A on Regeneration[END_REF]. As a result, in 1768 the snails of France suffered an unprecedented assault:

The slaughter went on. But, as Spallanzani had suggested, decapitation did not always bring death. In the hands of some experimenters, his results were repeated, the unfortunate animals survived and, after a few weeks, had grown new heads. Thus the study of regeneration in animals which had recently been put on a scientific footing by Reaumur, Bonnet, and Trembley became, perhaps, the first of all branches of experimental biology to be popularized.

-Newth DR. New (and better?) parts from old. In: New biology (eds) M L Johnson, M Abercrombie and G E Fogg

Regeneration is widely and unevenly distributed

Reports of regenerative species increased, and today we know that regeneration is widely but unevenly distributed among metazoans [START_REF] Alvarado | Regeneration in the Metazoans: Why Does It Happen?[END_REF][START_REF] Bely | Evolution of Animal Regeneration: Re-Emergence of a Field[END_REF]. Almost every phylum has one or more species capable of regeneration, at least in some level of biological organization: at the level of cells, such as axonal regeneration; tissues or organs, such as the lens of the newt; complex structures, such as limbs; or whole-body regeneration, such as the recovery of a complete flatworm from a small body fragment [START_REF] Bideau | Animal Regeneration in the Era of Transcriptomics[END_REF])(Figure 1.1). The distribution of regenerative abilities across phyla has been used to understand the evolution of regeneration and to discuss whether it has a single or multiple independent origins (Figure 1.2). A first observation is that whole-body regeneration is found in all basal metazoan phyla: sponges, cnidarians, placozoans, and ctenophores each have members that can regenerate after a series of amputations (A. E. [START_REF] Bely | Evolution of Animal Regeneration: Re-Emergence of a Field[END_REF]. Second, regenerative abilities vary widely within the major groups of bilaterians, including deuterostomes, ecdysozoans, and lophotrochozoans. Multiple losses in annelids from a regenerating ancestor, were well documented by [START_REF] Bely | Distribution of Segment Regeneration Ability in the Annelida[END_REF], as some can regenerate heads and tails, whereas other groups, such as leeches, cannot. In ecdysozoans, the regenerative ability is mainly limited to the regeneration of appendages (legs and antennae), and whole-body regeneration has not been documented. Finally, there is no clear trend in chordates. Some urochordates can regenerate the entire body, amphibians regenerate their tails, limbs and jaws, and birds and mammals have lost the ability to regenerate most structures (Alexandra E. Bely 2010). Mapping regeneration types on the metazoan phylogenetic tree. Most metazoan phyla include representative species with documented abilities to regenerate organs (O, yellow circles) and complex structures (CS, green circles). While absent (struck-through circles) in all vertebrates, ecdysozoans, and some other scattered lineages, whole-body regeneration (WB, blue circles) is a widespread phenomenon among Metazoa. Lack of substantiated data (gray circles) is mostly observed in Brachiopoda and Ecdysozoa. (Figure from [START_REF] Bideau | Animal Regeneration in the Era of Transcriptomics[END_REF] All in all, these considerations suggest a scenario in which regeneration has an ancestral origin, and has been lost and gained in multiple lineages; that is, regeneration is homologous across the metazoans (suggested previously by Goss, 1969;[START_REF] Bely | Evolution of Animal Regeneration: Re-Emergence of a Field[END_REF]. The alternative hypothesis would be that regeneration has evolved and been lost multiple times independently across the animal kingdom. Although plausible that regeneration is an ancient trait, further work to understand this process at the molecular and cellular levels is needed to support or refute the homology hypothesis. In either case, the phylogenetic distribution of regeneration does not seem sufficient to imply deep ancestry, notably because it implies reducing a complex and highly diverse phenomenon to a single trait [START_REF] Tiozzo | Reconsidering Regeneration in Metazoans: An Evo-Devo Approach[END_REF].

How to regenerate

Apart from the phylogenetic aspects and the limits of the regenerative capacity, it is fundamental to understand how the animals that possess this capacity can achieve it.

Regeneration can occur through cellular rearrangements and changes in cell differentiation (morphallaxis) or cell proliferation (epimorphosis) [START_REF] Morgan | Regeneration[END_REF]).

However, this terminology is of limited use in our days, as cell proliferation, cell rearrangements and changes in cell fate are now known to coexist in most instances of regeneration [START_REF] Agata | Unifying Principles of Regeneration I: Epimorphosis versus Morphallaxis[END_REF][START_REF] Sinigaglia | The Hazards of Regeneration: From Morgan's Legacy to Evo-Devo[END_REF]Tiozzo, 2022,Galliot and[START_REF] Galliot | The Hydra Model: Disclosing an Apoptosis-Driven Generator of Wnt-Based Regeneration[END_REF]Tiozzo andCopley, 2015, Alwes et al. 2016).

An alternative way to describe restorative regeneration is to divide the process into modules. In this approach, three sequential distinct events are conserved among different taxa, although the boundaries between them are blurred in some cases [START_REF] Tiozzo | Reconsidering Regeneration in Metazoans: An Evo-Devo Approach[END_REF][START_REF] Bideau | Animal Regeneration in the Era of Transcriptomics[END_REF]):

-Wound closure refers to the initial healing process, involving an immune response, closure of the wound by a clot/scab, and cell migration to re-establish the epithelial barrier. The initial stages, which include changes in cell shape and the formation of functional actomyosin structures triggered by the diffusion of Ca 2+ , hydrogen peroxide (H 2 O 2 ) and ATP through the epithelial tissue, are shared by almost all metazoans (both regenerative and non-regenerative species [START_REF] Cordeiro | The Role of Transcription-Independent Damage Signals in the Initiation of Epithelial Wound Healing[END_REF]).

-Initiation of regeneration through the recruitment/activation of progenitor cells.

One of the main functions of early signaling events after injury is to stimulate the production of additional cells competent for rebuilding lost structures. In most organisms, this involves the production of the regenerating blastema, a population of undifferentiated cells that have the capacity to proliferate and re-differentiate into all cellular components of the lost structure. The origin and potency of progenitor cells in various species are discussed in the next section.

-Morphogenesis includes the events that lead to the (complete or partial) reconstruction of the lost body part. These include patterning, differentiation, and growth. Morphogenesis during regeneration can be compared to morphogenesis of the same structure during embryonic development.

THE CELLS THAT RE-MAKE LOST STRUCTURES

Injured tissues have several ways of providing new cells for regeneration, and these may be locally resident or migrate from elsewhere. New cells can arise from (I) stem cells, which can self-renew and produce one or more differentiated cell types [START_REF] Weissman | Stem and Progenitor Cells: Origins, Phenotypes, Lineage Commitments, and Transdifferentiations[END_REF], (II) cells that lose their differentiated character and re-gain the capacity to divide [START_REF] Jopling | Dedifferentiation, Transdifferentiation and Reprogramming: Three Routes to Regeneration[END_REF], (III) cells that trans-differentiate from one cell type to another, and (IV) existing differentiated cells that have the capacity to proliferate [START_REF] Tanaka | The Cellular Basis for Animal Regeneration[END_REF]) (Figure 1.3). All of these possible sources of new cells can, in principle, work together to enable the regeneration of a complex tissue. Regardless of the origin of the progenitor cells, it is important to determine the developmental potential of these cell types in regeneration (whether they are unipotent, multipotent, or totipotent; [START_REF] Tanaka | The Cellular Basis for Animal Regeneration[END_REF].

The identification of regenerative progenitors in different organisms provides a straightforward way of comparing regeneration across animals in an evolutionary framework. In this section, I summarize some of the best-known examples.

Whole-body regeneration

Porifera Some sponges have excellent regenerative abilities, including the ability to reassemble their bodies after cell dissociation. However, not all species are able to reconstruct functional and viable sponges after cell dissociation [START_REF] Eerkes-Medrano | Sponge Cell Aggregation: Checkpoints in Development Indicate a High Level of Organismal Complexity[END_REF]. Halisarca dujardini, for example, can reconstruct its body from a cell suspension, while its close relative Halisarca panicea is unable to do so [START_REF] Lavrov | Sponge Cell Reaggregation: Cellular Structure and Morphogenetic Potencies of Multicellular Aggregates[END_REF].

Two cell types may be involved as progenitors for regeneration: choanocytes and archeocytes. Archeocytes, one of the most distinctive cells of the mesohyl, are described as totipotent because they can differentiate into any cell type and express homologs of Piwi, Nanos, Vasa, and Tudor, characterizing "stemness" in both germline and somatic multi-or pluripotent stem cells in many metazoans [START_REF] Solana | Closing the Circle of Germline and Stem Cells: The Primordial Stem Cell Hypothesis[END_REF]Funayama 2018).

Choanocytes, which are specialized flagellated cells derived from the epithelium, are considered multipotent because they are capable of trans-differentiating into multiple cell types (Funayama 2018;[START_REF] Riesgo | Evolution of the Animal Germline: Insights from Animal Lineages with Remarkable Regenerating Capabilities[END_REF].

The mechanism of regeneration is different among the four groups of sponges. In demosponges, archeocytes proliferate massively and migrate to form a blastema with the involvement of choanocyte dedifferentiation (Funayama 2018). Calcareous sponges, which lack archaeocytes, regenerate by epithelial morphogenesis through proliferation and transdifferentiation of pinacocytes and choanocytes [START_REF] Funayama | The Stem Cell System in Demosponges: Suggested Involvement of Two Types of Cells: Archeocytes (Active Stem Cells) and Choanocytes (Food-Entrapping Flagellated Cells)[END_REF]; A. V. [START_REF] Ereskovsky | Regeneration in White Sea sponge Leucosolenia complicata (Porifera, Calcarea)[END_REF][START_REF] Sinigaglia | The Hazards of Regeneration: From Morgan's Legacy to Evo-Devo[END_REF]. A homoscleromorphic species, Oscarella lobularis, has also been reported to regenerate by trans-differentiating choanocytes and rearranging of tissues (Alexander V. [START_REF] Ereskovsky | Oscarella Lobularis (Homoscleromorpha, Porifera) Regeneration: Epithelial Morphogenesis and Metaplasia[END_REF]. In contrast, tissue regeneration has not yet been observed in hexactinellids (S. P. [START_REF] Leys | The Biology of Glass Sponges[END_REF].

Cnidarians

Cnidarians have been found to have a remarkable regenerative capacity throughout the whole phylum [START_REF] Technau | Evolutionary Crossroads in Developmental Biology: Cnidaria[END_REF]. They are divided into two major groups: Anthozoa (sea anemones, corals, and sea pens), which live as sessile polyps, and Medusozoa (jellyfish, sea wasps, and hydrozoans), many but not all of which form both free-swimming medusae and polyps [START_REF] Technau | Evolutionary Crossroads in Developmental Biology: Cnidaria[END_REF]. Their bodies consist of only two major germ layers, the endoderm and the ectoderm, plus tissues such as mesoglea and muscles.

In hydrozoans, a class of Medusozoa, three types of stem cells are involved in regeneration: ectodermal epithelial stem cells, endodermal epithelial stem cells, and 'interstitial' cells (i-cells) [START_REF] Leclère | Hydrozoan Insights in Animal Development and Evolution[END_REF]. The first two are unipotent and support the continuous renewal of ectodermal and endodermal epithelia, respectively. Interstitial cells are multipotent cells unique to hydrozoans and can differentiate into neurons, nematocytes, gland cells, and germ cells [START_REF] Leclère | Maternally Localized Germ Plasm MRNAs and Germ Cell/Stem Cell Formation in the Cnidarian Clytia[END_REF][START_REF] Gold | Stem Cell Dynamics in Cnidaria: Are There Unifying Principles?[END_REF]. The potency of i-cells varies among species; for example, in Hydractinia echinata, i-cells, in addition to the cell types mentioned above, can also differentiate into epithelial cells, whereas this is not the case in Hydra vulgaris [START_REF] Künzel | Migration and Differentiation Potential of Stem Cells in the Cnidarian Hydractinia Analysed in EGFP-Transgenic Animals and Chimeras[END_REF].

Transdifferentiation can also occur in hydrozoans, as observed from the striated muscle to neural progenitros of the hydrozoan medusa [START_REF] Galle | The Homeobox Gene Msx in Development and Transdifferentiation of Jellyfish Striated Muscle[END_REF] and also in Hydra [START_REF] Siebert | Cell Type Complexity in the Basal Metazoan Hydra Is Maintained by Both Stem Cell Based Mechanisms and Transdifferentiation[END_REF][START_REF] Tiozzo | Reconsidering Regeneration in Metazoans: An Evo-Devo Approach[END_REF]. Among anthozoans, a population of multipotent neural progenitor cells has been identified in Nematostella vectensis [START_REF] Richards | Transgenic Analysis of a SoxB Gene Reveals Neural Progenitor Cells in the Cnidarian Nematostella Vectensis[END_REF].

Planarians

Planarians are freshwater flatworms (phylum Platyhelminthes) whose regenerative ability has been documented for centuries. They can regenerate new heads, tails, sides, or entire organisms from small body fragments in a process that takes days to weeks [START_REF] Reddien | The Cellular and Molecular Basis for Planarian Regeneration[END_REF]. Regeneration is mediated by a blastema that arises from the migration and proliferation of adult stem cells called neoblasts [START_REF] Sugio | Stem Cells in Asexual Reproduction of Enchytraeus Japonensis (Oligochaeta, Annelid): Proliferation and Migration of Neoblasts[END_REF][START_REF] Baguñà | Regeneration and Pattern Formation in Planarians[END_REF]. In Schmidtea mediterranea, a subset of neoblasts called clonogenic Neoblasts (cNeoblast) is capable of restoring the regenerative capacity of lethally irradiated hosts by clonal expansion [START_REF] Wagner | Clonogenic Neoblasts Are Pluripotent Adult Stem Cells That Underlie Planarian Regeneration[END_REF]. Single cNeoblasts have the ability to produce differentiated progeny that span multiple germ layers and exhibit pluripotency [START_REF] Wagner | Clonogenic Neoblasts Are Pluripotent Adult Stem Cells That Underlie Planarian Regeneration[END_REF]. However, neoblasts in adult worms are heterogeneous and a large proportion of these is likely restricted to a particular lineage [START_REF] Cowles | Genome-Wide Analysis of the BHLH Gene Family in Planarians Identifies Factors Required for Adult Neurogenesis and Neuronal Regeneration[END_REF][START_REF] Adler | Types or States? Cellular Dynamics and Regenerative Potential[END_REF].

Acoels

Acoels are flatworms belonging to a larger clade named Xenacoelomorpha. Their phylogenetic position as the sister group of bilaterians [START_REF] Hejnol | Assessing the Root of Bilaterian Animals with Scalable Phylogenomic Methods[END_REF][START_REF] Cannon | Xenacoelomorpha Is the Sister Group to Nephrozoa[END_REF] or ambulacrarians [START_REF] Philippe | Acoelomorph Flatworms Are Deuterostomes Related to Xenoturbella[END_REF][START_REF] Kapli | Lack of Support for Deuterostomia Prompts Reinterpretation of the First Bilateria[END_REF]) is still disputed. In both cases, the last common ancestor of acoels and planarians most probably coincides with the ancestor of all bilaterians; comparing these groups might therefore be informative for reconstructing the ancestral mechanism of whole-body regeneration. Regeneration in acoels also depends on a blastema formed by multipotent or totipotent neoblasts. As in planarians, these express Piwi paralogs and other involved in the germline multipotency program [START_REF] Srivastava | Whole-Body Acoel Regeneration Is Controlled by Wnt and Bmp-Admp Signaling[END_REF]). This knowledge comes from studies performed in a single suborder of acoels (Bursalia).

Appendage regeneration Vertebrates

Unlike flatworms, cnidarians and sponges, vertebrates do not exhibit whole-body regenerative abilities, but some can regrow substantial parts of their body. Salamanders (axolotls and newts), lizards, frog tadpoles and fishes can regenerate internal organs such as the heart, brain, and kidneys and appendages such as limbs, tails, and fins [START_REF] Jacyniak | Tail Regeneration and Other Phenomena of Wound Healing and Tissue Restoration in Lizards[END_REF][START_REF] Darnet | Deep Evolutionary Origin of Limb and Fin Regeneration[END_REF][START_REF] Joven | Model Systems for Regeneration: Salamanders[END_REF][START_REF] Phipps | Model Systems for Regeneration: Xenopus[END_REF] During appendage regeneration, a blastema is formed at the site of injury. Both dedifferentiation and activation of resident stem cells contribute to regeneration. Some progenitor cells arise by dedifferentiation from local mature tissue. For instance, myocytes in adult newts [START_REF] Sandoval-Guzmán | Fundamental Differences in Dedifferentiation and Stem Cell Recruitment during Skeletal Muscle Regeneration in Two Salamander Species[END_REF], nerve cells in axolotls [START_REF] Kragl | Cells Keep a Memory of Their Tissue Origin during Axolotl Limb Regeneration[END_REF], fibroblasts and osteoblasts in zebrafish fins [START_REF] Stewart | Limited Dedifferentiation Provides Replacement Tissue during Zebrafish Fin Regeneration[END_REF] and cartilage and myocytes in lizard tails [START_REF] Londono | Cartilage and Muscle Cell Fate and Origins during Lizard Tail Regeneration[END_REF]) dedifferentiate and contribute to blastema formation. In some cases, resident stem cells populate the blastema. In frog tadpoles, zebrafish larvae, axolotls, and newt larvae, muscle satellite cells, stem cells located adjacent to mature muscle fibers and involved in muscle repair, are activated near the wound and participate in muscle regeneration [START_REF] Gargioli | Cell Lineage Tracing during Xenopus Tail Regeneration[END_REF][START_REF] Rodrigues | Skeletal Muscle Regeneration in Xenopus Tadpoles and Zebrafish Larvae[END_REF][START_REF] Sandoval-Guzmán | Fundamental Differences in Dedifferentiation and Stem Cell Recruitment during Skeletal Muscle Regeneration in Two Salamander Species[END_REF][START_REF] Tanaka | The Molecular and Cellular Choreography of Appendage Regeneration[END_REF].

Arthropods

The phylum of arthropods consists of three major groups: Chelicerata (scorpions, spiders, pycnogonids and horseshoe crabs), Myriapoda (millipedes and centipedes), and Pancrustacea (crustaceans and insects). Although it has been reported that some arthropods can regenerate post-anal structures [START_REF] Clare | A Morphological Study of Wound Response and Telson Regeneration in Postlarval Limulus Polyphemus (L.)[END_REF][START_REF] Mees | Aberrant Individuals of Neomysis Integer and Other Mysidacea: Intersexuality and Variable Telson Morphology[END_REF], the regeneration of limbs has been studied most extensively. Many of them but not all, can regenerate lost limbs (reviewed in [START_REF] Suzuki | Evolution and Regulation of Limb Regeneration in Arthropods[END_REF], and factors including developmental stage, amputation level and physiological state (e.g. molting, see Chapter 6) have been shown to influence the regeneration process [START_REF] Maruzzo | Arthropod Regeneration[END_REF].

Most studies have been performed on species that are able to regenerate a structurally normal limb under most conditions, such as decapod and amphipod crustaceans, cockroaches and crickets [START_REF] Khan | Regeneration in Crustaceans and Insects[END_REF].

Many arthropods have a specific mechanism, called autotomy, that allows them to break off a limb at a specific point and regenerate it, to escape from predators and repair injuries. In malacostracan and hexapods, this is triggered by a nervous reflex activating a specific muscle at the site of autotomy [START_REF] Khan | Regeneration in Crustaceans and Insects[END_REF]. In both insects and crustaceans, limb regeneration involves the formation of a blastema, followed by its differentiation into a functional limb [START_REF] Das | Morphological, Molecular, and Hormonal Basis of Limb Regeneration across Pancrustacea[END_REF]. In the cockroach Periplaneta americana, the fiddler crab Uca pugilator, and the cricket Gryllus bimaculatus, the epidermis contributes to blastema formation through its dedifferentiation and subsequent proliferation near the site of the wound [START_REF] Truby | Separation of Wound Healing from Regeneration in the Cockroach Leg[END_REF][START_REF] Hopkins | Limb Regeneration in the Fiddler Crab, Uca Pugilator: Histological, Physiological and Molecular Considerations1[END_REF]. There is no evidence of dedifferentiation to a pluripotent cell type. 

Studies on the amphipod

REGENERATION IS NOT ALWAYS PERFECT

Many animals can regrow body parts to some degree after injury. At one end of the spectrum are the planarians and hydrozoans, which are thought to be able to regenerate perfectly and precisely recreate the original structure. At the other end are organisms unable to regenerate (e.g., nematodes) or are limited to cell turnover in tissues such as epithelia and blood. Between these extremes, we find a variety of animals that exhibit imperfect regeneration. The most striking example is the Xenopus froglet, which restores an unbranched long cartilaginous protrusion referred to as a "spike" (M. [START_REF] Suzuki | Limb Regeneration in Xenopus Laevis Froglet[END_REF]. Well-known imperfections also include the replacement of bony vertebrae by cartilage in lizard tails [START_REF] Mclean | A Novel Amniote Model of Epimorphic Regeneration: The Leopard Gecko, Eublepharis Macularius[END_REF]Goss 1969) and alterations in tarsal segmentation, nerves, musculature, and tracheae in cockroach nymphs compared to uninjured legs [START_REF] Kaars | Patterned Regeneration of Internal Femoral Structures in the Cockroach,Periplaneta Americana L[END_REF].

In some cases, the regenerated structure resembles the original one, although it has subtle defects. For example, in zebrafish heart regeneration, a small proportion of cardiomyocytes fail to differentiate and function, and the heart retains residual scars [START_REF] Bertozzi | Is Zebrafish Heart Regeneration "Complete"? Lineage-Restricted Cardiomyocytes Proliferate to Pre-Injury Numbers but Some Fail to Differentiate in Fibrotic Hearts[END_REF]. Repeated amputation of the caudal fins near the site of bony ray bifurcation shifts its position distally [START_REF] Azevedo | An Amputation Resets Positional Information to a Proximal Identity in the Regenerating Zebrafish Caudal Fin[END_REF]). In the salamander Ambyostoma, the regenerated limbs show some nerve patterning defects and minor changes in muscle [START_REF] Piatt | Studies on the Problem of Nerve Pattern. III. Innervation of the Regenerated Forelimb in Amblystoma[END_REF][START_REF] Diogo | Is Salamander Limb Regeneration Really Perfect? Anatomical and Morphogenetic Analysis of Forelimb Muscle Regeneration in GFP-Transgenic Axolotls as a Basis for Regenerative, Developmental, and Evolutionary Studies: Limb Regeneration in Salamanders[END_REF]diogo. Finally, the spinal ganglia are not regenerated in Xenopus tadpole tails, although sufficient sensory innervation is produced to allow essential functions [START_REF] Lin | Regeneration of Neural Crest Derivatives in the Xenopustadpole Tail[END_REF].

Parhyale appendages, and notably the legs, regrow within 1-2 weeks and are externally visible after the animal has molted [START_REF] Konstantinides | A Common Cellular Basis for Muscle Regeneration in Arthropods and Vertebrates[END_REF][START_REF] Alwes | Live Imaging Reveals the Progenitors and Cell Dynamics of Limb Regeneration[END_REF]. Upon casual visual inspection, the regenerated limbs appear to be smaller versions of the uninjured limbs in terms of anatomy and function, and even their size is restored during subsequent molts [START_REF] Alwes | Live Imaging Reveals the Progenitors and Cell Dynamics of Limb Regeneration[END_REF]. In his dissertation, Çağrı Çevrim (2021) described the diversity of external sensory organs (also called setae), which are arranged in specific patterns on the exoskeleton of Parhyale limbs. He demonstrated that after regeneration, all types of setae were restored in the original pattern and the legs regained their sensitivity to mechanical stimuli.

PARHYALE HAWAIENSIS: AN EMERGING MODEL SYSTEM FOR REGENERATION

Parhyale hawaiensis is a crustacean belonging to the class Malacostraca, which also includes shrimps, krills, crabs, and lobsters. Within this class, Parhyale belongs to the order of Amphipoda, commonly known as scuds, side swimmers, or beach hoppers, and can be seen on some beaches [START_REF] Sun | The Amphipod Crustacean Parhyale Hawaiensis: An Emerging Comparative Model of Arthropod Development, Evolution, and Regeneration[END_REF]. Parhyale hawaiensis are detritivores and have a circumtropical, intertidal or shallow-water marine distribution [START_REF] Shoemaker | Observations on the Amphipod Genus 'Parhyale[END_REF][START_REF] Barnard | Marine Amphipoda of Atolls in Micronesia[END_REF], occupying habitats such as bays, estuaries and mangroves [START_REF] Shoemaker | Observations on the Amphipod Genus 'Parhyale[END_REF][START_REF] Poovachiranon | Food Preference Studies and Ingestion Rate Measurements of the Mangrove Amphipod Parhyale Hawaiensis (Dana)[END_REF].

Morphology and life cycle

Parhyale embryos can be collected from the ventral brood pouch of adult females without harm to the mother or embryos. Embryonic development takes approximately 11 days at 26°C and has been divided into a series of morphologically identifiable stages (Browne et al., 2006). Embryos undergo direct development without distinct larval forms and therefore hatch looking like miniature versions of the adults [START_REF] Browne | Stages of Embryonic Development in the Amphipod Crustacean,Parhyale Hawaiensis[END_REF].

Parhyale exhibits the pattern of segmental organization typical of malacostracans, which includes head, thoracic (pereon), and abdominal (pleon) units with conserved numbers of segments: 20 segments, 19 of which have appendages (reviewed in [START_REF] Sun | The Amphipod Crustacean Parhyale Hawaiensis: An Emerging Comparative Model of Arthropod Development, Evolution, and Regeneration[END_REF]Paris et al., 2022)(Figure 1.4). The six head segments are equipped with two pairs of sensory antennae (An1, An2) and three pairs of feeding appendages (Mn, Mx1, Mx2).

The pereon consists of eight segments, beginning with a segment bearing a feeding-like appendage called a maxilliped (T1/Mxp), followed by segments with two grasping appendages (gnathopods, T2-3) and five locomotory legs (T4-8). The legs of segments T4-T5 face forward while T6-T8 legs face posterior -hence the name 'Amphipoda'. The pleon comprises six segments with biramous (branched) appendages, with segments A1-A3 bearing pleopods, used for swimming, and A4-A6 bearing uropods, with which they cling to or jump off the substrate. The six head segments are equipped with two pairs of sensory antennae and three pairs of feeding appendages. The pereon consists of a segment bearing a feeding-like appendage called a maxilliped, followed by segments with two grasping appendages (gnathopods) and five locomotory legs. The legs of the first two segments (highlighted in grey) face forward whilethe following three legs face posterior. The pleon comprises six segments with biramous (branched) appendages, with the first three segments bearing pleopods, used for swimming, and following three segments bearing uropods, with which they cling to or jump off the substrate.

Approximately 2 months after hatching, Parhyale become sexually mature. Adults are sexually dimorphic: females are smaller and have prominent ovaries, while males are larger and have a pair of enlarged gnathopods on T3. Mating-ready animals are found in pairs, with males clasping the females before copulation and releasing them after sperm deposition [START_REF] Sun | The Amphipod Crustacean Parhyale Hawaiensis: An Emerging Comparative Model of Arthropod Development, Evolution, and Regeneration[END_REF]. Parhyale grow throughout their lives by successive molts, during which they shed their cuticle and replace it with a new one. Their body length increases from ~1 mm in hatchlings to more than 10 mm in adults (Paris et al.

2022).

As mentioned above, Parhyale are able to regenerate their appendages, including antennae, mouthparts, thoracic limbs, pleopods and uropods. Limbs can be amputated at any site along their proximo-distal axis, where they will heal and regenerate the missing parts. Their body is enclosed within a chitinous exoskeleton and regeneration within the limb segment before the amputation place. For this reason, Parhyale depend on molting to fully restore the structure and function of their regenerating limbs. Live imaging shows that the following events take place once a Parhyale leg has been amputated: 1) within minutes from the cut, hemocytes adhere to the wound surface to stop the bleeding, 2) the wound surface becomes melanized within the next 24 hours mediated by the hemocytes at the wound, 3) the epidermis of the leg migrates under the surface of the wound/scab, re-establishing an intact epithelial barrier between the scab and the inner tissues of the leg, 4) the epithelium at the wound site detaches from the cuticle and extensive cell proliferation, cell movement and apoptosis take place in the region of the wound, 5) limb morphogenesis takes place below the scab, 6) the animal molts and the newly regenerated limb is released and becomes functional [START_REF] Alwes | Live Imaging Reveals the Progenitors and Cell Dynamics of Limb Regeneration[END_REF][START_REF] Paris | Chapter Eight -The Crustacean Model Parhyale Hawaiensis[END_REF]).

Experimental tools to study regeneration on Parhyale

Currently, Parhyale is the best established experimental system in crustaceans, offering year-round accessibility to developmental stages, transgenic tools, genomic resources, and established genetics and imaging approaches [START_REF] Paris | Chapter Eight -The Crustacean Model Parhyale Hawaiensis[END_REF]. Although I did not use these tools, I present here some that can be useful to address regeneration.

Transgenesis

Transgenesis in Parhyale is performed using the Minos transposon as a vector [START_REF] Pavlopoulos | Establishing Genetic Transformation for Comparative Developmental Studies in the Crustacean Parhyale Hawaiensis[END_REF]Kontarakis and Pavlopoulos 2014), which consists of two inverted terminal repeats flanking the desired insert sequence. Minos plasmid constructs are co-injected with transposase mRNA in early embryos; the construct is randomly inserted into the genome, giving rise to mosaic individuals (G0). Only Minos insertions present in the germline are passed on to subsequent generations (G1, G2...).

Temporal control of gene expression can be achieved in Parhyale using a heat-inducible promoter from the Parhyale hsp70 gene [START_REF] Pavlopoulos | Probing the Evolution of Appendage Specialization by Hox Gene Misexpression in an Emerging Model Crustacean[END_REF]. It has been used to express fluorescent markers and misexpress different isoforms of the Hox protein Ubx, leading to homeotic transformations [START_REF] Pavlopoulos | Probing the Evolution of Appendage Specialization by Hox Gene Misexpression in an Emerging Model Crustacean[END_REF].

Loss-of function genetics

Genetic knockdown/knockout techniques were developed in Parhyale using morpholino, RNAi, and CRISPR-Cas9 technology. Morpholinos have been used to knockdown the vasa gene, a well-studied germ cell determinant that is widely conserved [START_REF] Özhan-Kizil | Germ Cells in the Crustacean Parhyale Hawaiensis Depend on Vasa Protein for Their Maintenance but Not for Their Formation[END_REF]. For RNAi, injection of small interfering RNAs (siRNAs) has been used to suppress expression of Distal-less and Ultrabithorax [START_REF] Liubicich | Knockdown of Parhyale Ultrabithorax Recapitulates Evolutionary Changes in Crustacean Appendage Morphology[END_REF]) and single-minded [START_REF] Vargas-Vila | A Prominent Requirement for Single-Minded and the Ventral Midline in Patterning the Dorsoventral Axis of the Crustacean Parhyale Hawaiensis[END_REF].

Integration of a Minos-based heat-inducible transgene that generates a hairpin RNA targeting abdA has also been successfully used for knockdown and provides an approach for temporal control of RNAi in Parhyale [START_REF] Martin | CRISPR/Cas9 Mutagenesis Reveals Versatile Roles of Hox Genes in Crustacean Limb Specification and Evolution[END_REF].

Live imaging

A remarkable feature for the study of leg regeneration in Parhyale is the possibility to image regeneration continuously at cellular resolution; the transparent cuticle can be glued, immobilizing the leg without keeping the animal anesthetized [START_REF] Alwes | Live Imaging Reveals the Progenitors and Cell Dynamics of Limb Regeneration[END_REF][START_REF] Sugawara | Tracking Cell Lineages in 3D by Incremental Deep Learning[END_REF]. Combined with transgenesis, this powerful approach allows tracking of cell lineages throughout regeneration, from the time of amputation to subsequent molting (~1 week), and provides a basis for studying the cell behavior underlying morphogenesis in regenerating legs. For instance, the use of stable transgenic lines expressing histone-H2B-tagged fluorescent proteins has allowed the tracking of cells during embryonic development and regeneration [START_REF] Alwes | Live Imaging Reveals the Progenitors and Cell Dynamics of Limb Regeneration[END_REF][START_REF] Wolff | Multi-View Light-Sheet Imaging and Tracking with the MaMuT Software Reveals the Cell Lineage of a Direct Developing Arthropod Limb[END_REF][START_REF] Sugawara | Tracking Cell Lineages in 3D by Incremental Deep Learning[END_REF]. Software for cell tracking -MaMuT or Mastodon [START_REF] Wolff | Multi-View Light-Sheet Imaging and Tracking with the MaMuT Software Reveals the Cell Lineage of a Direct Developing Arthropod Limb[END_REF]) and ELEPHANT [START_REF] Sugawara | Tracking Cell Lineages in 3D by Incremental Deep Learning[END_REF]-have been developed and tested on Parhyale light-sheet and confocal data [START_REF] Almaz An | Regenerated crustacean limbs are precise replicas[END_REF].

Laser ablation

Groups or individual cells can be efficiently killed by laser ablation. This technique has been used to study the role of the Parhyale midline in dorsal-ventral patterning of the germband [START_REF] Vargas-Vila | A Prominent Requirement for Single-Minded and the Ventral Midline in Patterning the Dorsoventral Axis of the Crustacean Parhyale Hawaiensis[END_REF] and to investigate the role of nerves in limb regeneration (C. Sinigaglia and M. Averof, unpublished).

Protein and RNA detection in situ

Antibody staining and in situ hybridization protocols are well-established in Parhyale embryos (Rehm et al. 2009a;2009b). However, the impermeable cuticle surrounding the limbs presents a significant challenge for in situ hybridization and immunostainings in juvenile and adult stages. Recently, in situ HCR has been used to probe multiple transcripts per embryo [START_REF] Bruce | Knockout of Crustacean Leg Patterning Genes Suggests That Insect Wings and Body Walls Evolved from Ancient Leg Segments[END_REF]. I discuss this point further in chapter 7.

SINGLE-CELL TRANSCRIPTOMICS: A TOOL TO UNRAVEL CELL TYPES

The various cells that make up multicellular organisms have acquired, throughout evolution, specialized functions. We classify them into different types based on their morphology, function, gene expression, and/or ontogeny. The fact that the definition of a cell type is still subject to debate today is partly due to the rise of single-cell transcriptomics. In essence, single-cell omics refers to the technologies that allow us to profile hundreds to thousands of individual cells simultaneously. The most commonly profiled genomic feature is mRNA, but the technology is rapidly improving, and we can now also assess chromatin accessibility, DNA sequence, DNA methylation, and cell surface proteins (Stuart et al. 2019). Because distinct cell types express different sets of genes, sequencing their transcriptomes allows us to classify and characterize them, leading to their identification and exploring rare populations masked in bulk RNA sequencing studies. As a result, researchers can now address questions with unprecedented resolution and review our previous ideas about what defines a cell type.

Overview of single-cell transcriptomics technologies

Single-cell RNA sequencing (scRNA-seq) was first applied on a single blastomere and oocyte [START_REF] Tang | MRNA-Seq Whole-Transcriptome Analysis of a Single Cell[END_REF]. The concept and technology of this study opened a new field that has grown rapidly, by increasing the number of captured cells and making use of high-throughput sequencing. There are a considerable number of methods to achieve this, all based on the same underlying principles: cell recovery from a cell suspension, reverse transcription (conversion of cellular RNA to cDNA), amplification of the cDNA, and library preparation for sequencing. An important aspect to consider when designing an experiment is that some methods can produce full-length transcript sequencing data (e.g. SMART-seq2), whereas others only capture sequences at the 3′ or 5′ ends of transcripts (Drop-seq, SPLiT-seq). Sequencing either the 3' or the 5' end is cost-effective.

On the other hand, full-length transcriptome sequencing allows the detection of splice variants, alternative transcripts or RNA editing [START_REF] Chen | Single-Cell RNA-Seq Technologies and Related Computational Data Analysis[END_REF].

High-throughput methods can be broadly divided into plate-based, split-pool, and microfluidics-based protocols.

Plate-based methods place single cells into 96-or 384-well plates using micropipettes or fluorescence-activated cell sorting (FACS) [START_REF] Papalexi | Single-Cell RNA Sequencing to Explore Immune Cell Heterogeneity[END_REF]. Platforms using this strategy include single-cell tagged reverse transcription sequencing (STRT-seq; [START_REF] Tang | MRNA-Seq Whole-Transcriptome Analysis of a Single Cell[END_REF], [START_REF] Islam | Quantitative Single-Cell RNA-Seq with Unique Molecular Identifiers[END_REF], SMART-seq [START_REF] Ramsköld | Full-Length MRNA-Seq from Single-Cell Levels of RNA and Individual Circulating Tumor Cells[END_REF], and SMART-seq2 [START_REF] Picelli | Full-Length RNA-Seq from Single Cells Using Smart-Seq2[END_REF]. Although robots can be used to parallelize well-based methods, increasing throughput, plate-based methods do not scale up as well as droplet methods (see below) in terms of the number of cells examined.

In split-pool approaches, cells are split in "pools" rather than processed individually. The method is based on successive splitting and tagging of the RNA from each pool of cells with a pool-specific RNA barcode, resulting in a unique combination of barcodes for each cell. At the end of the split/tag rounds, all cells are processed together and sequencing reads can be assigned to their original cell using the unique combination of barcodes it harbors. Split-seq has the financial advantage of being cheaper than other single-cell methods. Indeed no specific equipment is needed because SPLiT-seq does not require single partitioning cells into individual compartments (droplets, microwells, or wells) but relies on the cells themselves as compartments [START_REF] Rosenberg | Single-Cell Profiling of the Developing Mouse Brain and Spinal Cord with Split-Pool Barcoding[END_REF].

During the second round of ligation, unique molecular identifiers (UMIs, random sequences used as molecular tags) are incorporated for subsequent correction of amplification biases [START_REF] Rosenberg | Single-Cell Profiling of the Developing Mouse Brain and Spinal Cord with Split-Pool Barcoding[END_REF].. Microfluidic technology has gained popularity because it allows processing tens of thousands of cells in a single run, at a relatively low cost [START_REF] Lafzi | Tutorial: Guidelines for the Experimental Design of Single-Cell RNA Sequencing Studies[END_REF]G. Chen, Ning, and Shi 2019). Microfluidic systems mainly consist of microchannels that introduce or collect reagents and samples [START_REF] Duncombe | Microfluidics: Reframing Biological Enquiry[END_REF]. Three strategies have been developed for cell capture: Integrated Fluidics Circuits (IFCs), droplets, and nanowells, all of which increase the number of capture sites compared with multiwell plates [START_REF] Lafzi | Tutorial: Guidelines for the Experimental Design of Single-Cell RNA Sequencing Studies[END_REF]). Among them, droplet-based technologies use devices that generate oil-in-water emulsions to isolate single cells in droplets. Examples are Drop-seq [START_REF] Klein | Droplet Barcoding for Single-Cell Transcriptomics Applied to Embryonic Stem Cells[END_REF] and inDrops [START_REF] Macosko | Highly Parallel Genome-Wide Expression Profiling of Individual Cells Using Nanoliter Droplets[END_REF], and their commercialized version, 10x Chromium (10x Genomics; [START_REF] Zheng | Massively Parallel Digital Transcriptional Profiling of Single Cells[END_REF]. Ideally, droplets contain a single cell, the reagents required for reverse transcription, and a bead carrying bead-specific DNA oligos (barcodes) and UMIs, used to uniquely tag captured RNA molecules [START_REF] Lafzi | Tutorial: Guidelines for the Experimental Design of Single-Cell RNA Sequencing Studies[END_REF]. Once reverse transcription is complete, all the cDNAs from a single cell carry the same oligonucleotide barcode, allowing sequencing reads to be computationally assigned to the individual cells from which they originated.

Lessons from single-cell RNA sequencing

The bloom of single-cell technologies has brought the possibility to characterize cell types in a wide variety of species including sponges (Sebé-Pedrós, Chomsky, et al. 2018;[START_REF] Musser | Profiling Cellular Diversity in Sponges Informs Animal Cell Type and Nervous System Evolution[END_REF]), ctenophores (Sebé-Pedrós, Chomsky, et al. 2018), cnidarians (Sebé-Pedrós, Saudemont, et al. 2018;[START_REF] Chari | Whole-Animal Multiplexed Single-Cell RNA-Seq Reveals Transcriptional Shifts across Clytia Medusa Cell Types[END_REF], sea urchins [START_REF] Paganos | Single-Cell RNA Sequencing of the Strongylocentrotus Purpuratus Larva Reveals the Blueprint of Major Cell Types and Nervous System of a Non-Chordate Deuterostome[END_REF][START_REF] Satoh | A Single-Cell RNA-Seq Analysis of Brachyury-Expressing Cell Clusters Suggests a Morphogenesis-Associated Signal Center of Oral Ectoderm in Sea Urchin Embryos[END_REF], insects [START_REF] Severo | Unbiased Classification of Mosquito Blood Cells by Single-Cell Genomics and High-Content Imaging[END_REF][START_REF] Li | Fly Cell Atlas: A Single-Nucleus Transcriptomic Atlas of the Adult Fruit Fly[END_REF]), annelids (Achim et al. 2018), sea squirts (C. Cao et al. 2019;[START_REF] Zhang | A Single-Cell Analysis of the Molecular Lineage of Chordate Embryogenesis[END_REF]vertebrates (Junyue Cao et al. 2019). Moreover, scRNA-seq has been recently used to perform comparative cross-species studies which led to the identification of similar cell types across taxa. For instance, comparative scRNA-seq approaches across phyla have identified broad transcriptomic similarity between bilaterian and non-bilaterian contractile cells that extends beyond the core contractile apparatus [START_REF] Tarashansky | Mapping Single-Cell Atlases throughout Metazoa Unravels Cell Type Evolution[END_REF].

ScRNA-seq has also been applied to the study of regeneration, covering the identity of the adult progenitor cells and the regulatory mechanisms that coordinate their formation (reviewed in Reddien, 2019). For example, we can find studies on the regeneration of planarians Schmidtea mediterranea and Dugesia japonica [START_REF] Fincher | Cell Type Transcriptome Atlas for the Planarian Schmidtea Mediterranea[END_REF][START_REF] Plass | Cell Type Atlas and Lineage Tree of a Whole Complex Animal by Single-Cell Transcriptomics[END_REF][START_REF] Zeng | Prospectively Isolated Tetraspanin+ Neoblasts Are Adult Pluripotent Stem Cells Underlying Planaria Regeneration[END_REF][START_REF] García-Castro | ACME Dissociation: A Versatile Cell Fixation-Dissociation Method for Single-Cell Transcriptomics[END_REF], tadpole tail regeneration in Xenopus laevis and Xenopus tropicalis [START_REF] Aztekin | Identification of a Regeneration-Organizing Cell in the Xenopus Tail[END_REF][START_REF] Kakebeen | Chromatin Accessibility Dynamics and Single Cell RNA-Seq Reveal New Regulators of Regeneration in Neural Progenitors[END_REF], the regeneration of the anterior body in the earthworm Eisenia andrei [START_REF] Shao | Genome and Single-Cell RNA-Sequencing of the Earthworm Eisenia Andrei Identifies Cellular Mechanisms Underlying Regeneration[END_REF], fin and heart regeneration in zebrafish (Jingli [START_REF] Cao | Single Epicardial Cell Transcriptome Sequencing Identifies Caveolin 1 as an Essential Factor in Zebrafish Heart Regeneration[END_REF][START_REF] Hou | Cellular Diversity of the Regenerating Caudal Fin[END_REF][START_REF] Wang | Changes in Regeneration-Responsive Enhancers Shape Regenerative Capacities in Vertebrates[END_REF], limb regeneration in the axolotl Ambystoma mexicanum [START_REF] Gerber | Single-Cell Analysis Uncovers Convergence of Cell Identities during Axolotl Limb Regeneration[END_REF][START_REF] Leigh | Transcriptomic Landscape of the Blastema Niche in Regenerating Adult Axolotl Limbs at Single-Cell Resolution[END_REF][START_REF] Rodgers | Identification of Immune and Non-Immune Cells in Regenerating Axolotl Limbs by Single-Cell Sequencing[END_REF], and digit regeneration in mice (G. L. [START_REF] Johnson | Cellular Heterogeneity and Lineage Restriction during Mouse Digit Tip Regeneration at Single Cell Resolution[END_REF][START_REF] Storer | Acquisition of a Unique Mesenchymal Precursor-like Blastema State Underlies Successful Adult Mammalian Digit Tip Regeneration[END_REF].

In animals with a high degree of cell turnover, such as planarians and Hydra, scRNA-seq in uninjured specimens can capture the transcriptomes of all differentiated cell types, their progenitors, and the transitional states that connect these cells. In the case of planarians, genes expressed in subsets of neoblasts are defined [START_REF] Fincher | Cell Type Transcriptome Atlas for the Planarian Schmidtea Mediterranea[END_REF][START_REF] Plass | Cell Type Atlas and Lineage Tree of a Whole Complex Animal by Single-Cell Transcriptomics[END_REF][START_REF] Zeng | Prospectively Isolated Tetraspanin+ Neoblasts Are Adult Pluripotent Stem Cells Underlying Planaria Regeneration[END_REF][START_REF] García-Castro | ACME Dissociation: A Versatile Cell Fixation-Dissociation Method for Single-Cell Transcriptomics[END_REF], including some that may be functionally pluripotent [START_REF] Zeng | Prospectively Isolated Tetraspanin+ Neoblasts Are Adult Pluripotent Stem Cells Underlying Planaria Regeneration[END_REF] and others that transition into differentiation [START_REF] Fincher | Cell Type Transcriptome Atlas for the Planarian Schmidtea Mediterranea[END_REF][START_REF] Plass | Cell Type Atlas and Lineage Tree of a Whole Complex Animal by Single-Cell Transcriptomics[END_REF][START_REF] Zeng | Prospectively Isolated Tetraspanin+ Neoblasts Are Adult Pluripotent Stem Cells Underlying Planaria Regeneration[END_REF][START_REF] García-Castro | ACME Dissociation: A Versatile Cell Fixation-Dissociation Method for Single-Cell Transcriptomics[END_REF][START_REF] Raz | Planarian Stem Cells Specify Fate yet Retain Potency during the Cell Cycle[END_REF]. In addition, studies of planarian regeneration have revealed the transcriptional responses to wounding [START_REF] Wurtzel | A Generic and Cell-Type-Specific Wound Response Precedes Regeneration in Planarians[END_REF], how transient regeneration-activated cell states in muscle, epidermis, and intestine contribute to regeneration [START_REF] Benham-Pyle | Identification of Rare Transient Somatic Cell States Induced by Injury and Required for Whole-Body Regeneration[END_REF], and showed that parenchymal cells are depleted, likely serving as a reservoir to fuel regeneration in planarians [START_REF] Plass | Cell Type Atlas and Lineage Tree of a Whole Complex Animal by Single-Cell Transcriptomics[END_REF].

Turning to vertebrates, using scRNA-seq Aztekin and colleagues (2019) identified an epidermal cell that regulates regeneration, which they termed regeneration-organizing cell (ROC), in the Xenopus tadpole tail. ROCs are present in the epidermis during normal tail development and spread over the wound after injury. Genetic ablation or manual removal of ROCs blocks regeneration, whereas transplantation of ROC-containing grafts induces ectopic outgrowth in early embryos. In axolotl limb regeneration, scRNA-seq showed that a heterogeneous population of fibroblasts changes state to form a multipotent skeletal progenitor in a similar manner to embryonic mesodermal progenitors [START_REF] Gerber | Single-Cell Analysis Uncovers Convergence of Cell Identities during Axolotl Limb Regeneration[END_REF] and how revealed immune cells contribute to regeneration [START_REF] Rodgers | Identification of Immune and Non-Immune Cells in Regenerating Axolotl Limbs by Single-Cell Sequencing[END_REF].

MATERIALS AND METHODS

This chapter contains details on the different materials and methods used for my PhD project, from animal handling, dissection, and nuclei isolation techniques to scRNA-seq library construction and analysis. Some sections of this chapter were taken from Almazán et al. (2022) and Sinigaglia et al. (2022b).

Parhyale hawaiensis culture

Wild-type Parhyale were raised as described previously [START_REF] Browne | Stages of Embryonic Development in the Amphipod Crustacean,Parhyale Hawaiensis[END_REF]. For all experiments (except Figure 3.3, see below), I used the wild-type isofemale line Chicago-F [START_REF] Kao | The Genome of the Crustacean Parhyale Hawaiensis, a Model for Animal Development, Regeneration, Immunity and Lignocellulose Digestion[END_REF]. Several weeks prior to single-nucleus RNA-seq (snRNA-seq) experiments animals were taken from the cultures and kept individually in 6-well plates to ensure uniform conditions and to prevent cannibalism. Animals were anesthetized using 0.02% clove oil.

To test the protocol to dissociate satellite-like cells, I used transgenic animals carrying the PhMS-EGFP transgene, expressing EGFP in muscle cells [START_REF] Pavlopoulos | Establishing Genetic Transformation for Comparative Developmental Studies in the Crustacean Parhyale Hawaiensis[END_REF]; Konstantinides and Averof 2014).

Cell dissociation and media testing 2.2.1 Cell dissociation using enzymatic treatment

For each cell dissociation, I collected a pool of 6 to 16 thoracic T4 and T5 limbs from large adult males. The legs were amputated at the proximal end of the basis (excluding the gills and the coxal plates, Figure 3.2) using a microsurgical knife (Electron Microscopy Sciences, #72047-30) under anesthesia in 0.02% clove oil. I then collected the sets of T4 and T5 limbs by cutting them off at the basis. An optional pre-treatment can be applied incubating for 10min either with 0.5 U/mL chitinase (Sigma-Aldrich #C6137) or a mixture of 0.5% Pronase with 1% Thioglycolate (Sigma-Aldrich, #10165921001, #T0632). Then, the sets of limbs were dissected (cutting the podomeres lengthwise) in 100 µL of one of the selected medium (Shield and Sang M3 Insect medium Sigma-Aldrich #S8398, Low Calcium No Magnesium Artificial Seawater or Calcium Magnesium free Artificial Seawater) containing the chosen enzyme (0.025 OR 0.05% collagenase V Sigma-Aldrich #C9263, 0.05% liberase Sigma-Aldrich #5401119001, protease XIV Sigma-Aldrich #P5147, 0.3% papain Sigma-Aldrich # P4762) for 20 min to 1 hour (see Appendix A for specific details of the combinations).

During the enzymatic treatment, the tissue was extruded from the cuticle by gently scraping and peeling using a microsurgical blade and fine forceps (Fine Science Tools, #10316-14 and #11251-20) under a dissecting stereoscope. Then, the tissues were mechanically disrupted by gently pipetting through a 200-μl filter tip with a cut tip. The disrupted tissue samples were either observed under the microscope with selected staining (see below and Appendix A) or transferred to a 1.5-ml DNA LoBind Eppendorf tube (Eppendorf, #0030108051). The samples transferred into Eppendorf tubes were centrifugated at 400-600 relative centrifugal force at 4°C for 4-7 min on a 5424 R Eppendorf microcentrifuge. The supernatant was discarded and the pellet was resuspended in 20 µL of the same medium used during dissociation. To remove aggregates, the samples were filtered through 30 or 40-μm cell strainer (PluriSelect Mini strainer). The cell viability was assessed by either staining with trypan blue or with 4.4 µg/mL Fluorescein Diacetate (Sigma-Aldrich #F7378), which labels live cells and 10 µg/ml Propidium iodide (Sigma-Aldrich #P4170), which labels dead cells. A step-by-step protocol can be found in Appendix A.

Media testing without enzymatic treatment

A pool of 6 to 16 thoracic T4 and T5 legs were collected from large adult males. The legs were amputated at the proximal end of the basis (excluding the gills and the coxal plates) using a microsurgical knife (Electron Microscopy Sciences, #72047-30) under anesthesia in 0.02% clove oil. I then collected the sets of T4 and T5 limbs by cutting them off at the basis. Then the sets of legs were transferred into 100 µL of one of the selected medium (Physiological saline solution, Low Calcium No Magnesium Artificial Seawater, or Dulbecco's Modified Medium Ham's Nutrient Mixture F12 Sigma-Aldrich, #56498c) and half of them were dissected as described above. The cell viability was assessed by either staining with trypan blue or with 4.4 µg/mL Fluorescein Diacetate (Sigma-Aldrich #F7378), which labels live cells and 10 µg/ml Propidium iodide (Sigma-Aldrich #P4170), which labels dead cells.

Nuclear isolation and sequencing

For each snRNA-seq dataset, I collected a pool of 12 to 16 thoracic T4 and T5 limbs from large adult males. The smallest specimens had a body length of ~9 mm (estimated age, >12 months), and the average had a body length of ~11 mm (estimated age, >18 months). The legs were amputated at the proximal end of the basis (excluding the gills and the coxal plates) using a microsurgical knife (Electron Microscopy Sciences, #72047-30) under anesthesia in 0.02% clove oil. To compare regenerated and intact limbs, T4 and T5 thoracic limbs from one side of the animal were amputated and allowed to regenerate and to grow until ~2 months (8 weeks) after amputation in one pool of individuals or ~6 months (24 weeks) after amputation in a separate pool. The contralateral limbs were left intact and used as controls. I then collected the sets of regenerated and control T4 and T5 limbs by cutting them off at the basis and dissected them (cut the podomeres lengthwise) in a chilled hypotonic buffer containing 250 mM sucrose, 25 mM KCl, 5 mM MgCl2, 10 mM tris buffer (pH 8.0), and 1 mM dithiothreitol supplemented with 1× protease inhibitor (Sigma-Aldrich, #11873580001), ribonuclease inhibitor (0.4 U/μl) (Invitrogen, #AM2682), SUPERase-In ribonuclease inhibitor (0.2 U/μl) (Invitrogen, #AM2694), 1 mM spermine, and 0.1 M spermidine (modified from (Krishnaswami et al. 2016)). The tissue was extruded from the cuticle by gently scraping and peeling using a microsurgical blade and fine forceps (Fine Science Tools, #10316-14 and #11251-20) under a dissecting stereoscope. Triton X-100 was then added to a final concentration of 0.3%, and the tissues were mechanically disrupted by gently pipetting 25 times through a 200-μl filter tip with a cut tip. These steps were carried out in 300 μl of buffer in the lid of a 5-ml DNA LoBind tube (Eppendorf, #0030108302) kept cold on the surface of a frozen metal plate. The disrupted tissue samples were then transferred to a 1.5-ml DNA LoBind Eppendorf tube (Eppendorf, #0030108051), and large pieces of cuticle were let to settle down. The supernatant containing dissociated nuclei was transferred to a new LoBind tube in which 600 μl of fresh hypotonic buffer was added.

The nuclei were collected by centrifugation at 500 relative centrifugal force at 4°C for 6 min on a 5424 R Eppendorf microcentrifuge. Centrifugation was kept to a minimum, which resulted in a loose pellet because longer or faster centrifugations resulted in lower-quality nuclei. The supernatant was discarded, and the pellet was washed with 600 μl of 1× Dulbecco's phosphate-buffered saline (DPBS) supplemented with 2% BSA.

After a second centrifugation, all the supernatant except 25 μl was removed, and an equal volume of 3× DPBS with 2% BSA was added to reach a final concentration of 2× DPBS (I observed that nuclei are better preserved, but they are more difficult to pellet in 2× DPBS). To remove aggregates, the samples were filtered through 10-μm cell strainer (PluriSelect Mini strainer) to generate single-nucleus suspensions. All the steps were performed in the cold, and samples were kept on ice until nuclei were capture. The quality of the nuclei was assessed by staining with trypan blue, and nuclei counts were made using a Malassez hemocytometer. A step-by-step protocol can be found in Appendix A. Before sequencing, the amount, size, and quality of the cDNA were estimated from the TapeStation 2200 (Agilent DNA ScreenTape High Sensitivity System). The 10x Genomics Single Cell capturing system was used to construct P. hawaiensis single-nucleus libraries from 4 uninjured legs (phaw_exp1. uninjured, uninjured 2 months and uninjured 6 months) and 2 regenerated legs (2 months regenerated and 6 months regenerated)

Genome annotation

The snRNA-seq reads were mapped on the Parhyale hawaiensis genome assembly Phaw_5.0 (https://www.ncbi.nlm.nih.gov/assembly/GCA_001587735.2/), in which 19 poorly assembled mitochondrial scaffolds were removed and replaced by the publicly available complete mitochondrial genome (RefSeq NC_039402.1). This annotation was merged with a previously available gene annotation (provided by D. Kao, built as described in [START_REF] Kao | The Genome of the Crustacean Parhyale Hawaiensis, a Model for Animal Development, Regeneration, Immunity and Lignocellulose Digestion[END_REF] To assign reads to genes I used the gene annotation described in Sinigaglia et al. (2022).

Many genes in this annotation were of undefined or incorrect strandedness. Mathilde Paris defined the correct gene strandedness using information from the snRNA-seq data (stranded reads from all five snRNA-seq experiments) or by identifying putative coding sequences through sequence similarity. First, we compared the total number of snRNA-seq reads mapping to opposite strands per gene model. In gene models where at least 80% of reads mapped to one strand (with >20 unambiguously mapped reads in total), we considered that strand as the correct one. In gene models where >20% mapped to opposite strands (or when fewer than 20 reads were recovered) we identified the longest open reading frame on each strand, translated this to a putative protein sequence and used BLAST to search the Drosophila and human UNIPROT databases (UP000000803 and UP000005640, respectively) for similar sequences.

Strandedness was then assigned based on the best BLAST score (with a minimum threshold of 50). Using this approach we were able to assign strandedness to 40,047 out of 54,699 gene models (the strandedness of 19,334 genes was modified from the original annotation, 13,990 of which using the snRNA-seq data and 5,344 of which using coding sequence similarity). For the remaining 14,652 genes, both snRNA-seq mapping statistics and BLAST scores were inconclusive, and therefore both strands were included in the gene models (none of those genes had introns). This analysis gave a final list of 69,351 gene models.

As a significant fraction of snRNA-seq reads do not map to the exons and introns of the annotated gene models (~40% of reads), we hypothesized that additional genes could be present in the unannotated part of the genome. To maximize read mapping and to examine whether non-annotated genes contribute to the snRNA-seq signal, M. Paris built a secondary annotation that covers the unannotated part of the genome. For this, she split the intergenic regions of the entire genome into non-overlapping 5 kb fragments (removing fragments below 1 kb, located near genes) and kept the fragments in which we could detect at least 20 unambiguously mapped snRNA-seq reads.

Strandedness was assigned to each fragment based on the snRNA-seq reads mapping to each fragment, as described above (strand assigned if at least 80% of the reads mapped to one strand, both strands included if >20% of the reads mapped to opposite strands).

The resulting set included 452,770 annotated intergenic features.

2.6 Single-nucleus RNA sequencing analysis 2.6.1 Data pre-processing and quality control

The BCL read files were converted into FASTQ using the command makefastq from Cell Ranger Software Suite (10x Genomics; [START_REF] Zheng | Massively Parallel Digital Transcriptional Profiling of Single Cells[END_REF] v3.0.2 in the case of the first dataset (phaw_exp1) or v6.01. for all the other datasets. Reads were mapped to the P. hawaiensis genome version Phaw_5.0 (see above) using the command count. Cell Ranger output included lists of features, barcodes and matrices (corresponding to putative genes, cells and read counts, respectively) and generated an html file summary of the mapping results (non-book components).

The matrices generated with Cellranger for the phaw_exp1 were then used as an input for the package EmptyDrops v 1.8 [START_REF] Lun | EmptyDrops: Distinguishing Cells from Empty Droplets in Droplet-Based Single-Cell RNA Sequencing Data[END_REF]. First, the droplets were ranked in descending order by the total number of UMIs, the knee and inflection points were identified using the function barcodeRanks with default parameters, and the output was plotted using ggplot2 [START_REF] Wickham | Ggplot2: Elegant Graphics for Data Analysis[END_REF]. Then, the cumulative distribution of UMIs, the proportion of UMis coming from mitochondrial genes and the proportion of UMIs coming from intronic regions were displayed in a joined plot. The proportion of mitochondrial genes per cell was calculated with the function PercentageFeatureSet from Seurat (Stuart and Satija 2019). The percentage of intronic reads was calculated with a customized python script provided by Francesco Lamanna. Finally, the cell-containing droplets were predicted with the function emptyDrops, establishing less than 100 UMIs for those droplets that were likely to be empty (parameter lower = 100).

The output was displayed in a plot with the proportion of UMIs coming from intronic regions in the y-axis and sorted by the total of UMIs on the x-axis. The list of predicted nucleus-containing droplets was then exported and used to filter the phaw_exp1 dataset in the downstream analysis. Subsequent analyses were performed using the R package Seurat v3 for the phaw_exp1 dataset and 4 for the other datasets according to the R package documentation (Stuart and Satija 2019;[START_REF] Hao | Integrated Analysis of Multimodal Single-Cell Data[END_REF]. The barcodes and gene files were combined using the function Read10x so each transcript's identity could be retrieved. In the case of the dataset phaw_exp1, the raw matrix was loaded and then filtered using the list of valid barcodes generated with Emptydrops in the previous step, narrowing the barcodes to 6,484. Genes transcribed in less than five nuclei, with less than a minimum of 100 transcripts and nuclei with more than 50% of reads mapping to mitochondrial genes were excluded from the analysis. For the rest of the datasets, the filtered matrices generated by Cellranger were loaded and genes transcribed in less than five nuclei, with less than 100 transcripts and nuclei with more than 10% of reads mapping to mitochondrial genes were excluded from the analysis. The cutoff was determined based on the violin plots showing the numbers of features (genes), counts (transcripts) and percentage of mitochondrial genes (Figure 4.2 D,4.4 D and 5.2 A) The resulting uninjured, uninjured 2 months and uninjured 6 month datasets contained 9,459, 8,925 and 6,668 nuclei, respectively. The regenerated 2 months and regenerated 6 months datasets contained 8,539 and 7,370 nuclei, respectively.

Data normalization, dimensionality reduction and clustering

Datasets were normalized (Seurat function LogNormalize) and variable genes were found using the vst method with a maximum of 2000 variable features. Next, the datasets were scaled (default parameters except for the phaw_exp1, in which the read mapped to the mitochondrial genome were regressed; vars.to.regress = "mt.genes") and principal component analysis (PCA) was performed using the expression matrix of the most 2000 variable features. Cluster identification was performed using a Shared Nearest Neighbor (SNN) graph that was computed with 30 (phaw_exp1) or 20 PCs (all other datasets) with a resolution of 1.0. Uniform Manifold Approximate and Projection (UMAP) was used for clustering and dimensionality reduction. Expression levels of known markers for epidermis, neurons, sensory organs, glia, muscles and haemocytes were plotted using the Seurat function DotPlot. Differentially expressed (DE) genes were identified in each cluster by comparing the expression profiles of genes between the cells or a cluster and all the other cells with those of the rest of the cells using Wilcoxon rank sum-based approach, with a log fold change of >0.25 and a minimum cell percentage of 0.1. The resulting list of DE genes for each cell type was further annotated by identifying putative gene orthologues from Drosophila melanogaster and Homo sapiens based on reciprocal best BLASTP hits. Selected markers among differentially expressed genes were displayed individually using the Seurat function FeaturePlot.

To compare the Parhyale cell clusters with cell clusters identified in Drosophila legs, I first identified the sets of genes that are differentially expressed in each Drosophila leg cluster (Hongjie Li et al. 2022) using default parameters in Seurat (function FindAllMarkers). Then I used the putative orthologues of those genes in Parhyale (as described above) to score Pahryale's nuclei using the Seurat function AddModuleScore.

The results were displayed using the Seurat function DotPlot.

GO term enrichment analysis

I functionally annotated the cell clusters by GO term enrichment analysis using the TopGO v2.40.0 package (Alexa and Rahnenfuhrer 2022). The topGOdata object was created using the command new and the list of DE with a p-value < 0.05 (for each cluster), the database "org. Dm.eg.db" v3.11.4(Carlson 2017) and the ontology "Biological Process" as an input. I performed the gene enrichment using Kolmogorov-Smirnov test with the function runtest (algorithm = "classic", statistic = "ks"). The results were plotted using ggplot2.

Data integration

To integrate and compare the five snRNAseq datasets (uninjured, uninjured 2 months, uninjured 6 months, regenerated 2 months and regenerated 6 months), I used the anchoring approach provided by Seurat. First, I extracted the raw counts from each Seurat object, performed data normalization (function LogNormalize) and found variable features independently for each dataset. Then, I performed the identification and integration of the anchors with 20 dimensions, followed by scaling, PCA and the construction of an SNN graph with 20 PCs (resolution 1). A UMAP was used for clustering and dimensionality reduction. Closely related cell clusters were merged and labeled based on the cell-type markers shown in Figure 4.7 C. The relative numbers of nuclei assigned to each cluster were extracted, calculated from the Seurat object and visualised using the function barplot of the ggplot2 R package (see below for details on the statistical test).

I also performed the same analysis on Seurat using non-integrated data, to test the effect of the anchoring method on the clustering and the recovery of the putative cell types in each dataset. To explore potential differences in cell distribution within a complex cluster, I examined more specifically, cell abundance and differential expression of top markers across the subclusters that comprise the epidermal cluster.

To examine the impact of the gene annotation in the analysis, I also performed the same analysis as described above using the entire genome, including parts of the genome that lack gene annotations (see section on Genome annotation), for read mapping. The two integrated datasets were compared using Clustree v0.4.3 (Zappia and Oshlack 2018) to visualize the overlap of clusters. The datasets were also integrated using Liger v1.0.0 package [START_REF] Welch | Single-Cell Multi-Omic Integration Compares and Contrasts Features of Brain Cell Identity[END_REF]) and Harmony v0.1.0 [START_REF] Korsunsky | Fast, Sensitive and Accurate Integration of Single-Cell Data with Harmony[END_REF]) with SeuratWrappers v0.3.0 to explore the effect of the integration method.

In order to integrate with Liger, the datasets were first pre-processed separately (normalization, finding most variable features, and scaling the data without centering) according to the Liger tutorial. I then calculated the integrative nonnegative matrix factorization (iNMF) with 20 matrix factors to identify the joint clusters and perform quantile normalization by dataset, factor, and cluster, in order to integrate the datasets.

Additionally, I ran Louvain community detection (resolution 1) and UMAP on Liger to visualize the clustering of cells graphically. The approach described above was used to merge related clusters.

To integrate with Harmony, the datasets were first pre-processed separately (normalization, finding most variable features, and scaling the data without centering) using Seurat. The datasets were then integrated using the R function RunHarmony that that corrects PCA embeddings of the dataset for batch effect and returns the Seurat object updated with the corrected Harmony embeddings. Downstream analyses were performed with Seurat as described above using Harmony embeddings (reduction = "harmony").

I alsoanalyzed some cell clusters at higher resolution. I investigated whether the scRNA-seq data might allow me to distinguish cell subtypes and differences in the abundance of neurons and muscles. Subclustering analysis was performed with Seurat by selecting either the neural cells or muscle cells and reanalyzing the data. I extracted the raw counts from the Seurat integrated object, performed data normalization (function LogNormalize) and found variable features independently for each snRNA-seq dataset. Then, I performed the identification and integration of the anchors with 30 dimensions, followed by scaling, PCA and the construction of an SNN graph with 30 dimensions (resolution 1). To counteract the over-splitting of clusters, we applied an approach to merge cluster pairs that differed by less than 20 differentially expressed genes with 2-fold change [START_REF] Musser | Profiling Cellular Diversity in Sponges Informs Animal Cell Type and Nervous System Evolution[END_REF]. This process was performed iteratively until all clusters were sufficiently distinct. I identified 8 distinct neural subclusters and 15 distinct muscle subclusters. Differentially expressed genes for each cluster were identified and putative Drosophila orthologs were annotated as described above. I probed the expression of differentially expressed markers in mechanosensory and gustatory receptor neurons of Drosophila in the neural subclusters and performed GO term enrichment analysis on the muscle subclusters 1 and 5 as described above .

Comparing the distribution of cells across cell clusters

We tested whether the proportion of cells recovered in each cell cluster is similar in controls and regenerated legs. Mathilde Paris used ANOVA to test the effect of each of three factors on cell count: which condition each cell is associated with (control/regenerated), which cell cluster it belongs to, and which experiment it was sampled from (0/2/6 months). For the regression, we used a negative binomial distribution because it captured best the dispersion of our cell count dataset. We used the Anova function from the R package car with an F-test and deviance as error estimate.

To further identify differences between experiments and cell clusters, we used the R function emmeans. In the 6-month dataset, there were significantly more cells in one of the cell clusters associated with molting. In addition, there were significantly more epidermal cells in the 0-month dataset (compared to the 6-month dataset) and significantly more cells in the muscle and neuronal clusters in the 2-month dataset compared to 0-or 6-month dataset. However, no statistically significant difference was observed between cells from regenerated legs and controls in any cluster. When mapping reads to the entire genome, epidermal cells are more abundant after regeneration (P value of ~0.01), but this difference disappears if we consider the cluster associated with molting (cluster 12) as part of the epidermal cluster.

We also tested two additional methods: Milo [START_REF] Dann | Differential Abundance Testing on Single-Cell Data Using k-Nearest Neighbor Graphs[END_REF]) and scCODA (Büttner et al. 2021). With the miloR v1.2.0 package, we followed the instructions given in the vignette with default parameters (an additional set of parameters used in the vignette was also tested with same results: buildGraph function was run with parameters k = 30, d = 30, and reduced.dim = "pca.corrected" and makeNhoods function was run with parameters prop = 0.1, k = 30, d = 30, and refined = TRUE). No significant differences in cell abundance were detected between control and regenerated conditions (FDR = 10%), whereas the batch effect (set of animals sampled) could be detected. With the Python program scCODA v0.1.7, we followed the instructions of the authors. No difference in cell abundance was detected between control and regenerated conditions (FDR = 40%).

Power of detection in comparison of cell abundance

To quantify our power to detect differences in cell abundance between control and regenerated samples, we simulated datasets with the same structure as the original dataset, except that we lowered the number of cells of a given cluster in the regenerated samples by 1.2-to 10-fold compared to the corresponding control sample. We then used an ANOVA test (same as described above) to determine whether we would detect the change as significant. We reported the minimum fold change for which a difference in cell abundance was significantly detected (P value of <0.05; fig. S11). This analysis was repeated for each cluster.

Differential expression analysis of uninjured vs regenerated

Differential expression analysis of uninjured versus regenerated legs was performed separately on non-normalized and nonintegrated counts of the 2-and 6-month datasets using the R package Seurat v4.0.3 function FindMarkers and the bimod method. We chose this method because it gave the most exhaustive list of DE genes compared to other methods (Wilcoxon test, t test, logistic regression test, and the MAST package), which gave very similar but smaller lists of DE genes. Visualization of gene abundance for the DE genes was done using the Seurat function DotPlot.

For differential expression on pseudo-bulk data, counts were aggregated for each cell type using the Seurat function AggregateExpression, and further analyses were performed using DESeq2 v1.36.0 [START_REF] Love | Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2[END_REF]. Genes with fewer than five counts in total were filtered out. The three control and two regenerated samples were considered as two sets of replicates. Genes that were DE in a cluster-specific manner between regenerated and control samples were identified by grouping the factors "cond" (control/regenerated) and "cluster" and taking batch effect (set of animals sampled) into account (formula: "~batch + group"). One hundred nine DE genes were identified (P value of <0.05). These genes were detected in very few cells and/or DE in one replicate only, with the exception of three genes: MSTRG.32192 (orthologous to Drosophila collagen alpha-1(IV) chain), MSTRG.36270 (orthologous to RNA binding protein Rbfox1, also identified as DE in the analysis at the single-cell level), and MSTRG.35733 (orthologous to RluA-1). These genes are mildly enriched in the glia cluster of regenerated samples.

Prediction of control versus regenerated condition based on transcriptome

To test the presence of a transcriptional signature of regeneration, we tried to predict the regeneration state (regenerated versus control) for each cell based on our snRNAseq data using the R package scPred v1. 9.2 (Alquicira-Hernandez et al. 2019). scPred was designed to predict cluster of origin, but we reasoned that it could be used to predict any given status of a cell. As a control, we also used the same procedure to predict the cluster of origin of each cell (epidermis, muscle, etc.).

The 2-and 6-month datasets were subsampled, such that the number of uninjured and regenerated cells was identical within each cluster for each experiment: We sampled 7291 cells for each of the uninjured and regenerated 2-month experiments (a total of 14,582 cells) and 5694 cells for each of the uninjured and regenerated 6-month experiments (a total of 11,388 cells). Each dataset was normalized and scaled, and a PCA was computed using the Seurat functions NormalizeData, ScaleData, and RunPCA.

Training of the machine learning model was done either on the 6-month or the 2-month datasets using the scPred functions getFeatureSpace and trainModel with the model svmRadial. We tested other models (e.g., mda, knn, and random forest), but they gave either similar or worse results on the training set.

Testing was done on the dataset that had not been used for training, measuring the percentage of cells for which a correct prediction was made by the trained model.

Baseline values corresponding to the percentage of cells that would be correctly assigned just by chance were calculated as the proportions of cells present in the dataset for each category (for instance, 50% and 36% of cells in the 2-month dataset classified as "regenerated" or "epidermal," respectively).

Molting dataset

Sixty-six Chicago-F animals, selected as previously described, were individually kept and monitored over two successive molts (∼3 months), in order to determine their molting cycles. We observed that this cohort molted with a mean period of 27 days (SD = 7.2).

One entire T4 leg was harvested per animal at selected moments of their molting cycle (5 days prior to molting, 3-4 days prior to molting, 1-2 days prior to molting, 1-2 days after molting or 9-10 days after molting, see Figure 6.3), and RNA was extracted as described above. For the premolt samples, individual animals were monitored for molting every day after harvesting the leg. A total of 20 legs was sequenced.

Leg fragments were immediately transferred in 1.5-mL LowBind tubes with 500 μL of ice-cold lysis buffer (Reliaprep RNA Tissue MiniPrep System, Promega, #Z6111), vortexed, and then transferred to a sterile multiwell plate for manual disruption of the cuticle with a clean surgical blade. The sample was then retransferred to the tube, vortexed, and frozen in liquid nitrogen, and then stored at -80 °C until further processing. RNA was extracted with the Reliaprep RNA Tissue MiniPrep System (Promega, #Z6111) and eluted in 15 μL of nuclease-free water (Invitrogen, #AM9937).

RNA quality was assessed with TapeStation 2200 (Agilent RNA ScreenTape High Sensitivity System), and 1 ng of RNA was used for cDNA synthesis (SMART-Seq v4 Ultra Low Input RNA Kit; Takara Bio, #634898). Libraries were loaded into an Illumina NextSeq 500 sequencing system using NextSeq 500 High Output Kit with 76-bp single-end sequencing, according to the manufacturer's instructions (Illumina).

The read mapping, quantification, normalization and visualization of transcriptional dynamics, differential expression, and clustering analysis was performed by Mathilde Paris. Details on the Methods used can be found in (Sinigaglia et al. 2022a) I used the lists of DE genes from the different categories to measure the average expression of these genes in the snRNA-seq integrated dataset using the Seurat function AddModuleScore. The results were displayed using the Seurat function FeaturePlot.

DEVELOPMENT OF NUCLEUS ISOLATION PROTOCOL

In order to take advantage of single-cell transcriptomics that will be used in the following chapters, a protocol to obtain single-cell suspensions was needed. In this chapter, I started from an existing protocol to isolate Pahryale limb cells and modified it to fulfill the requirements for the 10x Genomics Chromium Controller, the platform selected to conduct the subsequent experiments. I could not obtain a suspension with viable cells representing the cell type diversity of the limbs, so I decided to adapt a protocol to isolate the nuclei. This strategy gave me the opportunity to perform the first single-cell experiment on Parhyale legs. I then optimized this protocol to generate multiple datasets for this thesis.

INTRODUCTION

Preparing a single-cell suspension is a critical step in any single-cell RNA sequencing (sc-RNAseq) experiment. When starting from solid material, the aim is to isolate cells rapidly while avoiding cell death or aggregation. This procedure should yield a cell population with high viability (more than 80%) and minimal cell debris or aggregates.

Ideally, rapid dissociation should also minimize cellular responses that lead to transcriptional changes, though this is difficult to achieve/assess in practice. The crucial steps in preparing single-cell suspensions are (I) dissociation, (II) removal of the dissociation media, (III) filtering, and (IV) cell viability assessment and counting (Figure 3.1). These steps should include minimal amounts of RNA released from dying or fragmented cells. Good practices include sterile sample handling and using nuclease-free reagents and consumables. Yet, no one-size-fits-all solution exists; even different tissues or developmental stages from the same organism may need different dissociation protocols. For instance, embryonic tissues often dissociate easily, while adult tissues are more challenging and may require additional processing steps or optimization. 

Cell dissociation: overview and good practices

Dissociation aims to break down tissues, organs, or organisms into single cells with relatively little debris, cell clumps, and dead or dying cells. Initially, some samples require dissection to remove the chorion in the case of embryos or to obtain a specific tissue. Using blades or scissors to mince the sample into smaller fragments can also help increase the surface of tissue exposed to the treatment for more efficiency.

There are two main strategies for this step that depend on the use or not of enzymes.

Tissues are held together by extracellular matrix and cell-cell junctions, requiring digestion with specific enzymes for proper dissociation. Many enzymes available in the market help to digest the attachment between cells, and we can find two main types.

The first class contains enzymes that break down the extracellular matrix; examples are dispase, collagenase, and hyaluronidase. A second class targets the cell-cell junctions, and we can find enzymes such as trypsin or papain [START_REF] Reichard | Best Practices for Preparing a Single Cell Suspension from Solid Tissues for Flow Cytometry[END_REF].

Concentration and incubation time must be optimized empirically to not compromise cell viability due to excess digestion.

The enzymatic function is usually temperature specific and works with maximum efficiency at a given temperature, often 37 °C. At this temperature, the cell transcriptional machinery is active; hence, gene expression can be altered in response to dissociation and other environmental stresses [START_REF] Adam | Psychrophilic Proteases Dramatically Reduce Single Cell RNA-Seq Artifacts: A Molecular Atlas of Kidney Development[END_REF][START_REF] Denisenko | Systematic Assessment of Tissue Dissociation and Storage Biases in Single-Cell and Single-Nucleus RNA-Seq Workflows[END_REF]. Previous studies have shown how enzymatic digestion, primarily carried out at warm temperatures, induces undesirable transcriptional changes affecting the data quality and, more importantly, the ability to reflect an in vivo state [START_REF] Machado | In Situ Fixation Redefines Quiescence and Early Activation of Skeletal Muscle Stem Cells[END_REF][START_REF] Brink | Single-Cell Sequencing Reveals Dissociation-Induced Gene Expression in Tissue Subpopulations[END_REF]. It is possible to carry out the digestion step at cold temperatures, which implies extending the incubation time. Alternatively, it has been proposed that using cold-active proteases to carry out the digestion at cold temperatures (e.g., on ice) could minimize stress-related signals [START_REF] Adam | Psychrophilic Proteases Dramatically Reduce Single Cell RNA-Seq Artifacts: A Molecular Atlas of Kidney Development[END_REF].

Whether an enzymatic cocktail is added or not to the media, the tissues also need to be disrupted by mechanical forces, usually pipetting. This step has to be kept to a minimum, always pipetting gently and slowly to avoid physical damage to cells from shearing forces. Wide-bore pipette tips can help since the diameter is more considerable than regular ones. An alternative to assist enzymatic digestion would be to place the sample into an orbital shaker.

Almost as important as the enzyme are the media used. The cells will be released into a medium that has to keep them alive until the capture. Most protocols use Phosphate-Buffered Saline as a medium [START_REF] Adam | Psychrophilic Proteases Dramatically Reduce Single Cell RNA-Seq Artifacts: A Molecular Atlas of Kidney Development[END_REF] Once a tissue is fully dissociated, all the traces from the enzymes, dissociation media and cellular debris must be removed. This is achieved by rounds of centrifugation and washes with a buffer compatible with the single-cell RNAseq technology that will be used. Cell concentration and size influence pelleting efficiency at a given centrifugation speed, time and temperature.

The ideal centrifugation conditions will generate a solid but not too tightly packed cell pellet with a few cells remaining in the supernatant. Minimizing cells in the supernatant is essential for maintaining an accurate representation of heterogeneous samples. On the other side, excessive centrifugation will result in a tightly packed cell pellet, which may require extra pipetting to resuspend cells, causing damage. Sufficient volumes should be used for cell washing and resuspension, as high concentrations can cause aggregation and clumping. Bovine Serum Albumin can be added to the buffer to minimize cell losses and aggregation.

The final suspension should be filtered to remove debris and large clumps. The strainer should have a pore size larger than the sample's maximum cell diameter but small enough to catch larger clumps. Depending on the degree of clumping and the strainer type, the number of cells and the amount of wash solution retained in the strainer can vary. If high levels of cell death are expected, fluorescence-activated cell sorting (FACS) can be used to sort the living cells.

Alternatives for cell dissociation

Cells from multicellular organisms constantly interact with their local microenvironment that contains both cellular and non-cellular components, including secreted growth factors, the extracellular matrix, circulating hormones, nutrients and oxygen. These interactions influence a cell's physiological state and transcriptome. For this reason, methanol-fixation [START_REF] Alles | Cell Fixation and Preservation for Droplet-Based Single-Cell Transcriptomics[END_REF]J. Chen et al. 2018) or paraformaldehyde-fixation [START_REF] Phan | High-Throughput RNA Sequencing of Paraformaldehyde-Fixed Single Cells[END_REF] methods have emerged as alternatives to fresh cell dissociation to preserve the in vivo transcriptional signal. The possibility of fixing cells prior to the capture also enables their storage for a certain amount of time, which overcomes other significant challenges that imply a delay between sample preparation and the capture (e.g. accumulate material over time, prepare samples in the field or away from the infrastructure required for cell capture).

These methods also rely on the dissociation of fresh cells before or during fixation; thus, the harshness and duration of the protocol will still impact the quality of the sample. A recent method to dissociate and fix cells simultaneously aims to minimize dissociation artifacts. Acetic acid-methanol (ACME) dissociation has been adapted from a nineteenth-century protocol used for microscopy, to make it compatible with modern single-cell transcriptomics [START_REF] García-Castro | ACME Dissociation: A Versatile Cell Fixation-Dissociation Method for Single-Cell Transcriptomics[END_REF]. The protocol has demonstrated the production of fixed single cells in suspension with high-integrity RNAs in two species of planarian and a cnidarian [START_REF] García-Castro | ACME Dissociation: A Versatile Cell Fixation-Dissociation Method for Single-Cell Transcriptomics[END_REF].

Another approach to avoid biases in the representation of different cell types involves the disruption of the cell membrane to extract the nuclei. The sequencing of nuclear transcriptomes has yielded similar numbers of different transcripts (with different abundance) which are sufficient to deconvolute cell types [START_REF] Grindberg | RNA-Sequencing from Single Nuclei[END_REF][START_REF] Denisenko | Systematic Assessment of Tissue Dissociation and Storage Biases in Single-Cell and Single-Nucleus RNA-Seq Workflows[END_REF]. Single-nucleus RNAseq has become an attractive alternative for samples that are challenging to dissociate [START_REF] Wolfien | Single-Nucleus Sequencing of an Entire Mammalian Heart: Cell Type Composition and Velocity[END_REF], frozen tissues (Krishnaswami et al. 2016), or for recovering cells that are not accessible by standard cell isolation techniques [START_REF] Kim | Single-Nucleus Transcriptomics Reveals Functional Compartmentalization in Syncytial Skeletal Muscle Cells[END_REF]. Nevertheless, nuclei isolation presents some limitations, for instance, the lack of cell-surface antigens that could be used for cell sorting, RNA that is stored in the cytoplasm, and low sensitivity that could affect the detection of low-expressed genes. As a starting point, I tested this protocol on intact adult limbs. I collected and cut two thoracic limbs from three animals into smaller pieces, to facilitate enzyme penetration (Figure 3.2). The pieces were transferred to a dish containing Shield and Sang M3 Insect medium (S&SM3 medium) supplemented with 10% Foetal Bovine Serum (FBA), 0.5 mg/mL Gentamycin and 0.25 mg/mL collagenase V and incubated for one hour at 25 °C.

RESULTS AND DISCUSSION

The S&SM3 medium has been developed to culture Drosophila cell lines, FBA prevents the cells from sticking to the dish, and Gentamycin is a broad-spectrum antibiotic. After incubation, the samples were rinsed with the same mix without the collagenase. At this point, the tissue had to be extruded manually using forceps. I found it helpful to open the podomeres by cutting them longitudinally with a microsurgical blade (see Chapter 2.2). The cell suspensions were observed under the microscope to evaluate the efficiency of the treatment and cell viability was assessed by staining with trypan blue. After the treatment, the tissues were not fully disaggregated, so I used a micropipette to disrupt them. Despite a long incubation time, obtaining a suspension of single cells was difficult.

The protocol also left many pieces of debris and aggregates behind, so I added a filtering step at the end using a cell strainer (30 µm). To increase efficiency and reduce incubation time, I repeated the experiments with a higher collagenase concentration (5 mg/µL). Again, the tissues were not fully disaggregated, recovering a small proportion of cells that were damaged.

Finally, I tried to replicate the original experiment using the PhMS-EGFP transgenic line [START_REF] Pavlopoulos | Establishing Genetic Transformation for Comparative Developmental Studies in the Crustacean Parhyale Hawaiensis[END_REF], which labels muscles and satellite-like cells. To do so, I increased the number of dissected limbs to 15, to obtain more material (which will be the standard from this point), and stained them with propidium iodide (PI), which labels dead cells. Only small numbers of GFP-positive cells were detected, whereas most cells from the limb were dead (Figure 3.3). Such low cell viability would require major changes in the protocol. First, incubation time is one hour at room temperature, which could be responsible for inducing transcriptional changes and compromising cell viability. The medium used may also not be optimal for Parhyale cells; therefore, alternative media could be tested. As input for any single-cell method, more than 80% of the cells should be viable and for this reason, the original protocol that required few cells to survive, the satellite-like cell, could not be the best approach to get a heterogeneous sample that represents all the cells from the limb.

Testing enzymatic treatments and different media

Inspired by dissociation protocols used in other marine organisms [START_REF] Bibliography Achim | Whole-Body Single-Cell Sequencing Reveals Transcriptional Domains in the Annelid Larval Body[END_REF][START_REF] Sebé-Pedrós | Cnidarian Cell Type Diversity and Regulation Revealed by Whole-Organism Single-Cell RNA-Seq[END_REF], I tested alternative enzymes in the same S&SM3 medium. First, I substituted collagenase with liberase, a mixture of collagenase I and II, whose efficiency is proved to be higher. Then, I introduced either the mixture of pronase with sodium thioglycolate or chitinase as a pre-treatment; I applied each pre-treatment for 10 minutes and replaced it with either collagenase or liberase for 30 minutes.

Alternatively, I also tested protease XIV for 30 minutes. Most tissues remained intact, while few isolated cells were alive and many were damaged.

To assess whether the media used could affect dissociation and cell survival, I tested these enzymes again in two alternative media: Low Calcium No Magnesium Artificial Seawater (LowCa 2+ NoMg 2 ASW) and Calcium Magnesium free Artificial Seawater (Ca 2+ /Mg 2+ -free ASW). As I mentioned in the introduction, the absence (or low quantities) of magnesium and calcium in artificial seawater has been extensively used in dissociation protocols. I also repeated the previous experiments in these alternative media, adding the protease papain. Overall, I could not observe any significant improvement compared with the S&SM3 medium. Enzymatic treatments such as chitinase failed to digest the cuticle; thus, manual dissection became mandatory, which is time-consuming and could compromise cell viability. A summary of the tested combinations of enzymes and media is listed in Table 3 At this point, it was unclear whether the cell death was caused by the enzymatic treatment or the medium itself. The major problem is that enzymatic treatments can result in cell damage if applied for long periods. To address this problem, I decided to take a step back and eliminate the enzymatic treatment and to test the viability of cells only in the selected medium. If I could find in which medium the cells have a better survival rate, I could then find which enzymatic cocktail is suitable and adjust the conditions in which I isolate the cells.

I tested the media used in the previous experiments and I added to the list physiological saline solution [START_REF] Hoar | A Laboratory Companion for General and Comparative Physiology[END_REF]. In this way, the only two parameters affecting cell viability were the medium itself and the dissection. whose main strength is that cells are fixed while dissociating. Alternatively, as I mentioned in the introduction, extracting the nuclei is an excellent alternative to recover the cell type diversity in an unbiased way [START_REF] Denisenko | Systematic Assessment of Tissue Dissociation and Storage Biases in Single-Cell and Single-Nucleus RNA-Seq Workflows[END_REF]). In the case of Parhyale, single-nucleus RNAseq would also allow obtaining the nuclei of cells that are tightly attached to the cuticle (e.g. epidermis, tendons). In this case, the mechanical disruption of the cuticle would no longer be necessary as the cells are broken and their nuclei recovered.

Developing a nuclei isolation protocol and first sequencing

The major advantage of single-nucleus RNA sequencing (snRNA-seq) over scRNA-seq is that the former does not require preserving cellular integrity during sample preparation, especially dissociation. When isolating nuclei, you can apply harsher methods to disaggregate tissues while preserving the integrity of nuclei and without perturbing gene expression.

Testing an already nuclei isolation protocol

To obtain nuclei suspensions, I adapted an existing protocol to Parhyale limbs (Krishnaswami et al. 2016). The principle is to break up the tissues in a hypotonic buffer (called "homogenization buffer" below) in the presence of a detergent to lyse the cell membrane while preserving nuclei integrity. All steps are carried out in cold conditions, which diminishes transcriptional changes. My first goal was to determine whether this approach efficiently disrupts the tissues and whether it yields clean nuclear preparations. I began by placing 12 thoracic legs in a pre-chilled Dounce homogenizer with the 1 ml homogenization buffer (HB) to disrupt the tissues, as described in the original protocol.

In all my attempts, I could recover some nuclei, yet most leg pieces were almost intact. I repeated the experiment by cutting the limbs into smaller pieces and obtained similar results. Since the procedure was carried out in larger volumes than in my previous preps (1 mL), the samples were concentrated by centrifugation (700 g, 5-10 minutes), removing the supernatant and leaving the nuclei in around 100 µL of the buffer. The main difficulty is that Parhyale limbs are flat; hence, they slip out from the pestle strokes rather than crack. Given that I needed a good representation of all cell types within the limb, it seemed necessary to change the procedure and manually dissect the limbs.

First round of optimizations: manual dissection

To guarantee cold conditions and maximize the number of nuclei recovered, I performed the same experiment in the following set-up: a metallic plate kept at -20 °C was placed underneath a Sylgard plate. Sylgard plates are convenient for dissections and allow the creation of tiny droplets to dissect the limbs in a small volume (about 100 µL) while giving enough space to manipulate the samples (Figure 3.4 A). To dissect the legs, I started from the largest podomere (the basis) and while holding the leg with forceps, I opened the podomere with a microsurgical blade longitudinally (Figure 3.4 B). Then, I extruded the tissue introducing the blade and pushing it towards the opened extreme.

Some pieces of tissue tend to remain attached to the cuticle; thus, it is possible to "scratch" the inner side of the cuticle to obtain fragments that otherwise could be underrepresented in the final suspension. I repeated the same steps with the following podomeres (ischium, merus, carpus) until the last two (propodus and dactylus), which were too small to cut longitudinally; I cut these into smaller pieces expecting some nuclei would come out. The dissections are performed on a Sylgard plate, which is at the same time on top of a cold metal plate to maintain cold conditions. The Sylgard plate allows the creation of small drops to dissect the limbs in a small volume. (B) Schematic representation of manual dissections. Starting from the base, the podomere is cut longitudinally (red dashed lines) from proximal to distal (red arrow). The podomere is then opened using forceps. To remove the adherent tissues, the microblade is inserted into the podomere and the inner sides of the cuticle are scraped, pushing the tissues outward from distal to proximal (blue arrow). This procedure is repeated with the ischium, merus, and carpus. Due to the small size of the propodus and dactylus, these podomeres are cut transversely.

There was a significant improvement in the number of nuclei recovered after this manual dissection. However, the nuclei exhibited abnormal shapes and, in some cases, were broken. Moreover, prolonged exposure to the buffer seemed to damage the nuclei, and the homogenization buffer is incompatible with 10x Genomics Chromium technology, therefore an alternative buffer for resuspending the nuclei was required.

Nonetheless, the high number of nuclei that I was able to recovered using this method established a basis on the protocol which I could then optimize.

Second round of optimizations: wash buffer and centrifugation

Next, I had to find the most suitable buffer and to optimize the centrifugation steps. To preserve the nuclei, I added 0.5 mM Spermidine and 0.15 mM Spermine to all the buffers used because they help to maintain nuclear membrane integrity. After dissection, the nuclei suspension was transferred to an Eppendorf tube, leaving behind large pieces of the cuticle. I centrifuged for 7 minutes at 1000 g at 4 °C. A pellet was visible at this step (this pellet is sensitive to manipulation and the supernatant should not be removed entirely). I resuspended the pellet in 50 µL of 1x Phosphate-Buffered Saline (PBS) supplemented with 2% bovine serum albumin (BSA), which prevents nuclei from aggregating. I performed another centrifugation step with the same parameters, resuspending the pellet and adding 40 µL of the same buffer. Then, the suspension was passed through a cell strainer (20 µM) to clean from aggregates and debris.

This protocol allowed me to recover 200-400 nuclei/µL from 12 legs. The suspensions generated contain a minimal amount of aggregates and debris. As the samples generated with this protocol met the requirements for the 10x Chromium device, I performed a first run, loading, 8,880 nuclei on the 10X Chromium Controller and recovering 3,545 nuclei (named ohaw_exp1, see "Chapter 4" for more details on this dataset). Although the dataset generated from these nuclei passed the quality control, and I could retrieve meaningful biological information (Figure 4.3 and 4.4), it also exhibited a certain degree of ambient RNA contamination (median 35.2%, Figure 4.3). This result may be explained by the volume of homogenization and wash buffers used throughout the entire protocol; with small volumes, nuclei loss is minimized, but ambient RNA and debris may not be washed out efficiently.

Optimizing the nuclei isolation protocol and second sequencing

In order to overcome the problem of contamination from ambient RNA, the protocol was optimized by increasing the wash volumes, reducing exposure to detergents and filtering on a narrower mesh strainer, thus balancing the nuclei yield and removing undesired biological material (ambient RNA, pieces of lysed cells and aggregates).

Although the changes were not introduced in the described order, I will separate them into two parts (dissection and washes) for the reader's convenience.

Third round of optimizations: dissection and wash adjustments

For dissection, the Sylgard plate was substituted by the lid of a LoBind 5mL Eppendorf tube, which allows up to 500 µL volumes to be used, prevents the nuclei from getting stuck on the surface, and is clean from biological material and RNases. I can usually dissect between 12 and 16 limbs in 20 to 30 minutes which is a considerable amount of time if the sample is in contact with detergent. For this reason, the dissections were carried out in 300 µL of HB without detergent, and then detergent was added at the end in a higher concentration (0.3% Triton-X final instead 0.1%) to compensate for the shorter incubation time. The suspension was mixed and transferred with a trimmed P200 tip to an Eppendorf tube. At this point, the sample contains many nuclei but also large fragments of tissue and pieces of cuticle with some tissue attached. To maximize nuclei recovery, I pipetted the mix slowly 30 times with a regular P200 tip (>1 s per cycle). In my experience, this step significantly increased the nuclei yield.

Once the dissection is finished, removing the detergent from the medium is critical.

After mechanical disruption, the cuticle fragments can be removed by letting them settle speed, time and buffer (either HB or 1x PBS). Centrifugation speed was kept between 500 and 800 g while the time of centrifugation was set between 5 and 10 minutes.

Longer centrifugation times or higher speeds resulted in a very compacted pellet that was challenging to resuspend, caused the formation of aggregates and led to nuclear damage. On the other side, shorter centrifugation times and low speed failed to pellet all the nuclei, leading to the loss of much of the material. In the beginning, I set up the parameter to 500 g and 5', but for the final protocol's version, the time was increased to 7'.

After centrifugation, a pellet is visible, although unstable; hence the supernatant should be removed slowly, leaving around 50 µL. In order to wash, 600 µL of 1x PBS with 2%

BSA were added, and the pellet was carefully resuspended, keeping the nuclei in the lower part of the tube. After a second centrifugation, the supernatant was removed carefully, leaving 25 µL. Then, 25 µL of 3x PBS were added to reach a final concentration of 2x PBS. The reason for choosing this buffer concentration is explained below. Finally, the sample was passed through a 10 µm cell strainer, and the quantity and quality of nuclei were checked under the microscope. This protocol is illustrated in Figure 4.5. The procedure begins with the preparation and placing all buffers for homogenization (HB), washing (WB), and resuspension (RB) on ice. After anesthetizing the animals with 0.02% clove oil in FASW, they are placed in a Sylgard plate with a drop of FASW. Then, T4 and T5 are amputated (marked in gray) and transferred to the lid of a 5 mL Eppendorf tube containing 291 µL HB. After manual dissection, 9 µL of 10% Triton-X is added and mixed 5 times. The suspension is then transferred to a tube and the tissues is further disaggregated by pipetting 25 times. The cuticle pieces settle, and the supernatant (SN) is transferred to a new tube containing 600 µL of fresh HB. After centrifugation, almost all of SN is removed and 600 µL of WB is added. The pellet is carefully resuspended, and the sample is centrifuged again. Finally, the SN is removed, 25 µL of RB is added, and the nuclei suspension is filtered to remove debris. (Created with BioRender.com)

Fourth rounds of optimizations: resuspension buffer adjustment

During the protocol optimization, I observed that nuclei started to swell after prolonged exposure to 1x PBS. For this reason, I conducted a test to determine the most suitable media for resuspension. Different concentrations of PBS (1x, 3x and 5x), physiological saline solution and LowCa2+NoMg2 ASW were used to resuspend the pellet. The nuclei were better preserved for a longer time in 3x PBS and 5x PBS, which is probably due to the higher osmolarity/salinity of these solutions. This high salinity represents a problem for centrifugation (due to the higher buoyancy of the nuclei) and compatibility with the 10x Genomics Chromium buffers. The best compromise was to wash with 1x

PBS and then resuspend in a final concentration of 2x PBS, which is compatible with the 10x Genomics Chromium device. With this method, nuclei can preserve their shape until they are loaded on the device.

I ran another experiment in the 10x Genomics Chromium device, using a pool of 12 T4

and T5 legs from 6 individuals (named uninjured). The number of loaded nuclei was 22,080, and I recovered 9,459. Compared with the previous dataset, this one showed less contamination from mitochondrial and ambient RNA but shared similarities regarding cell clustering and dimensional reduction (Figures 4.5 and 4.6). The analysis of this dataset is discussed in the next chapter. Additionally, the optimized version of this protocol was used to generate the datasets described in Chapter 5.

Although this protocol permits the generation of good-quality datasets, some aspects can be further optimized. The first significant limitation is the time it takes to prepare the samples; it takes around 1 hour prior to loading the chip (including counting and chip preparation). Time could be reduced by decreasing the number of limbs if fewer nuclei are required. Until now, I could not find a better method to extract the nuclei from the limbs. Dissection is one of the most time-consuming parts and, in my experience, speed and efficiency improve with practice.

A second drawback is the volume of buffer used during the washes, which impacts the amount of noise coming from ambient RNA in the dataset. It is possible to increase the volume, but this would require re-optimizing the centrifugation parameters, which I found very sensitive during all my trials. An option would be to add additional washing steps, which may result in cell loss and increase the time of preparation. Two alternative possibilities when it comes to cleaning the nuclei from debris would be to sort the nuclei by FACS or to centrifuge the nuclei in a density gradient. These modifications can compromise the sample as both steps require a considerable amount of time which will induce changes in the transcriptome and compromise integrity. A possible solution would be to combine these with a reversible cross-linking fixative, dithio-bis(succinimidyl propionate) (DSP; Lomant's reagent), which has been demonstrated to yield similar transcript complexity and transcriptome identity as in fresh cell preparations [START_REF] Attar | A Practical Solution for Preserving Single Cells for RNA Sequencing[END_REF].

The protocol developed here can be used as a starting point for extracting nuclei from other tissues and stages in Parhyale. For instance, it has been applied to regenerating limbs at different time-points during regeneration, specifically 1, 3 and 5 days post-amputation (1dpa, 3dpa and 5dpa, respectively). The protocol did not need any modification, except an adjustment of the starting material (number of limbs) to collect the desirable number of nuclei. Limbs were amputated at the distal part of the merus proximal to the joint (Figure 3.6) and left to regenerate. In the case of 1dpa, the nuclear yield was much lower as the onset of proliferation has not occurred yet, so I had to collect more amputated limbs (40 limbs for concentrations between 400 and 600 nuclei / µL). Moreover, the tissues that are in close contact with the melanized scab require attention during the dissection. From 3dpa, there are already many proliferating cells, and 32 podomeres were sufficient to obtain sufficient numbers of nuclei. 

CONCLUSIONS

An initial objective was to establish a cell dissociation protocol for Parhyale adult limbs.

Although it is possible to dissociate part of the tissues, all the experiments conducted with this purpose failed to produce a suspension of viable cells. Among the various treatments, the mechanical force exerted when opening the limbs and the media had the strongest impact on cell viability.

There is not much that can be done about the force applied during dissection unless an enzymatic treatment can be found that either digests the cuticle (this seems hardly possible without compromising the rest of the cells) or detaches the tissue from the cuticle and thus allows it to extract it intact. There are many enzymes that I have not tested, but one of the drawbacks of these treatments is that they are applied at warm temperatures. Cold enzyme dissociation is gaining popularity since it has been shown to result in fewer transcriptional changes [START_REF] Adam | Psychrophilic Proteases Dramatically Reduce Single Cell RNA-Seq Artifacts: A Molecular Atlas of Kidney Development[END_REF]. Although I could have tested several enzymes, the main problem was that most cells died as soon as they came in contact with the medium. To establish a single-cell protocol with fresh cells in the future, I would advise start by resolving this problem. It might be best to focus on protocols that allow fixation (either during or prior to dissociation), as this can overcome the problems of cell viability and stress-induced transcriptomic changes.

The replacement of cell dissociation with nuclei dissociation allowed me to obtain a nuclei suspension suitable for single-cell profiling technologies. The protocol has the following technical limitations:

• It takes 1hr from tissue disruption to nuclei capture in droplets. The most time-consuming part is the dissection. One possibility for improvement would be to use fewer limbs. A second possibility would imply finding an alternative to the Dounce homogenizer that is tighter-fitting or printing a custom-made pestle system (nowadays, there are commercial grinders coupled with a mesh).

• This protocol requires more cells than can be sampled from a single leg, hence sampling a single leg is not possible. If the experiment does not require a specific stage, it is better to use large animals (more than 1 mm, usually males).

• Small volumes are used to reduce the loss of nuclei, which can lead to higher levels of ambient RNA. Increasing the wash volumes should be accompanied by optimization of the centrifuge parameters. As a guideline, I would increase the speed (up to 1000 rfc) and decrease the time of centrifugation. Increasing the speed above 1000 rfc, will produce a very compact pellet that will be difficult to resuspend and will damage the nuclei.

• The protocol is also sensitive to nuclei collection and resuspension steps. Special attention must be taken here to avoid losing the nuclei when removing the supernatant. For this reason, I always leave 25-50 µL of medium in the pellet. In my experience, it is better if the pellet is resuspended only in the lower part of the tube during the washing steps to minimize loss because the nuclei do not pellet well.

Another alternative would be fixing the nuclei while dissecting. This would give time to do longer washes or to clean-up the nuclei suspensions in a sucrose gradient (which takes minimum 30 minutes).

Despite its limitations, the current protocol has allowed me to generate good-quality snRNAseq datasets (chapter 4), it is reproducible (chapter 5), and it can be applied both to Parhyale embryos and regenerating limbs. 

Data pre-processing

Data pre-processing includes all the steps necessary to convert raw sequencing reads into gene expression matrices, using workflows similar to those used for bulk RNA-seq.

After generating FASTQ reads, the next step is de-multiplexing the reads using the cell (bead-specific) barcodes. The de-multiplexed reads are then mapped to reference genomes (whenever available, otherwise reads can be mapped to a transcriptome) with alignment tools such as TopHat [START_REF] Trapnell | TopHat: Discovering Splice Junctions with RNA-Seq[END_REF] or STAR [START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF]) [START_REF] Lafzi | Tutorial: Guidelines for the Experimental Design of Single-Cell RNA Sequencing Studies[END_REF]. The proportion of reads unambiguously mapped to a gene (mapping ratio) is among the first significant indicators of the overall quality of scRNA-seq data. Next, the number of reads mapped to each transcript is counted to create a transcript expression matrix using specific tools, which in the case of 3' end sequencing protocols, algorithms to measure gene/transcripts levels using UMIs are needed, (for instance SAVER -single-cell analysis via expression recovery, Hwang, Lee and Bang, 2018) [START_REF] Lafzi | Tutorial: Guidelines for the Experimental Design of Single-Cell RNA Sequencing Studies[END_REF]G. Chen, Ning, and Shi 2019). Most tools only use reads mapped to exonic regions to generate the expression matrix. Single-cell processing tools combine both mapping with read count to generate an matrix generation. We can find pipelines that support different mapping and quantification tools [START_REF] Ilicic | Classification of Low Quality Cells from Single-Cell RNA-Seq Data[END_REF] or technology-specific tools like Cell Ranger for Chromium systems [START_REF] Zheng | Massively Parallel Digital Transcriptional Profiling of Single Cells[END_REF]. Cell Ranger uses STAR to align the reads and provides some post-alignment summary stats, such as uniquely mapped reads, reads mapped to annotated exonic regions, or sequencing saturation.

Quality control

In droplet-based methods, many droplets are produced during the cell capture process, but most of these will not contain cells, and any reads associated with them will be the result of ambient RNA present in the solution. Accordingly, the technical noise result from the ambient RNA is higher compared to bulk RNAseq methods, thus quality control (QC) is crucial for identifying and removing the low-quality scRNA-seq data (such as reads from broken or dead cells) to get robust and reproducible results [START_REF] Ilicic | Classification of Low Quality Cells from Single-Cell RNA-Seq Data[END_REF]. Calculating a dataset-specific threshold of the minimum UMIs per cell is widely used to discard empty droplets or droplets containing broken cells. Alternatively, recently developed tools such as EmptyDrops [START_REF] Lun | EmptyDrops: Distinguishing Cells from Empty Droplets in Droplet-Based Single-Cell RNA Sequencing Data[END_REF]) estimate the background levels of RNA present in empty droplets and then identify droplets that deviate from that background. The advantage of this strategy is that it enables the detection of cell types with low RNA content relative to other cells in the sample [START_REF] Andrews | Tutorial: Guidelines for the Computational Analysis of Single-Cell RNA Sequencing Data[END_REF].

Nonetheless, these approaches can not distinguish dying or damaged cells from intact ones. Additional parameters must be considered for further filtering. Usually, when the membrane is ruptured, the cell loses cytoplasmic transcripts, thus in comparison, more nascent nuclear transcripts will be found. At the same time, mitochondrial genes are upregulated. Therefore, additional metrics include examining the number of expressed genes [START_REF] Islam | Quantitative Single-Cell RNA-Seq with Unique Molecular Identifiers[END_REF], the expression levels of housekeeping genes [START_REF] Treutlein | Reconstructing Lineage Hierarchies of the Distal Lung Epithelium Using Single-Cell RNA-Seq[END_REF], and the fraction of reads mapped to mitochondrial genes [START_REF] Islam | Quantitative Single-Cell RNA-Seq with Unique Molecular Identifiers[END_REF] or intronic regions, among others.

Data analysis

Cleaning the date from unwanted signal

Once the expression matrices are produced, normalization is an essential step in scRNA-seq analysis to correctly interpret the results, adjusting unwanted biases resulting from capture efficiency, sequencing depth, dropouts and other technical effects (G. Chen, Ning, and Shi 2019). Besides technical variation, natural variability such as different cell sizes, RNA content, or cell cycle can complicate downstream analysis.

When handling scRNA-seq datasets from different experiments, timepoints or technologies, inevitable technical and non-biological variances must be corrected.

Consequently, batch effect correction is essential when integrating multiple datasets.

More details about this procedure are discussed in chapter 5.

Dimensionality reduction

The next step that also speed up downstream analysis is identifying the most highly variable genes (HVG), the subset of features displaying high cell-to-cell variation. HVG methods assume that genes with highly variable expression across the cells result from biological effects rather than technical noise. Packages like Seurat [START_REF] Satija | Spatial Reconstruction of Single-Cell Gene Expression Data[END_REF] implement this step before dimensionality reduction.

One of the significant applications of scRNA-seq is identifying and exploring novel cell types or states and providing new insights into pre-described ones. A first step to visualize the dataset is to perform dimensionality reduction, which consists of projecting cells from high dimensionality space (the expression level of each gene UMAP has gained popularity among the single-cell community, and it is claimed that this method is better for preserving the data's structure [START_REF] Becht | Dimensionality Reduction for Visualizing Single-Cell Data Using UMAP[END_REF].

Clustering

Most analyses use unsupervised clustering that identifies groups of cells with similarities in their transcriptomic profiles. Cellranger only considers the reads confidently mapped to exons for the generation of matrices, which can result in information loss in datasets enriched with intronic reads, such as snRNA-seq. To register those reads, the annotation file was modified so as to recover reads corresponding to introns or reads from the entire unspliced mRNA. The resulting additional annotations were used to re-map the reads and compare the results, as can be observed in As the table shows, it is best to use the whole pre-mRNA because the read recovery is twice as high as for exons or introns. Because this was the first dataset generated from adult Parhyale tissue using a protocol that had never been tested before, quality control was essential. Preliminary analysis of the results of mapping to the entire pre-mRNA showed that the dataset contained a high proportion of reads that were assigned to mitochondrial genes. The high number of mitochondrial reads likely reflects a large amount of RNA coming from lysed cells, implying that the nuclei were not sufficiently washed to remove ambient RNA. This would suggest a significant amount of contaminating transcripts derived from the cytoplasm of lysed cells. To avoid this unwanted signal, I decided to focus on the reads mapping that was performed only with intronic regions which are recovered from nuclei, to analyze the dataset and reduce the noise.

Besides adjusting/improving the protocol for nuclear preparation, another aspect that had a significant impact on the data was the gene models. Many genes in the annotation were of undefined or incorrect strandedness. In order to improve it, Mathilde Paris, corrected gene strandedness using information from our snRNA-seq data or by identifying putative coding sequences through sequence similarity (see chapter 2, section "Genome annotation").

I first performed a quality control analysis using EmptyDrops [START_REF] Lun | EmptyDrops: Distinguishing Cells from Empty Droplets in Droplet-Based Single-Cell RNA Sequencing Data[END_REF] The output from emptyDrops was used to filter the data using Seurat v3.0.2 (Stuart et al. 2019). Additional filters were applied to the 6,484 remaining cell barcodes based on the violin plots displaying the numbers of features, counts, and percentage of mitochondrial Overall, quality control revealed a dataset with high noise. The barcode rank plot did not show a clear drop delineating knee and inflection points, which is common in such datasets and helps to determine the boundary between nucleus-containing and empty droplets. In single-cell RNA-seq, the fraction of intronic reads are used to identify the droplets that contain dying cells, as the cytoplasmic contents are lost while the nuclei are retained. In this type of QC, a low percentage of intronic reads is desirable. In my case, I used this information in reverse since a high proportion of reads assigned to intronic regions is expected in intact nuclei, and a low proportion of reads assigned to intronic regions is in empty droplets.

Although the UMAP reveals a structured dataset with defined clusters, the low number of nuclei recovered and the high contamination from ambient RNA (e.g. mitochondrial RNA) may complicate further analysis to characterize the cell types, for instance, differential expression analysis. Therefore further optimization of the nuclear preparation was needed in order to recover better quality data.

A second dataset from intact T4 and T5 limbs was generated with an improved protocol (named uninjured dataset; improved method described in 3.3.4). A total of 22,080 nuclei from 12 intact limbs were loaded in the 10x Genomics Chromium device. The capture and the cDNA library preparation were performed using the Next GEM Single Cell 3' v3.1 chemistry from 10x Genomics. The resulting library reads were processed with Cell Ranger V 6.0.1.

To evaluate the improvement of the dissociation protocol, I applied in the new dataset the same quality controls as in the first experiment and compared them. As 

Cell type diversity in Parhyale limbs

After clustering, the assignment of a biological annotation to each cluster is the objective of subsequent analysis. Automated annotation tools use a predefined set of marker genes known to be expressed in specific cell types but often fail to identify new ones.

The gold standard is manual annotation, which involves searching the relevant literature and querying the clusters to visualize the expression pattern using heat maps. The Cells clusters 6 and 15 express genes that are typically associated with arthropod hemocytes (blood cells), encoding proteins involved in blood coagulation (related to hemolectin and transglutaminase [START_REF] Goto | Drosophila Hemolectin Gene Is Expressed in Embryonic and Larval Hemocytes and Its Knock down Causes Bleeding Defects[END_REF][START_REF] Lindgren | Fondue and Transglutaminase in the Drosophila Larval Clot[END_REF])), melanization (phenoloxidase/PPO (Sugumaran 2002)) and immune responses (modSP [START_REF] Buchon | A Single Modular Serine Protease Integrates Signals from Pattern-Recognition Receptors Upstream of the Drosophila Toll Pathway[END_REF])) (Figure 4.7 C). These cells also express specifically a GATA transcription factor and a mys/itgbn-like beta integrin, whose orthtologies could not be precisely determined; GATA factors are typically associated with the specification of endodermal tissues and blood [START_REF] Rehorn | A Molecular Aspect of Hematopoiesis and Endoderm Development Common to Vertebrates and Drosophila[END_REF] and the beta integrins mys and itgbn play essential roles in encapsulation, hemocyte migration and phagocytosis in Drosophila [START_REF] Irving | New Insights into Drosophila Larval Haemocyte Functions through Genome-Wide Analysis[END_REF][START_REF] Nagaosa | Integrin Βν-Mediated Phagocytosis of Apoptotic Cells in Drosophila Embryos[END_REF][START_REF] Moreira | Drosophila Integrin Adhesion Complexes Are Essential for Hemocyte Migration in Vivo[END_REF].

Crustacean blood contains a variety of cell types and they are often classified by their shape and the presence or absence in the cytoplasm of granular inclusions. A recent study performing scRNA-seq on shrimp hemocytes revealed 6 transcriptionally distinct clusters [START_REF] Koiwai | Single-Cell RNA-Seq Analysis Reveals Penaeid Shrimp Hemocyte Subpopulations and Cell Differentiation Process[END_REF]). Parhyale hemocytes have been classified into 4 groups, two granular and two non-granular [START_REF] Divakaran | Studies on the Biology of Parhyale Hawaiensis (Crustacea: Amphipoda)[END_REF]), but none of the markers detected by snRNAseq Parhyale helped to make these distinctions.

Cell cluster 17 is associated with the expression of the putative orthologue of the insect glial cell marker repo [START_REF] Campbell | RK2, a Glial-Specific Homeodomain Protein Required for Embryonic Nerve Cord Condensation and Viability in Drosophila[END_REF][START_REF] Xiong | Repo Encodes a Glial-Specific Homeo Domain Protein Required in the Drosophila Nervous System[END_REF]. Using an antibody that raised against this transcription factor, a former member of the lab, Çağrı Çevrim, found that these cells are closely associated with axons (Figure 4.9), as would be expected of glia. Cells from this cluster also express genes associated with signaling, adhesion, sugar this in a dot plot (Figure 4.11). The resulting plot confirmed some of the cell types already identified in the previous sections, for instance, the epidermis, neurons, muscles, and hemocytes.

The accessory cells of the sensory organs were not labeled in the Drosophila dataset; therefore, their identity could not be confirmed in Parhyale. In the case of glial cells, this approach found a better match for Drosophila glial cells (cluster 11), which belong to the epidermal cluster and not cluster 17. Based on immunostaining in adult limbs, repo seems to be a good candidate as a marker for glial cells, although it is underrepresented in the snRNA-seq data. This opens up a few possibilities that are not mutually exclusive:

(1) Drosophila markers may be of limited value for identifying some cell types in The approach also failed to distinguish between two types of neurons that I expect to be 

Diversity of neuronal and muscle cell types

The nervous system of Parhyale consists of a brain, a ventral nerve cord, and a series of motor and sensory nerves. While the motoneurons in the limbs innervate the muscles, the sensory neurons innervate the peripheral sensory organs (also called sensilla).

There are several types of sensilla whose classification is based on their function and location. External sensilla are used to sense chemical or mechanical cues, while internal sensilla sense physical signals from internal tissues, for instance stretch and pressure. In each case, sensilla are innervated by mechanosensory and/or chemosensory dendrites.

In contrast to leg motoneurons, which have their cell bodies (nuclei) on the central nerve cord, the nuclei of sensory neurons are expected to be found in snRNA-seq data.

My initial clustering analysis and annotation revealed the presence of two closely related neuronal cell clusters (Figure 4.6 B). This could be either because the transcriptional profiles of all neuronal types are remarkably similar or because the transcripts captured are insufficient to reveal the distinction between the different subtypes neurons. This result was maintained even after integrating with additional datasets (chapter 5), suggesting that it was not caused by a low number of cells.

It is also possible that the transcriptomic heterogeneity of the whole leg is too high to detect more subtle differences within the same broad cell type. It has been shown that for satellite-like cells, which should be further analyzed. Perhaps, this approach may help to find the different subtypes of hemocytes, or to identify the tendon cells within the epidermal cluster.

Although past lab members had made several attempts to establish an in situ hybridization protocol on adult limbs, none of these protocols succeeded.

Immunostaining on adult limbs is possible, but the generation of antibodies is low-throughput, expensive and time-consuming. Oligonucleotide/short-probe-based in situ approaches (smFISH, HCR, etc.) could overcome probe penetration problems due to the Parhyale cuticle. In addition, top-notch technologies such as spatial transcriptomics would be a good alternative as we can use the current datasets as a reference. An effort in any of these directions would be profitable to validate the clusters, bring insight into the unnamed ones and ultimately, accomplish the reconstruction of Parhyale's limb cell atlas.

Besides the characterization of cell type diversity, one of the great advantages of snRNA-seq is the large-scale discovery of the spatial distribution and temporal dynamics of genes that suggest new roles for genes that classical methods cannot detect. In my project, the snRNA-seq approach is applied to adult tissues, where the role of most genes have not been extensively studied.

REGENERATED LIMBS ARE PRECISE REPLICAS

Regeneration does not always produce a faithful replica of the lost structure. In this chapter, I address the fidelity of regeneration at the cellular level, to investigate whether the diversity of cell types is fully restored after regeneration, whether the different cell types are recovered in the same proportions, and whether regeneration has a long-term effect on the transcriptome of cells. To that end, I compare snRNA-seq datasets from regenerated and uninjured legs, 2 and 6 months after amputation. I use multiple approaches to merge the different datasets and compare the resulting clusters, including integration methods that correct for batch effects, and different read mapping strategies, to assess the robustness of the analysis. Considering all approaches and measurements, it appears that Parhyale is able to regenerate a lost leg with precision.

INTRODUCTION

Data integration methods enable the alignment of multiple datasets

Very often, samples that we wish to compare are not generated together; they may be processed on different chips or sequencing lanes, collected at different time points, or captured using other technologies. All of these variations result in unwanted batch effects, i.e., non-biological alterations in the measurements that can lead to misleading conclusions. The best way to reduce these changes is to start with a good experimental design (joint processing of samples, technical and biological replicates), although this is not always possible.

Batch correction methods such as ComBat (W. E. [START_REF] Johnson | Adjusting Batch Effects in Microarray Expression Data Using Empirical Bayes Methods[END_REF] and limma [START_REF] Smyth | Normalization of CDNA Microarray Data[END_REF], which were developed for bulk RNA-seq and microarray data, respectively, have also been employed in scRNA-seq to reduce batch effects and to render independently collected datasets comparable. However, these methods consist of linear models of gene expression and do not perform well in scRNA-seq datasets [START_REF] Tran | A Benchmark of Batch-Effect Correction Methods for Single-Cell RNA Sequencing Data[END_REF]) because they assume that confounding variables have uniform effects on all cells in a dataset [START_REF] Butler | Integrating Single-Cell Transcriptomic Data across Different Conditions, Technologies, and Species[END_REF]).

To address this issue, specific methods have been developed to mitigate the batch effect in snRNA-seq data and enable the integration of multiple datasets; for example, to compare heterogeneous tissues across conditions or to integrate measurements performed with different technologies or experiments and facilitate comparative analysis downstream. The key requirement for these methods is that the same cell types must be aligned even if their proportions or transcriptomes change due to perturbations such as exposure to different environments, developmental processes, treatments, or technology-induced biases. Several packages are available, of which Seurat [START_REF] Butler | Integrating Single-Cell Transcriptomic Data across Different Conditions, Technologies, and Species[END_REF]Stuart et al. 2019), Liger [START_REF] Welch | Single-Cell Multi-Omic Integration Compares and Contrasts Features of Brain Cell Identity[END_REF] and Harmony [START_REF] Korsunsky | Fast, Sensitive and Accurate Integration of Single-Cell Data with Harmony[END_REF] are the most popular.

Data integration through Seurat first applies canonical correlation analysis (CCA) to project datasets into a shared space defined by a common set of molecular features. In this space, pairs of mutual nearest neighbors (MNN) are identified across datasets (termed as "anchors") and scored based on their consistency across the neighborhood structure of each dataset. The difference in expression profiles between two anchored cells represents a batch vector, which is used to compute corrections, transforming the gene expression values. Consequently, cells in the same neighborhood will share similar correction vectors. The corrected expression matrices are then used as input for all downstream analyses.

Harmony [START_REF] Korsunsky | Fast, Sensitive and Accurate Integration of Single-Cell Data with Harmony[END_REF], iteratively corrects the data by clustering the cells and moving neighboring clusters toward each other. It begins with a low-dimensional embedding of cells, such as principal component analysis (PCA). Then, it uses soft clustering to group the cells into multi-dataset clusters. After clustering, each dataset has cluster-specific centroids that are used to compute linear correction factor, which will be used to correct the cells. This process is repeated until cell cluster assignment is stable.

LIGER [START_REF] Welch | Single-Cell Multi-Omic Integration Compares and Contrasts Features of Brain Cell Identity[END_REF]) uses an integrative non-negative matrix factorization (iNMF) method to define a low-dimensional space in which each cell is defined by one set of dataset-specific factors and another set of shared factors. Then each cell is labeled based on the maximum factor loading, and a shared factor neighborhood graph is built, connecting cells with similar factor loading patterns.

RESULTS AND DISCUSSION

Generation and collection of regenerated limbs datasets

Parhyale can regenerate its limbs within about a week. After the next molt, the animal releases the newly regenerated appendage. Upon casual visual inspection, the regenerated limbs appear to be a smaller copy of the original. Over time, the animal continues to grow, revealing a larger limb with each molt until it reaches its original size.

In his PhD thesis, Ç. Çevrim (2021) demonstrated that the abundant variety of external sensory hairs (setae) covering the legs of Parhyale are fully restored after regeneration.

This faithful restoration of the setae diversity and the patterning may reflect the recovery of, at least, the cell types that make up the external sensory organs of legs. In the previous chapter, I have shown that Parhyale legs consist of ~20 distinct cell types.

In this chapter, I ask whether those cell types can recover this diversity after the loss of an appendage and its regeneration. 

Recovery of cell type diversity and relative abundances

To investigate cellular composition after regeneration, I investigated the presence of each of the diverse cell types in these datasets, using integration methods. First, I applied the anchoring method implemented in Seurat [START_REF] Hao | Integrated Analysis of Multimodal Single-Cell Data[END_REF] To quantify the relative abundance of cell types in each dataset, I extracted the relative numbers assigned to each cluster and visualized them in a bar plot (Figure 5.3 D). To test whether there were statistically significant differences, an ANOVA of three factors was performed by Mathilde Paris: which condition each nucleus is associated with (control or regenerated), which cluster it belongs to, and which experiment it was sampled from (uninjured, 2-months, or 6-months). We found no statistically significant differences in the proportions of cells found in each cluster, among the regenerated and contralateral uninjured limbs. In the same test, however, I found significant differences in the distribution of nuclei across cell types (as expected the most abundant tissues -epidermis and muscle-had the largest number of nuclei) and between experiments.

The observed differences between experiments (e.g. higher proportion of muscle and neuronal nuclei in the 2-month datasets) could be due to a bias in the recovery of nuclei during dissociation. To quantify our power to detect differences in nuclear proportions between control (uninjured) and regenerated samples, M. Paris used simulations to generate datasets with the same structure as the original ones, in which the size of a given cluster was reduced by 1.2 to 10-fold compared with the corresponding control. Then, the same ANOVA test was applied to determine the smallest fold change that can be detected as significant (p.value < 0.05). The results suggest that 2-fold differences in relative abundances can be detected for all the major clusters (more than half of the clusters, containing ~90% of the cells) and 3-to 4-fold differences can be found to be significant in most minor clusters (Figure 5.5).

Figure 5.5 Power analysis probing sensitivity in detecting changes in relative abundance of cell types. Computational simulations were used to quantify our power to detect differences in nucleus abundance between control and regenerated samples. This plot reports the lowest simulated fold change for which such a difference could be detected with a p-value < 0.05. The analysis indicates that the datasets would reveal 1.2-to 2.5-fold differences in relative abundance of nuclei in each of the major clusters, and 3-to 4-fold differences in some minor clusters (clusters 23, 25, 28 and 29; the sensitivity of detection for cluster 32 is lower). In the current data, no significant differences in the frequency of nuclei were observed between regenerated and uninjured limbs. To probe the recovery of cell types at higher resolution, I investigated whether the snRNA-seq data might allow me to distinguish differences in the abundance of the neuronal subtypes identified in the previous chapter (Figure 4.11). I found that the diversity and relative abundance of these neuron subtypes are similar in uninjured and regenerated limbs (Figure 5.6), implying that at this resolution, all the putative neuronal types found by snRNA-seq in uninjured limbs are also present in regenerated limbs. (expressed as % of the total number of cells) across all datasets. I did not find systematic differences between uninjured and regenerated limbs at this resolution.

Testing the robustness of the analysis with alternative read mapping approaches

Considering I used only the reads mapping to introns for the analysis, I wondered whether recovering more reads would increase the resolution of the analysis and reveal differences between uninjured and regenerated samples. In order to recover as many reads as possible, I re-mapped the reads to the entire genome, which includes the pre-mRNAs and unannotated regions of the genome that may include some unidentified transcripts (see chapter 2, "genome annotation"). For this analysis, besides annotated transcripts (pre-mRNAs), the entire genome assembly was fragmented into arbitrary 5 kb pieces, and the reads mapping to each of these fragments were counted. As before, I integrated the multiple datasets using Seurat's anchoring method and identified the resulting clusters (Figure 5.7 B). Then, I used Clustree (Zappia and Oshlack 2018), an R package for evaluating the stability of clustering, to compare the cell clusters identified in the two integrated datasets defined by intronic or entire genome read mapping. The resulting analysis showed that most clusters show a 1:1 correspondence in the two mapping strategies (e.g. neurons, muscles, glia, 12, 29 and 32), whereas some split into two or more clusters or a small fraction of nuclei fall into adjacent clusters in the UMAP (Figure 5.7 A and 5.7 B). Clusters associated with molting (clusters 18 and 24 in the intronic mapping) converged into one (cluster 12), while cluster 8 in the entire genome mapping diverged into two clusters, although they still kept the same relative position to other clusters in the UMAP (Figure 5.7B). In two cases, the position of the corresponding cluster changed; cluster 23 from the intronic mapping (27 in the entire genome), which appeared to be associated with cluster 8, emerged as an isolated in the entire genome mapping and cluster 15 from the intronic mapping (20 in the entire genome), which constituted a peripheral cluster, moved closer to the epidermal cluster. Overall, the differences are small: most clusters show a 1:1 correspondence, some others show a 1:2 or 2:1 correspondence (a difference in clustering resolution), and few are mixed. In the case of the epidermal cluster and the surrounding clusters, the majority of cells fell into one cluster. Although a smaller proportion was partitioned into the neighboring clusters, this could be due to the arbitrary boundaries between clusters within the epidermis.

Returning to the cellular composition of uninjured and regenerated legs, based on this alternative mapping strategy, I found that these legs have indistinguishable cellular compositions, consistent with the results found in the previous section (Figure 5.7 C).

Using only intronic reads appears to recover the entire catalog of cell types and can already solve questions such as fidelity of regeneration.

Testing the robustness of the analysis with alternative data integration approaches

Seurat is not the only package that allows data integration, and the CCA method used in this package could over-correct batch effects, removing real biological variation. To evaluate this, I also explored two alternative integration methods that are widely used, implemented by the LIGER [START_REF] Welch | Single-Cell Multi-Omic Integration Compares and Contrasts Features of Brain Cell Identity[END_REF] and Harmony [START_REF] Korsunsky | Fast, Sensitive and Accurate Integration of Single-Cell Data with Harmony[END_REF] software packages. As for the integration approach using Seurat, I compared the cell clusters obtained from uninjured and regenerated leg samples (Figure 5.8 C and F) and also computed their relative nucleus abundances per cell cluster (Figure 5.8 B and E).

The results show that the same cell clusters are found in uninjured and regenerated leg samples, and the relative proportions of cells in each cluster are maintained.

(legend on the next page) Methods for integrating multiple datasets may fail to distinguish experimental batch effects from real biological variation. To address whether data integration might artificially force nuclei from different experiments to fall in related clusters (i.e. mistake biological variation for a batch effect), influencing our conclusions, I also analyzed all the datasets by simply aggregating them without an explicit integration step. As before, I found no consistent differences in the clusters recovered from uninjured and regenerated limbs (Figure 5.9 A-C).

I explored this aggregated dataset further by examining the subclusters that make up the epidermis: I found that the frequency of nuclei assigned to a given epidermal subtype varied depending on the sample rather than the experimental conditions (Figure 5.9 D). The top markers for these clusters show very low expression levels in most cells (Figure 5.9 E), suggesting that the differences between these epidermal subtypes might not be large or biologically meaningful. Moreover, the top markers for one of the clusters are mitochondrial genes; this cluster could be formed exclusively by low-quality nuclei with considerable amounts of environmental RNA. (E) Dot plots of the top differentially expressed genes across the five epidermal subtypes. These results show that most of the observable differences between the epidermal subclusters are small and batch-or sample-dependent.

In summary, regardless of the mapping strategy used, the integration method, or the lack of correction for batch effects, these analyzes yield consistent clustering and nuclear abundance measurements in regenerated and uninjured limbs. Differences, are linked to variation between experiments (i.e the epidermal clusters related to the molt) rather than the condition (uninjured vs regenerated). Concerning the relative numbers of nuclei, the snRNA-seq datasets showed considerable variability among them that could be better quantified using technical replicates. However, this would increase the cost of the experiment. In the case of Parhyale leg regeneration, I observed no systematic differences between uninjured and regenerated samples with the current approach.

Transcriptomic profiles of cell types

After confirming that all cell types were present in equal proportions, we asked whether a regenerated signature was retained in their transcriptome; that is, transcriptomic differences are present in the cells of regenerated legs vs. uninjured. To this end, the transcriptional profiles of each cluster were compared between uninjured and regenerated limbs by performing differential expression analyses per cluster across all the single-nuclei datasets (Figure 5.10). This analysis revealed a few cases of differential expression between generated and uninjured legs, the vast majority of which correspond to between-experiment variation rather than between regenerated and uninjured limbs. To increase sensitivity, we also performed pseudo-bulk differential expression analysis using DESeq2, considering uninjured and regenerated samples as replicates. We found only a few genes with cluster-specific differential expression in control compared to regenerated limbs (109 genes with a p-value < 0.05), but the great majority of these genes were expressed in a single replicate or just in a handful of nuclei (Figure 5.10). Finally, we used machine learning to test whether differences in these transcriptional profiles would be sufficient to distinguish regenerated from control legs. This approach was able to classify different cell types accurately but could not discriminate between the cells of regenerated and control legs (Figure 5.11). These analyses were performed by M. Paris. 

CONCLUSIONS

Overall, my data reveals that the regenerated limbs of Parhyale are indistinguishable from uninjured limbs at the cellular and transcriptomic level, in terms of cell type composition, relative numbers of nuclei and nuclear transcriptomes. This conclusion is based on the comparison between three datasets from uninjured legs and two from regenerated legs.

The results are consistent regardless of which mapping and integration strategies I used, including mapping reads to the entire genome (pre-mRNA plus unannotated regions), different integration methods, or no integration. The detection of the molt-associated cluster exclusively in the 6 months dataset confirms that the data integration approach can detect new clusters present only in some datasets. The results are also consistent when resolution is increased, as with the neuronal subclusters.

Therefore, it is likely that this approach would have revealed any missing cell types in the regenerated legs of Parhyale, such as the missing bone cells in regenerated lizard tails (McLean and Vickaryous 2011).

Nonetheless, there are also some inherent limitations in this analysis. First, with the observed levels of variation between samples, the sensitivity of the approach is limited to detecting >2-fold differences in the abundance of any given cell type. Similarly, although we do not observe significant differences in the molecular profiles of nuclei in control versus regenerated legs, probing differential expression in single-nucleus studies poses challenges, for instance, a relatively low sensitivity [START_REF] Papalexi | Single-Cell RNA Sequencing to Explore Immune Cell Heterogeneity[END_REF][START_REF] Squair | Confronting False Discoveries in Single-Cell Differential Expression[END_REF]. Finally, I cannot exclude biases in the dissociation protocol; if there is a rare cell type that was not collected, I cannot test whether it is restored after regeneration. The biological significance of the high fidelity of regeneration is discussed in chapter 7.

MOLTING IS THE MOST IMPORTANT TIME IN AN ARTHROPOD'S LIFE

Arthropods are characterized by the exoskeleton covering their bodies and appendages.

While it gives them protection, the exoskeleton also limits their growth, which is solved by periodic molting. In most crustaceans, this process is repeated during their entire lifetime. Regeneration can also be influenced by molting to the point of being arrested until the next molting cycle. In this chapter, I collected individual limbs from animals at different timepoints in the molting cycle and I showed that molting has a significant impact on the legs' transcriptome.

INTRODUCTION

Exoskeleton, the armor of Arthropods

The success of arthropods is partly due to the evolution of their noncellular, organic, jointed exoskeleton called the cuticle, which covers their bodies and appendages. This armor serves as means of protection and physical support, limits the entry or loss of water, and acts as a barrier against infection [START_REF] Moussian | The Arthropod Cuticle[END_REF]). The cuticle is secreted by the epidermis and is composed primarily of chitin. The outermost layer is called the epicuticle; under this is the exocuticle followed by the endocuticle. In some systems, the exo-and endocuticle are classed together as the procuticle [START_REF] Riddiford | Chapter 170 -Molting[END_REF] What is an advantage is also a constraint. The presence of a rigid cuticle hinders growth; therefore, arthropods solve this problem through a process known as molting. Five major stages characterize the molting cycle, and several substages were described first by [START_REF] Drach | Mue et Cycle d'intermue Chez Les Crustacées Décapodes[END_REF] based on macroscopic integumental changes and the development of setae. As a general guideline, metecdysis or postmolt (stages A and B) begins immediately after ecdysis (stage E), which is the shedding of the old exoskeleton as if it were a garment. The new cuticle at this point is soft and deformable, the exoskeleton expands by the intake of air or water and the endocuticle is synthesized. During anecdysis or intermolt phase (stage C) the exoskeleton is fully formed and calcified; this hardened exoskeleton constrains tissue growth during this period. The proecdysis or premolt phase (stage D) is characterized by the detachment of the epidermis from the old cuticle, the formation of the outer layers (epi-and exocuticle) of the new cuticular layer, the degradation of the inner layers of the old cuticle and the reabsorption of calcium [START_REF] Mykles | Hormonal Control of the Crustacean Molting Gland: Insights from Transcriptomics and Proteomics[END_REF]. This basic cycle has been modified and described in great detail [START_REF] Drach | Sue la Méthode de Détermination des Stade d'Intermue et son Application Génerale aux Crustacés[END_REF]Skinner 1985b) for a variety of different crustaceans such as lobsters [START_REF] Lyle | Molt Stage Determination in the Hawaiian Spiny Lobster Panulirus Marginatus[END_REF][START_REF] Turnbull | Pleopod Cuticular Morphology as an Index of Moult Stage in the Ornate Rock Lobster, Panulirus Ornatus (Fabricius 1789)[END_REF]), crayfishes [START_REF] Mills | Setal Development and Moult Staging in the Crayfish Parastacoides Tasmanicus (Erichson), (Decapoda Parastacidae)[END_REF][START_REF] Van Herp | Setal Development and Molt Prediction in the Larvae and Adults of the Crayfish, Astacus Leptodactylus (Nordmann, 1842)[END_REF][START_REF] Burton | Moult Staging in the Australian Freshwater Crayfish, Cherax Albidus Clark and Cherax Destructor Clark (Decapoda : Parastacidae), via Uropod Setal Development[END_REF] and the spider crab [START_REF] Guerao | Characterization of Larval Moulting Cycles in Maja Brachydactyla (Brachyura, Majidae) Reared in the Laboratory[END_REF].

Molting in decapod crustaceans is controlled by the X-organ/sinus gland complex, which is located within the eyestalks and secretes a peptide hormone, molt-inhibiting hormone (MIH), that inhibits ecdysone production by a pair of Y-organs located in the cephalothorax. Thus, molting is induced by a reduction in MIH in the hemolymph, which stimulates the Y-organs to synthesize and secrete ecdysone. Ecdysone is then converted to the active molting hormone, 20-hydroxyecdysone (20-HE), by peripheral tissues (reviewed in Skinner, 1985;[START_REF] Chang | Regulation of Crustacean Molting: A Review and Our Perspectives[END_REF]. 20-HE is the major molting signal received by peripheral tissues, including the legs.

Fluctuations in hormone levels along the molting cycle induce significant transcriptional changes in peripheral tissues. For example, genes associated with constituents of the cuticle, chitin binding and metabolism, steroid hormone biosynthesis, insulin resistance, and amino sugar metabolic processes were differentially expressed near the molting stages of the mud crab Scylla paramosain [START_REF] Liu | Transcriptome Analysis of The Whole Body Provides Novel Insights Into The Molecular Mechanisms of Growth, Immunity, and Metabolism During The Molting Cycle of The Juvenile Mud Crab Scylla Paramamosain[END_REF]. Transcriptomic analysis in the hepatopancreas and gills of the mitten crab Eriocheir sinensis after molting revealed enrichment of genes related to energy consumption and chitin synthase, while genes related to steroid hormone regulation, immune system development and cytoskeleton were enriched at pre-molt stages [START_REF] Huang | Transcriptomic Variation of Hepatopancreas Reveals the Energy Metabolism and Biological Processes Associated with Molting in Chinese Mitten Crab, Eriocheir Sinensis[END_REF]J. Li et al. 2019).

Molting and regeneration

It is not surprising that regeneration in arthropods cannot occur without successful molting. Following amputation, the regenerative appendage remains encapsulated within the limb stump, except in decapod crustaceans, where the regenerating limb grows out of the stump in a cuticular sac (Goss 1969). The regenerated limb unfolds during the following molt and becomes functionally competent. This means that arthropods that cease to molt in adult stages, for instance holo-and hemimetabolous insects, or crustaceans that enter terminal anecdysis, lose their regenerative capabilities (Skinner 1985a).

The close relationship between molt and regeneration can be observed in how regeneration can affect the timing and the number of molts. Limb regeneration delays molting in several insects [START_REF] Bullière | Regeneration[END_REF], but amputation of several legs induces precocious molts in the house centipede Scutigera coleoptrata and various decapod crustaceans (reviewed in Skinner, 1985). In the cockroach Blatella germanica, leg amputation during early larval stages increases the number of molts, in proportion to the severity of the damage [START_REF] Bullière | Regeneration[END_REF].

In addition, there is a 'point of no return' in pre-molt stages, when amputation results in wound healing but no further progression in regeneration until molting has been completed (Goss 1969). The time before reaching this critical point is variable between species; in Scutigera it is around three-quarters of the molting cycle, in the isopod Asellus aquaticus it represents half of that period, and in the cockroaches Blatella germanica and Periplaneta americana and the shrimp Palaemon serratus is at about two-thirds of that period (Goss 1969;[START_REF] Truby | Separation of Wound Healing from Regeneration in the Cockroach Leg[END_REF].

The interplay between molting and regeneration is well exemplified in the analysis of [START_REF] O'farrell | Regeneration and the Moulting Cycle in Blattella Germanica L. I. Single Regeneration Initiated During the First Instar[END_REF] in Blatella first instar larva, where there is a "critical period" before which amputation gives rise to a regenerate with a delay in the first ecdysis. After that point, amputation results in the production of a papilla without a delay in ecdysis. The delay in the first ecdysis resulting from regeneration appears to be compensated by a subsequent speeding up of the molting cycle.

By adjusting the timing of these events, the molting cycle and regeneration accommodate the animal's needs. If amputation occurs during the beginning of the cycle, accelerating the ecdysis ensures that the regenerated leg becomes available earlier. Conversely, amputations close to ecdysis might delay the molt to allow the animal to complete regeneration or arrest regeneration until the following molting cycle.

Parhyale hawaiensis continues to grow and molt throughout its lifetime, and like other crustaceans, it relies on shedding the old exoskeleton to restore the structure and function of its regenerating limbs. The frequency of molting is influenced by age, nutrition and population density, and the speed of regeneration might correlate with this frequency [START_REF] Konstantinides | A Common Cellular Basis for Muscle Regeneration in Arthropods and Vertebrates[END_REF]. In general, juveniles molt approximately once per week, while large adults do so once per month. Amputations close to the molt arrest regeneration until the next intermolt period. Although the different stages of the molting cycle have been described [START_REF] Divakaran | Studies on the Biology of Parhyale Hawaiensis (Crustacea: Amphipoda)[END_REF], there are no systematic measurements of molting cycle frequency or when is the critical point in which regeneration will be arrested until the next molt.

Two events motivated me to characterize the transcriptional signature of molting in Parhyale. First, as I showed in the previous chapter, a group of two clusters branching off from the epidermal cluster was present in the 6-month datasets (Figure 5. In order to collect pre-molt samples in an efficient manner, I needed to estimate the length of the molting cycle and roughly predict the timing of the next molt. To simplify this process, I initially looked for macroscopic clues. When Parhyale molt, the shed exoskeleton is usually visible in the water within 24 hours from molting. Therefore, the presence of the shed exoskeleton indicates a fresh molt. The exoskeleton is gradually eaten by the animal, but approximately 24 hours after molting, large portions of appendages may be observed, of which the dactylus (the most distal podomere) can persist up to 48 hours or longer.

In addition to the old exoskeleton, I also noticed that some individuals have red pigment around the mandible that increases gradually in intensity as the animals approach molting (Figure 6.1). This pigment disappears immediately after molting, although they are not found on the shed exoskeleton. Thereafter, they gradually regain this red colour, but their intensity and presence does not correlate with any particular phase of the molting cycle. Although this observation remains anecdotal, further study would help to clarify its relationship with the molting cycle. A macroscopic indicator of the molting state would be useful for selecting animals at required stages of the molting cycle. After observing the animals for over 2 months, I estimated that for this size/age of animals, the molting cycle is around 27 days (sd 7.2 d) (Figure 6.2). Although I may have missed some of the molts, the length of the molting cycle was more variable than I expected. The histogram shows the number of individuals (y-axis) for which the duration of the molting cycle ranged from 13 to 54 days (x-axis). On average the molting cycle lasted 27 days, but was highly variable (sd = 7.2 days).

Given that these animals were raised/kept in similar conditions (food, light, water replacement), this variability could be related to the intrinsic physiology of individual animals or to other factors that I did not control (e.g. stress due to confinement).

The transcriptional signature of the molting cycle

From the same cohort of animals, I collected 33 RNA samples from the legs of individual animals, 20 of which were sequenced (bulk RNA-seq). These 20 samples were divided into 4 groups: samples collected 5 days before molting, 3-4 days before molting, 1-2 days before molting, 1-2 days after molting, and 9 -10 days after molting (Figure 6.3 A, Appendix B).

Principal component analysis on the transcriptome of these 20 samples showed that different stages of the molt cycle are well separated on PC1 and PC2, representing almost half of the total variation (large circles in Figure 6.3 B). Major transcriptional changes could be observed in the 5 days that precede molting (orange, brown, and yellow circles in Figure 6.3 B), followed by more stable transcriptional profiles post molting (blue and purple circles in Figure 6.3 B).

On the Principal Components describing the molting cycle, we projected RNA-seq samples of legs that were collected by my colleague Chiara Sinigaglia at different stages of regeneration (Sinigaglia et al. 2022), to test whether we could assess the molting status of the corresponding individuals. Most were associated with the intermolt phase, except a few which were at near-molt stages (grey samples with high PC1 or low PC2

values in Figure 6.3 B). Those transcriptomes show a strong signal that is coherent between the different samples from each individual, which we could assign to their molting status (see Figure 2C from (Sinigaglia et al. 2022b). Applying a soft clustering approach (Mfuzz) on the molting cycle dataset, we defined eight distinct sets of coexpressed genes; this analysis was performed by Chiara Sinigaglia. The samples collected shortly before molting showed the largest changes in gene expression (orange, brown, and yellow phases in Figure 6.3 C). These analyses confirm that molting has a strong influence on the transcriptome of adult legs.

Analysis of the snRNA-seq atlases using the molting datasets

A list of differentially expressed (DE) genes was extracted from each of the four groups of samples for which we know the molting status and they were used to score the nuclei in the integrated snRNA-seq datasets (Figure 6.4). The unique clusters from the 6-month dataset (see chapter 5) showed high levels of expression of the genes that characterize pre-molt stages, particularly genes expressed 3-4 days before molting. In The presence of these additional two clusters, present in only two data sets that are well distinct from the rest, indicates that the integration method does not artificially combine the clusters of the different data sets. This suggests that if there were additional/unique clusters in the uninjured legs, I should be able to detect them, even with the data integration.

CONCLUSIONS

This chapter has described two examples showing that the physiological state of

Parhyale, in this case the timing of molting, has an impact on the leg transcriptome. In the first case, bulk RNA-seq revealed a strong transcriptional signature of the position of an individual in its molting cycle; in particular, animals very close to molting showed strong differences in their transcriptomes compared to animals at other stages. In the second case, we identified a population of nuclei that had a distinct transcriptomic signal and that includes both epidermal markers and genes specific to one of the pre-molting stages. This suggests that at least one individual was close to molting among the pool of animals used to generate the snRNA-seq datasets 6 months after amputation.

We showed that this signal linked to molting was strong enough to blur other transcriptomic signals such as regeneration (Sinigaglia et al., 2022b). These results highlight the importance of taking into account the molting cycle when designing an experiment.

The strong pre-molt signature could also help identify the point-of-no-return at which the animal is committed to molting and will not regenerate. It would be desirable to be able to control over a variable that can heavily affect the results. For instance, live imaging experiments on regenerating animals involve amputating the leg of a single individual that is glued and placed under the confocal microscope for at least 5 days.

Being able to predict which animals will not regenerate upon amputation would avoid hogging a precious piece of equipment. It will be interesting to elucidate the signals from the regenerating stump that interfere with the molting cycle, or vice versa how molting can block or accelerate regeneration (probably through a hormonal signal). Some authors have focused the definition of cell types based on their evolutionary origins [START_REF] Arendt | The Origin and Evolution of Cell Types[END_REF][START_REF] Wagner | Devo-Evo of Cell Types[END_REF]. According to [START_REF] Arendt | The Origin and Evolution of Cell Types[END_REF], cell types are "evolutionary units", i.e., groups of cells that undergo concerted evolutionary change, in some cases independently of other types of cells, and are evolutionarily more closely related to each other than to other cells. This means that cell types descending from a common ancestor share core regulatory complexes of transcription factors (TFs), and effector genes.

GENERAL DISCUSSION

From this perspective, scRNA-seq datasets have been used to compare cell types between closely related or distant species (Sebé-Pedrós et al. 2018;[START_REF] Tarashansky | Mapping Single-Cell Atlases throughout Metazoa Unravels Cell Type Evolution[END_REF][START_REF] Wang | Tracing Cell-Type Evolution by Cross-Species Comparison of Cell Atlases[END_REF]. In these studies, researchers have found broad transcriptomic similarity as well as lineage-specific signatures across several cell types. For instance, several interconnections were found in neural and contractile cell type families. In the case of contractile cells, transcriptomic similarity between bilaterian and non-bilaterian species extends beyond the core contractile apparatus, including members of the adhesion complex that connects cells, actomyosin networks that drive contractility, and signaling pathways that stimulate contraction [START_REF] Tarashansky | Mapping Single-Cell Atlases throughout Metazoa Unravels Cell Type Evolution[END_REF]. The connectivity between cell types across broad taxonomic scales suggests that they may share ancestral transcriptional programs [START_REF] Tosches | The Bilaterian Forebrain: An Evolutionary Chimaera[END_REF][START_REF] Brunet | From Damage Response to Action Potentials: Early Evolution of Neural and Contractile Modules in Stem Eukaryotes[END_REF][START_REF] Tarashansky | Mapping Single-Cell Atlases throughout Metazoa Unravels Cell Type Evolution[END_REF]). An alternative explanation would be that this transcriptomic similarity originates from the co-option of GRNs leading to convergent evolution.

In Parhyale, among the putative cell types identified, the clusters corresponding to neurons and muscles were not only the first to be identified, but they also showed higher expression levels than other cell markers tested, which are widely conserved and functionally important/relevant. Conversely, other cell types, such as epidermal cells and hemocytes, were more challenging due to the lack or lower levels of expression of the tested markers.

There are four, non-mutually exclusive, possibilities to explain this bias in my ability to identify clusters (some of which have already been mentioned in chapter 4). First, candidate markers were not captured during the generation of the snRNA-seq dataset due to the technical limitations of droplet-based methods that capture only a fraction of the cell's transcriptome (in this case, nuclei). Second, some genes were not captured because introns are missing or too small or because the residence time of the corresponding mRNA in the nucleus is very short. Third, genes transcribed in neurons and muscles are better annotated in Parhyale, rendering them easier to identify.

However, the annotation of gene models was based on bulk-RNAseq and should be enriched with epidermal cells that are one of the most abundant cell types in the leg, as evidenced by the cell atlas. Therefore, genes characterizing these epidermal cells should also be well annotated. Finally, a fourth possibility would be to consider that neural and muscle cells are easier to identify because their transcriptomes reflect either homology or convergent evolutionary phenomena.

Further comparisons between Paryhale and other organisms should help clarify the identity of cell types when there is a common evolutionary origin or convergent evolution because they should share a common transcriptomic signature, which is how ancient cell types such as muscles were identified in the Parhyale leg atlas. However, more recently evolved cell types, such as Crustacean-specific cell types, may be more difficult to identify because of the relative lack of knowledge on them compared to other phylogenetic groups. For instance, there is only one scRNA-seq dataset publicly available on Crustaceans, and it is restricted to hemocytes and hepatopancreas [START_REF] Koiwai | Single-Cell RNA-Seq Analysis Reveals Penaeid Shrimp Hemocyte Subpopulations and Cell Differentiation Process[END_REF]Li et al. 2022) 

FOR PARHYALE, THE RE-MAKE IS AS GOOD AS THE ORIGINAL

As I mentioned in the introduction, Çağrı Çevrim demonstrated the seemingly perfect recovery of the setae diversity and function after leg regeneration in Parhyale. At a cellular level, the results presented in chapter 5 are consistent with the same conclusion.

So far, all our observations suggest that Parhyale regenerated limbs are perfect replicas of the uninjured legs, although I can not exclude subtle defects in cell subtypes or subtle differences in patterning.

High fidelity is not essential for a regenerated structure as long as its function is not compromised. In some cases, the structure that has been restored presents already external cues of defects in regeneration. For instance, cockroach regenerated legs can be spotted due to the difference in the number of tarsal segments. Within the libs, besides defects in the branching pattern of the trachea and nerves, the regenerated femur lacks a small muscle. The function of the leg is not lost because there are other nerves, tracheae and muscles that can perform the same functions [START_REF] Alsop | Comparative Analysis of the Intrinsic Leg Musculature of the American Cockroach, Periplaneta Americana (L.)[END_REF][START_REF] Maruzzo | Arthropod Regeneration[END_REF]. In other cases, the regenerated structure appears a perfect replica from external morphology, such as the lizard's tail. However, the lizard's regenerated tail lacks bone cells which are replaced by cartilage and gives enough support to the tail (McLean and Vickaryous 2011).In Parhyale, regenerated legs do not harbor external defects like in cockroaches (however we cannot rule outthat there may be differences in the branching pattern of the nerves, for instance), nor are they missing a cell type like in lizards since all the cell types are recovered after regeneration.

This exceptional fidelity observed in the regeneration of Parhyale legs raises the long-standing question of whether regeneration recapitulates embryonic development.

Some previous studies suggest that the same regulatory networks are deployed to build an organ in embryos and in regenerating adults [START_REF] Muneoka | Evidence That Patterning Mechanisms in Developing and Regenerating Limbs Are the Same[END_REF][START_REF] Nacu | Limb Regeneration: A New Development?[END_REF][START_REF] Czarkwiani | FGF Signalling Plays Similar Roles in Development and Regeneration of the Skeleton in the Brittle Star Amphiura Filiformis[END_REF]). However, recent work in Parhyale and the sea anemone Nematostella vectensis highlights differences in temporal profiles of gene expression between development and regeneration [START_REF] Johnston | Whole Body Regeneration Deploys a Rewired Embryonic Gene Regulatory Network Logic[END_REF][START_REF] Sinigaglia | Supplementary information for 'Distinct gene expression dynamics in developing and regenerating crustacean limbs[END_REF]. In Nematostella, regeneration utilizes a partial and rewired embryonic gene regulatory network (GRN), with regeneration-specific modules driving cellular events unique to regeneration, such as apoptosis [START_REF] Johnston | Whole Body Regeneration Deploys a Rewired Embryonic Gene Regulatory Network Logic[END_REF]. In Parhyale, the temporal dynamics differ not only in phases and processes that are expected to be unique to regeneration -e.g., wound healing and immune/stress responses -but also in processes like cell proliferation, patterning, and morphogenesis, which are shared between development and regeneration (Sinigaglia et al. 2022). The high fidelity revealed in our observations may suggest that, in spite of differences in the overall transcriptional dynamics, some genetic modules for patterning and cell differentiation are shared, leading to a conserved outcome.

FUTURE DIRECTIONS 7.3.1 Validation and further identification of cell types

Protein and RNA detection in situ

The identification of cell clusters from single cell/nucleus cell atlases is usually based on either the mapping of the expression of known marker genes on the dataset, interpreting the differentially expressed genes for each cluster, or determining the spatial and temporal expression pattern of the genes specific to each cluster (using for instance, ISH). In my thesis, I could not perform the latter, which is also useful for validating the clusters and identifying the remaining unknown clusters. A protocol for immunohistochemistry on adult Parhyale legs is available, but the only antibodies that recognize markers of our snRNA-seq clusters are Pax3/7 and repo; to identify additional cell clusters, antibodies for additional markers would need to be generated.

In contrast, the generation of probes for in situ hybridization is cheaper and less time-consuming. However, the challenges presented by adult limbs have not yet been overcome. The experiments done by previous lab members have been performed on leg whole-mounts and sections. Problems of probe penetration and diffusion are primarily due to the presence of the impermeable cuticle, but also due to the densely packed tissue of the limb (i.e., muscle). While sections circumvent this problem, limb morphology is compromised during sectioning. In most cases, the tissues tend to detach during the protocol, which involves long incubation periods at high temperatures. In situ HCR has recently been used to screen multiple transcripts in embryos [START_REF] Bruce | Knockout of Crustacean Leg Patterning Genes Suggests That Insect Wings and Body Walls Evolved from Ancient Leg Segments[END_REF], including later embryonic stages when the cuticle has already formed (Bruce and Patel, personal communication). Optimizing HCR protocols for staining adult legs will allow to associate specific cell clusters with cell types and will also provide spatial information that can aid in cell identification.

Functional studies

The identification of cell types can also be accomplished by approaches that evaluate the function and morphology of putative cell types. A powerful method for studying cell function is to physically eliminate cells, e.g., by cell ablation, followed by observation of the physiological or behavioral impact on the organism. However, this would require generating transgenic lines to mark specific cell types. Despite several efforts to establish CRISPR-mediated knock-ins, attempts have been unfruitful (Çevrim, 2021).

Further in silico analysis

The reason I used only intronic reads in my analysis was to avoid contamination by cytoplasmic transcripts derived from lysed cells. The exclusive use of intronic reads yields clean results and appears to be sufficient to recover the entire catalog of cell types and to assess the fidelity of regeneration. The limitation of this approach is that many reads are discarded and thus genetic information is lost. A possible solution would be to characterize the contaminating signal and remove it from the expression matrices. In this way, additional genes, e.g., those with small introns, could be recovered and help in identifying the remaining unknown clusters.

snRNA-seq during the time course of regeneration

A major benefit that single-cell RNAseq technologies have brought in the study of regeneration is the possibility to characterize the transcriptional dynamics of cells and to draw cell trajectories that help to identify precursors. The protocol I developed for isolating nuclei from Parhyale legs (chapter 3) can also be applied to legs during the course of regeneration. In Parhyale, there is inter-individual variation in the timing of events during regeneration, which means that collecting a pool of limbs (as my protocol requires) at a given time point is likely to represent multiple stages rather than a snapshot. I have already generated snRNA-seq datasets on three time points during regeneration. The use of computational tools to recreate the trajectories will help identify the precursors responsible for generating new cells, predict their potency, and to reveal the dynamics of gene expression during this process.

CONCLUSIONS

The goals set for this PhD work, indicated in the introduction chapter, have been successfully accomplished:

• I developed a protocol for nuclei isolation from P. hawaiensis adult legs. The protocol produces good-quality samples suitable for single-cell RNAseq technologies. It is reproducible and applicable to other stages (i.e. embryos or regenerating limbs).

• I generated a cell atlas of P. hawaiensis adult legs cell types, at a single-cell resolution. Analysis of the clusters revealed known cell types (muscles, neurons, epidermis, hemocytes) and other putative cell type identities (glia and accessory cells of sensory organs), as well as previously unknown cell types. This atlas provides a resource for future studies on Parhyale.

• Subclustering on muscles and neurons revealed distinct subpopulations that could correspond to muscle and neural subtypes. Among them, two subclusters expressing Pax3/7-2 emerged as promising candidates corresponding to satellite-like cells.

• Exhaustive comparisons between snRNA-seq datasets from uninjured and regenerated legs revealed that cell type diversity and nucleus abundances present in uninjured legs are fully restored after regeneration. Multiple approaches for data integration and different mapping strategies yielded the same results, suggesting that these findings are robust.

• Molting has a strong influence on the transcriptome of epidermal cells. Defining the molecular signature of molting served to validate the identity of additional clusters present in some snRNA-seq datasets.

Overall, the data obtained in this PhD thesis contribute to our understanding of cell types in P. hawaiensis and establish the basis for the next step; reconstructing dynamics of regeneration at the single-cell level.

A -DETAILED PROTOCOLS TISSUE AND CELL DISSOCIATION

This protocol comprises all the steps carried out in the multiple experiments section 3.2.1. It is described as a single protocol, but each step presents tested alternatives. The basis is adapted from [START_REF] Konstantinides | A Common Cellular Basis for Muscle Regeneration in Arthropods and Vertebrates[END_REF].

Procedure ! All steps are carried out at room temperature • Collect 3-8 Parhyale individuals and transfer them into a plate with 0,02% of clove oil in FASW (Filtered Artificial Sea Water) to anesthetize them.

• When the animals stop moving, place them in the Sylgard silicone elastomer dish with FASW and cut 2 limbs per animal.

• Transfer the limbs to a new Sylgard plate that contains the smallest volume possible of FASW (in order to create a small drop). Dissection should be done within this droplet. • Using forceps and a blade, cut the limbs into smaller pieces and open them lengthwise to let the enzyme be in contact with the cells. Try to extrude the cells out of the cuticle by gently squeezing the podomeres or blowing from the other end with the micropipette.

In some cases, I stop the protocol here and I go directly to the last step to check the viability of the cells • Transfer the sample to a 1.5 mL protein Lobind Eppendorf tube and centrifuge the cells. I tested different combinations. Some of them are:

-400 rcf, 7' at 4 ºC -500 rcf, 4' at 4 ºC -500 rcf, 5' at 4 ºC -600 rcf, 4' at 4 ºC -700 rcf, 5' at 4 ºC • Remove the supernatant as much as possible

• Resuspend the pellet in 20 µl LowCa 2+ NoMg 2+ ASW (see below for recipe) ]

• Pass the sample through a 30 or 40 µm cell strainer (pluriSelect, 43-10040-40) to remove cell aggregates and debris.

• To assess cell viability and e ciency of the dissociation, one of the following stainings can be used to observe the cells under the microscope:

-live cells can be labeled with Fluorescein Diacetate (Sigma-Aldrich F7378, final concentration 4.4 µg/mL) and dead cells with Propidium iodide (Sigma-Aldrich P4170, final concentration 10 µg/ml). -trypan blue also allows you to distinguish live from dead cells as trypan blue is not absorbed by viable cells; however, it traverses the membrane in a dead cell. Hence, dead cells appear as a distinctive blue colour under a microscope expression. Tissue has to be dissected manually as fast as possible in a hypotonic buffer that allows the cell membrane disruption. Then, the sample is incubated with detergent to dissolve cellular content, and it will be followed by two wash steps and the resuspension in a compatible buffer. Getting started

Materials

• Obtain and place on ice the Eppendorf tubes (as many as you need; one to collect the pieces of limbs, one for wash steps and one for the final sample).

• Cold down the Centrifuge.

• Prepare and place on ice Homogenization buffer, Wash buffer and Resuspension buffer: Procedure

• Collect 6-8 Parhyale individuals and transfer them into a plate with 0,02% of clove oil in FASW (Filtered Artificial Sea Water) to anesthetize them.

• To work in cold conditions from now until the end, place everything on top of the metallic plate.

• When the animals stop moving, place them in the Sylgard dish with FASW and cut 2 limbs per animal.

• Transfer the limbs with forceps to the lid of a 5mL Eppendorf tube with 291 μL of HB. In this way, you can dissect in a small volume.

• Dissect the limbs to get the tissue. • Add 9 μL of Triton-X 10% (final concentration 0.3%) and pipette gently with a cut tip. Triton helps to dissolve cellular content, but too long exposure could damage the nuclei, which is why it is added at the end. Pipette mix 5x.

• Transfer the sample to a 1.5 mL Eppendorf tube, pipette at least 30x with a p200. Place it on ice, and let the pieces of cuticle settle down.

• Transfer the supernatant to a new tube and add 600 μL of HB.

• Centrifuge at 500 rcf 7' at 4 ºC. Remove the supernatant as much as possible, leaving around 50 µL (the pellet is a bit loose), and add 600 μL of Wash buffer. Resuspend carefully the pellet keeping the nuclei in the lower part of the tube (5x is enough)

• Centrifuge again at 500 rcf 7' at 4 ºC. This time remove almost everything but leave around 25 μL. Add the same volume of Resuspension buffer to reach 2xPBS. Pipette mix gently 30x.

• Pass the sample through a 10 µm cell strainer in a new tube to remove aggregates and debris.

• Asses the quality of the sample with the hemocytometer: take 6 μL of the sample and mix it with 4.5 μL of 2xPBS and 1.5 μL of Trypan Blue and load it on the hemocytometer.

B -Molting samples

A table with details regarding the animals collected for the analysis of the molting cycle, described in chapter 6. In color I marked the samples that were sequenced and used for the analysis (same code as Figure 6. 

INTRODUCTION

The ability to regenerate varies widely among animals. On one extreme of the spectrum, planarians and hydrozoans are thought to be capable of perfect regeneration, coupling fission with regeneration to achieve asexual reproduction (1). On the other extreme are organisms in which regeneration is lacking (e.g., nematodes) or limited to physiological cell turnover in tissues such as epithelia and blood. Between these two extremes are a wide variety of animals with imperfect regeneration. Examples include Xenopus froglets that replace amputated limbs by poorly patterned spikes (2), lizards that replace the bony vertebrae of their tails with cartilage (3,4), and cockroach nymphs that regenerate legs that have small but consistent differences in nerves, musculature, and tracheae compared with unharmed legs (5). In some cases, including well-studied axolotl legs and zebrafish fins, regeneration produces organs of normal appearance that may carry subtle defects (6)(7)(8)(9). In most instances of regeneration, it is unknown whether the cellular composition, detailed morphology, and function of regenerated organs are fully restored. We approached this question in the crustacean Parhyale hawaiensis, an experimental system in which legs typically regenerate within 1 to 2 weeks after amputation (10,11). Regenerated Parhyale legs are smaller than control legs in the first molt following amputation but recover in size gradually during subsequent molts (11). On casual inspection, regenerated legs appear identical to uninjured ones in terms of leg segment morphology and the presence of muscles and motor neurons (10). Despite this, Parhyale leg regeneration and leg development differ in their global gene expression dynamics (12), suggesting that the processes involved in generating legs in the embryo and regenerating legs in the adult stage are likely to differ. We used microanatomical observations, a mechanosensory assay, and single-nuclei transcriptomics to address whether regenerated legs differ from their unharmed counterparts in terms of morphology, sensory function, and cell-type diversity and molecular profiles.

RESULTS

Diversity and distribution of external sensory organs

To survey fidelity in regenerated legs, we first focused on the recovery of different types of external sensory organs, exposed as setae on the surface of the legs. These structures provide exquisite markers for assessing the accuracy of regeneration with high-almost cellularprecision, because their detailed morphologies and spatial patterns are complex and reproducible among individuals. Similar to insect sensory bristles, setae are composed of a few cells and take different shapes depending on their type and function (13,14). Their complex and stereotypic external morphology enables easy detection of even minor defects.

Scanning electron microscopy (SEM) on the three most distal segments of uninjured Parhyale legs revealed eight types of setae with distinct morphologies (Fig. 1, fig. S1, and table S1). Immunostainings of acetylated -tubulin, which label nerve axons, showed that all the setae are innervated, as expected of sensory organs (Fig. 1B and fig. S2). Each setal type has a specific distribution on T4 and T5 thoracic legs, either as a single seta in a stereotypic location (e.g., single hooked, curved, and plumose setae in the dactylus and single cuspidate seta in the propodus) or in groups of setae arranged in specific spatial patterns (e.g., crowns, combs, and ventral arrays made of lamellate and twin setae in the propodus and carpus) (Fig. 1, A andC, and figs. S3 and S4). In these latter types, the number of setae varies depending on podomere size (see below, fig. S5A). The only exception to these reproducible spatial arrangements is seen with the microsetae, which are spaced on the surface of the cuticle without an apparent conserved pattern (Fig. 1A).

We then examined whether the diversity, morphology, and spatial distribution of these sensory organs are restored during regeneration. To minimize genetic, environmental, and physiological effects, we compared the setal patterns between regenerated and control (uninjured contralateral) legs from the same individuals. We found that the detailed morphologies and the spatial distributions of all setal types are unchanged in regenerated legs (fig. S1, table S1, and data file S1). In particular, the unique setae found in stereotypic positions (hooked, curved, plumose, and cuspidate setae) are consistently regenerated in their original locations (fig. S1 and data file S1). Setal types with variable numbers (lamellate type 1 and type 2 and twin setae in the crown, combs, and ventral arrays) are less abundant at the first molt after regeneration but recover 1 Institut de Génomique Fonctionnelle de Lyon (IGFL), Centre National de la Recherche Scientifique (CNRS), École Normale Supérieure de Lyon and Université Claude Bernard Lyon 1, 69007 Lyon, France. 2 European Molecular Biology Laboratory, Developmental Biology Unit, Meyerhofstrasse 1, Heidelberg 69117, Germany. *Corresponding author. Email: michalis.averof@ens-lyon.fr (M.A); mathilde.paris@ ens-lyon.fr (M.P.) †These authors contributed equally to this work.
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fully during subsequent molts [Fig. 2B (right) and fig. S5B]. This mirrors leg size, which is initially smaller in regenerated legs but later rebounds to match the size of controls (Fig. 2B,left).

Probing further the relationship between the number of setae and the size of the field in which they develop (see fig. S3C), we found that the number of ventral elements on the propodus increases proportionally with podomere length (Fig. 2, A andC). In the regenerated propodus, the number and the relative spacing of ventral elements matches those of similarly sized uninjured podomeres (Fig. 2C and fig. S3, C andD).

Sensory organ innervation and function

Immunostainings of acetylated -tubulin and a transgenic marker labeling cell outlines revealed that regenerated setae are reinnervated (Fig. 3, A andB, and fig. S2). This is consistent with restoration of their sensory function. To explicitly test this, we assayed mechanosensory function by touching comb and ventral array setae (Fig. 3A) with a fine probe. This elicited a characteristic escape response (movie S1).

We assessed the sensitivity of Parhyale to touch, before and after regeneration, by probing each individual several times and recording the frequency of response (from 0 to 100%) per individual. Tests were conducted separately on three groups of mechanosensory setae that elicit a response rate of 83 to 87% (Fig. 3, A andC, and data file S2). After amputation, two of these groups of setae were eliminated, and responsiveness on the third (the combs of the carpus, which lie just proximally of the amputation plane) dropped to 9 to 18%. After regeneration, response rates on all three groups of setae were indistinguishable from those on control legs of the same individuals (74 to 79%; Fig. 2C). These results show that regenerated legs have the same sensitivity to mechanosensory stimuli as unharmed control legs of the same individuals. 
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Diversity and relative abundance of cell types

Considering the faithful recovery of these microanatomical features, we next investigated whether cellular composition and diversity displayed similar high fidelity in regenerated legs. Parhyale legs consist of multiple differentiated cell types, including epidermis, muscles, neurons, tendons, glia, and possibly other unknown cells. To characterize this diversity, we established single-nuclei transcriptional profiling of adult Parhyale legs [single-nucleus RNA sequencing (snRNAseq)]. This method recovers nuclei from all cell types and overcomes biases in single-cell methods caused by differential dissociation and cell survival, which is especially problematic in animals surrounded by a hard exoskeleton (15)(16)(17).

First, we obtained snRNAseq data for 9459 nuclei from T4 and T5 legs of adult Parhyale (Fig. 4A). Reads were mapped to the intronic sequences of annotated genes to minimize contamination from ambient cytoplasmic RNA resulting from cell lysis. Dimensionality reduction and clustering analyses separate these nuclei into well-defined clusters, representing cell types or cell states with distinct transcriptional profiles (Fig. 4B, fig. S6, and data file S3). Using known celltype marker genes, Gene Ontology (GO) analysis, and comparisons with single-cell RNAseq (scRNAseq) profiles obtained in Drosophila legs (18), we were able to identify the cell clusters corresponding to epidermis, muscle, neurons, and blood cells (Fig. 4C and figs. S7, A and B, and S8). We also tentatively identified clusters corresponding to glia, trichogen cells, and other support cells that contribute to sensory organs (see Materials and Methods and fig. S7, C andD). The remaining unidentified clusters may correspond to known (e.g., tendons) or previously undescribed cell types in crustacean legs (see data file S3 for cluster-defining transcripts).

To probe cellular composition after regeneration, we performed snRNAseq on regenerated adult legs approximately 2 and 6 months following amputation (see fig. S9). To account for genetic, environmental and physiological (e.g., nutritional, circadian, molt-, or agerelated) effects on the nuclear transcriptomes, we compared snRNAseq data from regenerated legs (8925 and 6668 nuclei from 2 and 6 months after amputation, respectively) with data from contralateral uninjured legs collected simultaneously from the same individuals (8539 and 7370 nuclei) (Fig. 5A). The analysis was performed de novo on the integrated datasets, projecting the data on a new uniform manifold approximate and projection (UMAP) (Fig. 5, A to C). In both experiments, the regenerated legs have the same cell clusters as their contralateral controls, including all the clusters corresponding to the major identified cell types, the minor clusters, and those corresponding to yet unidentified cell types (Fig. 5, B to D). The top marker genes for each cluster show consistent levels of expression across experiments, in both uninjured and regenerated legs (fig. S10).

We found similar proportions of cells for all clusters in regenerated and contralateral control legs [no significant differences using either a linear model, analysis of variance (ANOVA) P value of >0.08, or alternative approaches such as Milo with a false discovery rate (FDR) of >10% and scCODA (single-cell compositional data analysis) with an FDR of >40% (19,20); see Materials and Methods]. Power analysis suggests that we would have been able to detect twofold differences in relative abundance for all the major cell clusters (more than half of the clusters, containing ~90% of the cells) and three-to fourfold differences for most of the minor cell clusters (fig. S11).

To probe the recovery of cell types at higher resolution, we investigated whether the scRNAseq data might allow us to distinguish differences in the abundance of specific neuronal cell types (e.g., chemosensory versus mechanosensory neurons). For this, we performed a separate clustering analysis on neuronal cells only. This revealed eight subclusters (fig. S12A) defined by specific expression profiles (fig. S12, A andD, and data file S3), likely representing distinct neuronal cell types. Expression of top markers of Drosophila mechanosensory and gustatory neurons does not help to clearly identify the Parhyale neural subtypes (fig. S12E). We find that relative abundance of these neuron subtypes is similar in control and regenerated legs (fig. S12, B andC).

To assess the robustness of our analysis, we tested different methods of data integration (21,22) and different read mapping strategies. In the latter case, we compared results after mapping RNAseq reads either to introns (which should be found in reads confined to the nucleus) or to the entire genome including unannotated regions to account for incomplete gene annotation in the Parhyale genome (see Materials and Methods). These analyses gave consistent cell clustering and cell abundance measures in regenerated and control legs (Fig. 5,B to D,and figs. S13 and S14).

Methods for integrating data from separate experiments might fail to distinguish experimental batch effects from real biological variation. To address whether data integration may influence our conclusions, we also analyzed all the datasets by simply aggregating them, without an explicit integration step. Again, we found no consistent differences in the cell clusters recovered from control and regenerated legs (fig. S15). Within the large epidermal cell cluster, we find that cell abundance among different epidermal subclusters varies by sample rather than by experimental condition (fig. S16). These results show that, even without data integration, regenerated legs are indistinguishable from controls.

In the 6-month experiment, some of our analyses revealed the existence of additional cell clusters in both uninjured and regenerated legs (arrowheads in Fig. 5, A and D, and figs. S13 andS15). These comprise cells expressing molt-associated transcripts (( 12) and fig. S17), presumably collected from individuals close to molting. The detection of this molt-associated cell state confirms that our data integration approach is capable of detecting clusters that are present only in some datasets.

Transcriptional profiles of cell types

In addition to cell composition, we also compared the transcriptional profile of each cell type between uninjured and regenerated legs by performing differential expression analyses per cell cluster, across all the single-nuclei datasets. We found limited differences, and the great majority represented variation across experiments rather than between regenerated and control legs (fig. S18,B to D). For increased sensitivity, we also performed pseudo-bulk differential expression analysis using DESeq2, with our control and regenerated samples considered as replicates. We found few genes with cluster-specific differential expression in control versus regenerated legs (109 genes with a P value of <0.05), but the great majority of these genes were expressed in a single replicate or in just a handful of cells (fig. S18E).

Last, we used machine learning to test whether differences in these transcriptional profiles would be sufficient to distinguish regenerated from control legs. This approach was able to accurately classify different cell types but could not discriminate between the cells of regenerated and control legs (Fig. 6 and fig. S19).

DISCUSSION

Overall, our data reveal that the regenerated legs of Parhyale are indistinguishable from uninjured legs. This conclusion is based on complementary approaches interrogating the microanatomy, sensory function, cellular composition, and molecular profiles of cells. While we cannot exclude the existence of subtle patterning or functional defects in regenerated Parhyale legs, at the current level of morphological and molecular resolution, these legs appear to be perfect replicas of the original legs before amputation.

Our approaches for probing morphology, sensory function, cell diversity, and molecular profiles have some inherent limitations, which are important to acknowledge. On the microanatomical level, although we conclude that leg regeneration in Parhyale restores the full pattern and diversity of external sensory organs at the tips of T4 and T5 legs, we have not probed other aspects of morphology and microanatomy, for example, patterns of internal proprioceptive neurons, muscles, tendons, or muscle innervation. Using a behavioral assay, we show that regenerated mechanosensory organs are sensitive to touch, but we are not currently able to probe how sensory signals from these organs become integrated in more complex behaviors. On the cellular level, we are confident that all the identified cell types are recovered during regeneration; if any major cell type was missing [such as the missing bone cells in regenerated 5 of 14 lizard tails; (3,4)], then our approach would have uncovered that difference. We observe no significant differences in the relative proportions of different cell types between control and regenerated legs, but we acknowledge that with the observed levels of variation between samples, the sensitivity of our approach is limited to detecting >2fold differences in the abundance of any given cell type. Similarly, although we do not observe significant differences in the molecular profiles of cells in control versus regenerated legs, we recognize that probing differential expression in single-nucleus studies has inherent challenges, for instance, a relatively low sensitivity (23,24).

The remarkable fidelity that we have observed in Parhyale raises interesting questions about the mechanisms underpinning faithful regeneration of complex organs. Previous studies have suggested that the same regulatory networks are deployed to build an organ in embryos and in regenerating adults (25,26). Recent work in Parhyale and in the sea anemone Nematostella vectensis, however, shows that development and regeneration have different temporal profiles of gene expression (12,27). We suggest that development and regeneration could be driven by distinct global regulatory mechanisms yet incorporate some shared genetic modules for patterning and cell differentiation that lead to a conserved outcome.

MATERIALS AND METHODS

Parhyale culture

Wild-type Parhyale were raised as described previously (28). For all experiments (except fig. S2, see below), we used the wild-type isofemale line Chicago-F (29). Several weeks before snRNAseq experiments, animals were taken from the cultures and kept individually in six-well plates to ensure uniform conditions and to prevent cannibalism. Similarly, before confocal and electron microscopy, animals were kept individually for 3 months in the dark to prevent the buildup of algae. To examine the innervation of setae (fig. S2), we used transgenic animals carrying the PhHS > lyn-tdTomato-2A-H2B-EGFP transgene in which lyn-tagged tdTomato (labeling cell outlines) and histone-tagged enhanced green fluorescent protein (EGFP) (labeling nuclei) are expressed under a heat shock promoter (11). Animals were anesthetized using 0.02% clove oil.

Laser scanning confocal microscopy

For quantification of setae, legs were fixed for 30 min in 3.6% formaldehyde (VWR, #20909.290) in artificial seawater (ASW; specific gravity of 1.02) at room temperature. The legs were then washed for 1 hour in ASW and 30 min in 50% glycerol in phosphate-buffered S2). For each marker, we indicate the Drosophila or vertebrate ortholog, broad functional category, the average level of expression per cluster (heatmap), and the fraction of cells in each cluster expressing the marker (circle size). saline (PBS), transferred to 70% glycerol, and mounted. Cuticle autofluorescence was observed under a Zeiss LSM 800 laser scanning confocal microscope using the 488-nm excitation laser and a 400to 730-nm detection window. The images shown in Fig. 2A were cropped manually and juxtaposed on a black background.

Almazán et al., Sci. Adv. 8, eabn9823 (2022) 24 August 2022 S C I E N C E A D V A N C E S | R E S E A R C H A R T I C L E 6 of 14
For the images shown in fig. S2, the T5 leg of a transgenic animal was amputated on the distal part of the carpus. One day after the molt following amputation, the animal was heat-shocked at 37°C for 45 min. One day later, the animal was fixed for 15 min in 3.6% formaldehyde in ASW and washed thoroughly with seawater. The legs were dissected and mounted in VECTASHIELD mounting medium. The native fluorescence of tdTomato and EGFP was imaged on a Zeiss LSM 800 laser scanning confocal microscope.

Scanning electron microscopy

Adult animals of various sizes were selected, and the T4 and T5 legs on their right side were amputated at the distal part of the carpus (see dashed line, Fig. 1). The uninjured legs on the contralateral side were used as controls. Following the first molt after amputation, the animals were anesthetized, washed in ASW, fixed for 2 hours in 1% glutaraldehyde (Electron Microscopy Sciences, #16300) in ASW, then washed in ASW, and refixed for 2 hours in 1% osmium tetroxide (Electron Microscopy Sciences, #19150) in ASW. Animals were then washed in ASW for 1 hour. All steps were carried out at room temperature.

The regenerated T4 and T5 and their contralateral uninjured legs were carefully removed from the fixed individuals, dehydrated by washing in increasing concentrations of ethanol (in ASW), and stored in 90% ethanol. The samples were handled on the proximal parts of the leg not to damage the distal structures. Subsequently, they were washed three times in absolute ethanol (Merck, #1009832500), subjected to critical point drying in a Leica EM CPD300 critical point dryer, mounted on specimen holders, and coated with gold in a Polaron SC7640 sputter coater. Imaging was performed on a JEOL 6700F scanning electron microscope at the electron microscopy facility of the Stazione Zoologica Anton Dohrn, Naples. The images shown in Fig. 1 (A andC) and fig. S3 were cropped manually and placed on a black background. Color highlights in Fig. 1 and fig. S3 were added as separate layers using the overlay channel option in Adobe Photoshop CS6.

Description of different types and groups of setae

We used SEM to survey the surface of Parhyale legs, focusing on the three most distal podomeres (dactylus, propodus, and carpus) of the T4 and T5 thoracic legs. These two legs show almost identical patterns of setae. On the leg surface, we observe the following types of setae, which we categorize following nomenclature introduced in previous studies (see also table S1) ( 14):

1) Hooked setae (Fig. 1F and fig. S1B,B'). Simple setae having a long, thin shaft tapering gradually toward the apex. The shaft has a hooked shape, a series of fine nicks before the tapering distal region, and a terminal pore. A single hooked seta is found on the posterior side of the dactylus of T4 and T5 legs.

2) Curved setae (Fig. 1E and fig. S1B,B'). Simple setae have long twisting shaft bearing a pore approximately two-thirds along the length of the shaft. A single curved seta is found on the ventral side of the dactylus of T4 and T5 legs.

3) Plumose setae (Fig. 1G and fig. S1A,A'). Setae have long shaft bearing two opposed rows of long setules, which give it a feathery appearance. The shaft has no visible pores. A single curved seta is found on the dorsal side of the dactylus of T4 and T5 legs.

4) Cuspidate setae (Fig. 1, C and K, and fig. S1C,C'). Simple setae have a relatively short and stout shaft. The shaft bears longitudinal ridges and has no visible pore. A single cuspidate seta is found ventrally on the distal end of the propodus of T4 and T5 legs.

5) Lamellate type 1 setae (Fig. 1H and fig. S1E,E'). Lamellate setae consist of a smooth shaft bearing a series of lamellae toward the tip. Lamellate type 1 setae have a wider base and a shorter shaft than lamellate type 2, and they bear a terminal pore. Lamellate type 1 setae are organized in ventral arrays (see below) in the carpus and propodus of T4 and T5 legs.

6) Lamellate type 2 setae (Fig. 1I and fig. S1D,D'). Similar to lamellate type 1 setae but tend to have a more slender base, a longer shaft and no pore. Lamellate type 2 setae make up the crown and the anterior and posterior combs (see below) in the carpus and propodus of T4 and T5 legs.

7) Twin setae (Fig. 1J and fig. S1E,E'). Twin setae are composites of cuspidate and lamellate setae. The cuspidate-like main shaft bifurcates into a branch that resembles the tip of a typical lamellate seta with a terminal pore. Twin setae usually make up the central seta of each element of the ventral array (see below) in the carpus and propodus of T4 and T5 legs. The relative size of the cuspidate and the lamellate components of twin setae can vary (fig. S4); we suggest that these differences reflect a developmental transition from lamellate type 1 to twin setae. 8) Microsetae (Fig. 1, A and D, and fig. S1F,F′). Microsetae are very small setae bearing a terminal pore covered by a hood. One side of the shaft has a lamellated appearance. Microsetae are associated Fig. 6. Predicting cell type and regeneration status from the transcriptome. (A) A machine learning approach (see Materials and Methods) can be used to predict each cell's cluster classification reliably for most cell types based on the cell's nuclear transcriptome (frequency of random guess indicated by dots). The lowest prediction accuracy is found for neighboring clusters (for instance, 57% of the cells from cluster 23 are predicted as coming from cluster 8; see figs. S18A and S19C). (B) Based on the same machine learning approach, predicting whether a cell derives from a control or a regenerated leg based on its nuclear transcriptome is no better than a random guess (depicted by a dotted line). For further details, see fig. S19.

with characteristic dimples on the cuticular surface (see Fig. 1A). They are dispersed on the surface of the leg, with no stereotypic arrangement.

Lamellate and twin setae are clustered in groups on the propodus and carpus of T4 and T5 legs, which were categorized as follows:

1) Crown group: A row of lamellate type 2 setae located dorsally on the distal end of the propodus and the carpus (marked blue in fig. S3). The crown consists of a variable number of setae (see fig. S5 and data file S1).

2) Comb groups: Two clusters of lamellate type 2 setae located ventrally on the anterior and posterior sides on the distal end of the propodus and the carpus, flanking the first element of the ventral array (marked green in fig. S3). The combs consist of a variable number of setae (see fig. S5 and data file S1); anterior combs are sometimes reduced to a single seta.

3) Ventral array: Groups of regularly spaced lamellate type 1 and twin setae are distributed on the ventral side of the propodus and the carpus (marked yellow in fig. S3). Each element of the array usually consists of a twin seta flanked by lamellate type 1 setae; the element at the distal-most end of the podomere is usually a single lamellate type 1 seta (in juveniles) or a single twin seta (in adults). As suggested earlier, lamellate type 1 setae may mature to become twin setae (fig. S4).

Testing the spatial distribution of setae

To examine the distribution of ventral array elements in the propodus, we measured the distances between successive elements (as shown in fig. S3C) in control and regenerated legs one molt and 3 months after amputation. The effect of regeneration on this distribution was assessed using a linear mixed-effects model (R function lme from the package nlme v3. . The individual of origin was tested as a random effect, while the type of leg (T4 or T5), the type of interval measured (proximal, distal, or middle; see fig. S3C), the experimental condition (control, one molt after amputation or 3 months after amputation), or the interaction between the experimental conditions and the type of interval were considered as fixed effects. All factors had an effect. To further identify differences between control and regenerated legs, we used the R function emmeans (with parameter "adjust" as "tukey"). We found no significant differences in spacing of setae between control and regenerated legs, except between the most proximal setae and the joint after one molt after amputation (P value of <0.0001; fig. S3D). There was no detectable difference 3 months after amputation.

Testing mechanosensory function

Large adult males were immobilized on standard 60-mm petri dishes from their body using surgical glue [as described in (11)]. The setae on T4 and T5 legs were stimulated using a minutien pin (Fine Science Tools, #26002-10), and the animals' whole-body response was recorded (movie S1 and data file S2). Two rounds of experiments were performed under dim light; in the first round, the posterior comb setae of the carpus were stimulated twice (n = 22 individuals). After each stimulus, the response was recorded, and the animals were left to relax for 15 min. Following this, either one of the T4 (n = 10) or T5 (n = 12) legs of each animal was amputated. Six days after amputation, the same setae were stimulated again on both legs, and the animals were left to molt. After molting, they were immobilized again, and the same setae were simulated on both legs. In the second round, the animals were glued the same way, and the posterior comb (n = 25) and middle ventral array setae (n = 28) of the propodus of T4 and T5 legs were stimulated twice with 15-min intervals. After either of the legs was amputated and following the molting, the animals were glued, and the same setae were stimulated.

The effect of amputation and subsequent regeneration on the response to mechanical stimulus was assessed using a generalized linear mixed-effects model (R function glmer from the package lme4 v1. 1-27.1) with a binomial distribution of errors. The sample of origin was tested as a random effect, while the leg of origin (T4 or T5), the nature of the leg (amputated or control), and the progress of regeneration (unamputated, 6 days post amputation, regenerated) were considered as fixed effects. The leg (T4/T5) and the sample of origin had no significant effect on response to stimulus. The amputated legs had a significantly lower response rate 6 days after amputation (P value of <10 -7 ), whereas the response in fully regenerated legs was not significantly different from the one in unamputated legs. The error bars in Fig. 3C indicate 97.5% confidence intervals.

Generation of antibodies and immunostaining

A 746-base pair (bp) fragment from the coding sequence of Parhyale repo (gene MSTRG.29918) was amplified by polymerase chain reaction (primers: aaaaatcgataaGATTCAGCACCAGGCA-GAG and aaaaatcgatCTGCCGAATTCTTCTTGGAC) and cloned into the pATH11 plasmid, downstream and in-frame with the trpE coding sequence, using the Cla I restriction site. The plasmid was transformed to TOP10 Escherichia coli competent cells. Transformant colonies were grown in a tryptophan-deficient medium, expression of the TrpE-Repo fusion protein was induced by supplementing the medium with indoleacrylic acid (40 g/ml), and the fusion protein was recovered in inclusion bodies [protocol adapted from (30)]. Mouse immunization and serum collection were performed by Davids Biotechnologie GmbH.

For staining with the Repo antibody (fig. S7, C and D), we collected stage S27 embryos (28) and T4 and T5 regenerating legs 6 days after amputation. For acetylated -tubulin staining in Fig. 3B, the legs were collected 1 to 2 days after the first molt following amputation. The animals were anesthetized and fixed at room temperature for 10 min in 3.6% formaldehyde in ASW. The carpus and propodus of regenerated and uninjured control legs were then dissected and cut in half to improve antibody penetration. The cut legs were refixed for 15 min in 3.6% formaldehyde in PBS, washed for 1 hour in PBS with 0.1% Triton X-100 (PTx), and incubated for 1 hour at room temperature in PBS with 0.1% Triton X-100, 0.1% sodium deoxycholate, 0.1% bovine serum albumin (BSA), and 1% normal goat serum (PTxD+). The samples were then incubated for 3 days at 4°C, with mouse monoclonal 6-11B-1 antibody for acetylated -tubulin (diluted 1:1000; Sigma-Aldrich, T6793, RRID: AB_477585) or anti-Repo mouse serum (diluted 1:200, see above) in PTxD+. After washing overnight in PTx at 4°C, the samples were incubated with the secondary antibody (anti-mouse immunoglobulin G Alexa Fluor 488, diluted 1:1000; Life Technologies, A11001, RRID: AB_2534069) in PTxD+ for 3 days at 4°C. Samples were then washed overnight in PTx at 4°C and mounted in VECTASHIELD mounting medium (Vector Laboratories, H-1000). The samples were imaged on a Zeiss LSM 800 laser scanning confocal microscope.

Nuclear isolation and sequencing

For each snRNAseq dataset, we collected a pool of 12 to 16 thoracic T4 and T5 legs from large adult males. The smallest specimens had a 9 of 14 body length of ~9 mm (estimated age, >12 months), and the average had a body length of ~11 mm (estimated age, >18 months). The legs were amputated at the proximal end of the basis (excluding the gills and the coxal plates) using a microsurgical knife (Electron Microscopy Sciences, #72047-30) under anesthesia in 0.02% clove oil. To compare regenerated and intact legs, T4 and T5 thoracic legs from one side of the animal were amputated and allowed to regenerate and to grow until ~2 months (8 weeks) after amputation in one pool of individuals or ~ 6 months (24 weeks) after amputation in a separate pool. The contralateral legs were left intact and used as controls. We then collected the sets of regenerated and control T4 and T5 legs by cutting them off at the basis and dissected them (cut the podomeres lengthwise) in a chilled hypotonic buffer containing 250 mM sucrose, 25 mM KCl, 5 mM MgCl 2 , 10 mM tris buffer (pH 8.0), and 1 M dithiothreitol supplemented with 1× protease inhibitor (Sigma-Aldrich, #11873580001), ribonuclease inhibitor (0.4 U/l) (Invitrogen, #AM2682), SUPERase-In ribonuclease inhibitor (0.2 U/l) (Invitrogen, #AM2694), 1 mM spermine, and 0.1 M spermidine [modified from (31)]. The tissue was extruded from the cuticle by gently scraping and peeling using a microsurgical blade and fine forceps (Fine Science Tools, #10316-14 and #11251-20) under a dissecting stereoscope. Triton X-100 was then added to a final concentration of 0.3%, and the tissues were mechanically disrupted by gently pipetting 25 times through a 200-l filter tip with a cut tip. These steps were carried out in 300 l of buffer in the lid of a 5-ml DNA LoBind tube (Eppendorf, #0030108302) kept cold on the surface of a frozen metal plate. The disrupted tissue samples were then transferred to a 1.5-ml DNA LoBind Eppendorf tube (Eppendorf, #0030108051), and large pieces of cuticle were let to settle down. The supernatant containing dissociated nuclei was transferred to a new LoBind tube in which 600 l of fresh hypotonic buffer was added. The nuclei were collected by centrifugation at 500 relative centrifugal force at 4°C for 6 min on a 5424 R Eppendorf microcentrifuge. Centrifugation was kept to a minimum, which resulted in a loose pellet, because longer or faster centrifugations result in lower-quality nuclei. The supernatant was discarded, and the pellet was washed with 600 l of 1× Dulbecco's phosphate-buffered saline (DPBS) supplemented with 2% BSA. After a second centrifugation, all the supernatant except 25 l was removed, and an equal volume of 3× DPBS with 2% BSA was added to reach a final concentration of 2× DPBS (we observed that nuclei are better preserved, but they are more difficult to pellet in 2× DPBS). To remove aggregates, the samples were filtered through 10-m cell strainer (PluriSelect Mini strainer) to generate single-nucleus suspensions. All the steps were performed in the cold, and samples were kept on ice until nucleus capture. The quality of the nuclei was assessed by staining with trypan blue, and nuclei counts were made using a Malassez hemocytometer. snRNAseq was performed using the 10x Genomics single-cell capturing system. Nuclei suspensions, including 20,000 to 25,000 nuclei, were loaded on the 10x Genomics Chromium Controller following the manufacturer's instructions, within 1 hour of preparation. Single-nucleus complementary DNA (cDNA) libraries were prepared using the Chromium Single Cell 3' Reagent Kit according to the manufacturer's instructions (chemistries v3 and v3.1). Libraries were sequenced on an Illumina NextSeq500 (28 bp for R1 and 122 bp for R2), and 248 to 315 million reads were obtained per library. Reads were mapped to the P. hawaiensis genome version Phaw_5.0 (see below) using the Cell Ranger Software Suite 6.0.1 [10x Genomics; (32)]. The Cell Ranger output included lists of features, barcodes, and matrices (corresponding to putative genes, cells, and read counts, respectively). Subsequent analyses were performed using the R package Seurat v4 (21). Quality checks are shown in fig. S20.

Genome annotation

The snRNAseq reads were mapped on the P. hawaiensis genome assembly Phaw_5.0 (https://ncbi.nlm.nih.gov/assembly/GCA_001587735.2/) in which 19 poorly assembled mitochondrial scaffolds were removed and replaced by the publicly available complete mitochondrial genome (RefSeq NC_039402.1). To assign reads to genes, we used the gene annotation described in Sinigaglia et al. (12). Many genes in this annotation were of undefined or incorrect strandedness. We defined the correct gene strandedness using information from our snRNAseq data (stranded reads from all five snRNAseq experiments) or by identifying putative coding sequences through sequence similarity. First, we compared the total number of snRNAseq read mapping to opposite strands per gene model. In gene models where at least 80% of reads mapped to one strand (with >20 unambiguously mapped reads in total), we considered that strand as the correct one. In gene models where >20% mapped to opposite strands (or when fewer than 20 reads were recovered), we identified the longest open reading frame on each strand, translated this to a putative protein sequence, and used BLAST (basic local alignment search tool) to search the Drosophila and human UniProt databases (UP000000803 and UP000005640, respectively) for similar sequences. Strandedness was then assigned on the basis of the best BLAST score (with a minimum threshold of 50). Using this approach, we were able to assign strandedness to 40,047 of 54,699 gene models (the strandedness of 19,334 genes was modified from the original annotation, 13,990 of which using the snRNAseq data and 5344 of which using coding sequence similarity). For the remaining 14,652 genes, both snRNAseq mapping statistics and BLAST scores were inconclusive, and therefore, both strands were included in the gene models (none of those genes had introns). This analysis gave a final list of 69,351 gene models.

As a significant fraction of snRNAseq reads do not map to the exons and introns of the annotated gene models (~40% of reads), we hypothesized that additional genes could be present in the unannotated part of the genome. To maximize read mapping and to examine whether nonannotated genes contribute to the snRNAseq signal, we built a secondary annotation that covers the unannotated part of the genome. For this, we split the intergenic regions of the entire genome into nonoverlapping 5-kb fragments (removing fragments below 1 kb, located near genes) and kept the fragments in which we could detect at least 20 unambiguously mapped snRNAseq reads. Strandedness was assigned to each fragment based on the snRNAseq reads mapping to each fragment, as described above (strand assigned if at least 80% of the reads mapped to one strand, and both strands included if >20% of the reads mapped to opposite strands). The resulting set included 452,770 annotated intergenic features.

Analysis of snRNAseq data

The analysis was performed using the Seurat v4.0.3 scRNA-seq R package, following the associated documentation (21). Genes transcribed in fewer than five cells were removed from the analysis. Cells with fewer than 100 transcribed genes or more than 10% of the genes mapped to the mitochondrial genes were also excluded from the analysis. Datasets were normalized (Seurat function LogNormalize), and variable genes were found using the variance-stabilizing transformation (vst) method with a maximum of 2000 variable features. Next, the datasets were scaled, and principal components analysis (PCA) was performed. A shared nearest neighbor (SNN) graph was computed with 20 dimensions (resolution 1) to identify the clusters. A UMAP was used to perform clustering and dimensionality reduction. Known markers for epidermis, neurons, sensory organs, glia, muscles, and hemocytes were plotted using the Seurat function DotPlot (Fig. 4C). We identified differentially expressed (DE) genes in each cluster by comparing the expression profiles of genes between the cells or a cluster and all the other cells using Wilcoxon rank sum-based approach, with a log fold change of >0.25 and a minimum cell percentage of 0.1. The resulting list of DE genes for each cell type was further annotated by identifying putative gene orthologs from Drosophila melanogaster and Homo sapiens based on reciprocal best BLASTP (protein BLAST) hits. Selected markers among DE genes were displayed individually using the Seurat function FeaturePlot (fig. S6). The top five DE markers per cluster were selected to generate a dot plot color coded by dataset using the package ggplot2 version3.3 (fig. S10).

We functionally annotated our cell clusters by GO term enrichment analysis using the topGO v2.40.0 package (A. Alexa and J. Rahnenfuhrer, 2021, topGO: Enrichment Analysis for Gene Ontology. R package version 2.48.0. DOI: 10.18129/B9.bioc.topGO) and the database org. Dm.eg.db v3.11.4 (M. Carlson, 2019. org.Mm.eg. db: Genome wide annotation for mouse. R package version 3.8.2. DOI: 10.18129/B9.bioc.org.Mm.eg.db) on the list of DE genes.

To compare the Parhyale cell clusters with cell clusters identified in Drosophila legs, we first identified the sets of genes that are differentially in each Drosophila leg cluster ( 18) using default parameters in Seurat. Then, we used the putative orthologs of those genes in Parhyale (as described above) to score our nuclei using the Seurat function AddModuleScore. The results were displayed using the Seurat function DotPlot (fig. S8).

To integrate and compare the five snRNAseq datasets, we used the anchoring approach provided by Seurat. First, we extracted the raw counts from each Seurat object, performed data normalization (function LogNormalize), and found variable features independently for each dataset. Then, we performed the identification and integration of the anchors with 20 dimensions, followed by scaling, PCA, and the construction of an SNN graph with 20 dimensions (resolution 1). A UMAP was used to display clustering and dimensionality reduction. Closely related cell clusters were merged and labeled on the basis of the cell-type markers shown in Fig. 4C. The relative numbers of cells assigned to each cluster were extracted, calculated from the Seurat object, and visualized using the function barplot of the ggplot2 v3.3.6 R package.

We also repeated this analysis on Seurat using nonintegrated data to test the effect of the anchoring method on the clustering and the recovery of the putative cell types in each dataset (we obtained similar results, shown in fig. S15). To explore potential differences in cell distribution within a complex cluster, we examined more specifically cell abundance and differential expression of top markers across the subclusters that comprise the epidermal cluster (fig. S16).

To examine the impact of the gene annotation in the analysis, we also performed the same analysis as described above using the entire genome, including parts of the genome that lack gene annotations (see the "Genome annotation" section), for read mapping. The two integrated datasets were compared using Clustree v0. 4.3 (33) to visualize the overlap of clusters. The datasets were also integrated using Liger v1.0.0 package (22) and SeuratWrappers v0.3.0 to explore the effect of the integration method. The datasets were first preprocessed separately (normalization, finding most variable features, and scaling the data without centering) according to the Liger tutorial. We then calculated the integrative nonnegative matrix factorization with 20 matrix factors to identify the joint clusters and perform quantile normalization by dataset, factor, and cluster to integrate the datasets. In addition, we ran Louvain community detection (resolution 1) and UMAP on Liger to visualize the clustering of cells graphically. The approach described above was used to merge related clusters.

To probe the cell clusters at higher resolution, we investigated whether the scRNAseq data might allow us to distinguish differences in the abundance of specific neuronal subtypes. Subclustering analysis was performed by selecting the neural cells (clusters 12 and 18 in Fig. 4C) and performing a similar analysis as described above. We extracted the raw counts from the Seurat integrated object, performed data normalization (function LogNormalize), and found variable features independently for each snRNAseq dataset. Then, we performed the identification and integration of the anchors with 30 dimensions, followed by scaling, PCA, and the construction of an SNN graph with 30 dimensions (resolution 1). To counteract the oversplitting of clusters, we applied an approach to merge cluster pairs that differed by less than 20 DE genes with twofold change (34). This process was performed iteratively until all clusters were sufficiently distinct. We thus identified eight distinct neural subclusters (fig. S12). The DE genes for each cluster were identified, and putative Drosophila orthologs were annotated as described above. We probed the expression of DE markers in mechanosensory and gustatory receptor neurons of Drosophila in these subclusters, as described above (fig. S12E).

Identification of cell types in the snRNAseq data

Cluster analysis on our snRNAseq data identified approximately 23 distinct cell clusters. To identify the cell types represented in these clusters, we took three complementary approaches. First, we identified transcripts that are enriched within each cluster and performed a GO analysis (fig. S7, A andB). Second, we examined the expression of selected marker genes, whose expression and function are associated with specific cell types throughout the metazoa, or in Drosophila, which is the closest extensively studied model organism to Parhyale (table S2). Third, in one case, it was possible to use antibodies to observe the localization of a cluster-specific marker in the legs of Parhyale (fig. S7, C andD).

Because of intrinsic limitations, we expected that droplet-based snRNAseq would detect only a small subset of all the mRNAs present in a tissue and to capture different mRNAs with different efficiency. This is, in part, because nuclear preparations only capture mRNAs in the transitory phase before their export into the cytoplasm. The residence time of each mRNA in the nucleus varies, e.g., depending on the size of the transcription unit (time to transcribe). A second reason for this differential capture is that standard dropletbased approaches rely on the use of oligo(dT) primers to capture the mRNAs and to initiate cDNA synthesis. Nascent transcripts present in the nucleus have not yet acquired polyadenylated tails, so the oligo(dT) primers usually work by binding spurious stretches of adenosines along the length of the primary transcript (sometimes within long introns). Thus, the efficiency of detecting a given mRNA depends on its residence time in the nucleus (related to the length of the transcription unit) and the presence of these fortuitous priming sites. Despite these limitations, a given transcript should be detected with similar efficiency across all cell types. Therefore, droplet-based snRNAseq allows us to identify cell types/states based on the differential expression of the subset of mRNAs that are efficiently captured.

We focus here on marker transcripts that could be found in our datasets. Orthology assignments are based on reciprocal best BLAST hits with Drosophila [for gene names, see FlyBase (http://flybase.org/)]. The numbering of cell clusters below refers to the analysis (UMAP and dot plots) shown in Fig. 4.

Epidermal cells

Cell clusters 0, 1, 2, 11, and 19 form a large supercluster of cells (almost 40% of captured cells) expressing overlapping sets of markers. Genes whose functions are associated with the arthropod exoskeleton [chitin synthase kkv; (35)], epithelial adhesion to the exoskeleton [dumpy; (36)], adherens junctions [Ph1 cadherin; (37,38)], planar cell polarity [fat and dachsous; (39)], septate junctions [Lachesin; (40)], and a transcription factor associated with epidermal repair (grainyhead; (41)] are specifically expressed in this supercluster (see Fig. 4C). We also find that a gene corresponding to an exon trap expressed in the epidermis of Parhyale limbs [Distal-ET; [START_REF] Kontarakis | A versatile strategy for gene trapping and trap conversion in emerging model organisms[END_REF]] is expressed in this supercluster. Individual clusters may represent different subtypes of epidermal cells (e.g., associated with different parts of the leg) or cell states. Muscles GO analysis provides strong evidence for the identification of clusters 5 and 14 as muscle; GO terms for muscle development and differentiation, mesoderm development, calcium transport and sarcomere assembly are strongly enriched (fig. S7A). Genes with conserved muscle-specific functions-such as genes associated with muscle development [pox meso; [START_REF] Duan | A key role of Pox meso in somatic myogenesis of Drosophila[END_REF]], contractility [e.g., Mhc, projectin/bt, and tropomyosin; [START_REF] Schnorre | Systematic genetic analysis of muscle morphogenesis and function in Drosophila[END_REF]], and calcium ion transport [Calx,and RyR;[START_REF] Chorna | The genetics of calcium signaling in Drosophila melanogaster[END_REF]]-are most strongly expressed in these clusters (see Fig. 4C). Neurons GO analysis provides strong evidence for the identification of clusters 12 and 18 as neurons; GO terms for synaptic transmission and membrane potential are strongly enriched (fig. S7B). Genes with neuron-specific functions-including genes associated with neuronal cell type specification [acj6; [START_REF] Clyne | The odor specificities of a subset of olfactory receptor neurons are governed by Acj6, a POUdomain transcription factor[END_REF]], the formation of axons and dendrites [futsch; [START_REF] Hummel | Drosophila Futsch/22C10 is a MAP1B-like protein required for dendritic and axonal development[END_REF]], synaptic function [bruchpilot and whirlin/ dysc; [START_REF] Kittel | Bruchpilot promotes active zone assembly, Ca 2+ channel clustering, and vesicle release[END_REF][START_REF] Jepson | Regulation of synaptic development and function by the Drosophila PDZ protein dyschronic[END_REF]], mechanosensory function [btv; [START_REF] Eberl | Genetically similar transduction mechanisms for touch and hearing in Drosophila[END_REF]), and neurotransmission [VAChT,eag,and Rdl;[START_REF] Kitamoto | Isolation and characterization of mutants for the vesicular acetylcholine transporter gene in Drosophila melanogaster[END_REF][START_REF] Dubin | The K+ channel gene ether a go-go is required for the transduction of a subset of odorants in adult Drosophila melanogaster[END_REF][START_REF] Stilwell | Transcriptional analysis of the Drosophila GABA receptor gene resistance to dieldrin[END_REF]]-are most strongly expressed in these clusters (see Fig. 4C). In Drosophila, these genes are associated with mechanosensory and/or chemosensory neurons, suggesting that this set is likely to include different types of sensory neurons. Hemocytes Hemocytes (blood cells) enter Parhyale legs through the blood circulation. Cells clusters 6 and 15 express genes that are typically associated with arthropod hemocytes, encoding proteins involved in blood coagulation [related to hemolectin and transglutaminase; [START_REF] Goto | Drosophila hemolectin gene is expressed in embryonic and larval hemocytes and its knock down causes bleeding defects[END_REF][START_REF] Lindgren | Fondue and transglutaminase in the Drosophila larval clot[END_REF]], melanization [phenoloxidase (PPO); ( 56)], and immune responses [modSP; [START_REF] Buchon | A single modular serine protease integrates signals from pattern-recognition receptors upstream of the Drosophila Toll pathway[END_REF]] (see Fig. 4C). We find that these cells also express specifically a GATA transcription factor and a mys/itgbnlike -integrin, whose orthologies could not be precisely determined; GATA factors are typically associated with the specification of endodermal tissues and blood [START_REF] Rehorn | A molecular aspect of hematopoiesis and endoderm development common to vertebrates and Drosophila[END_REF], and the -integrins mys and itgbn play essential roles in encapsulation, hemocyte migration, and phagocytosis in Drosophila [START_REF] Irving | New insights into Drosophila larval haemocyte functions through genome-wide analysis[END_REF][START_REF] Moreira | Drosophila integrin adhesion complexes are essential for hemocyte migration in vivo[END_REF][START_REF] Nagaosa | Integrin -mediated phagocytosis of apoptotic cells in Drosophila embryos[END_REF].

Putative glia

Cell cluster 17 is associated with the expression of the putative ortholog of the insect glial cell marker repo [START_REF] Campbell | RK2, a glial-specific homeodomain protein required for embryonic nerve cord condensation and viability in Drosophila[END_REF][START_REF] Xiong | repo encodes a glial-specific homeo domain protein required in the Drosophila nervous system[END_REF]. Using an antibody that we raised against this transcription factor, we find that these cells are closely associated with axons (fig. S7, C andD), as would be expected of glia. The cluster is also enriched in the expression of genes associated with signaling, adhesion, sugar transport, and axon pruning in the context of neuron-glia interactions in Drosophila [rau,uzip,and draper;[START_REF] Sieglitz | Antagonistic feedback loops involving Rau and Sprouty in the Drosophila eye control neuronal and glial differentiation[END_REF][START_REF] Ding | Glial cell adhesive molecule unzipped mediates axon guidance in Drosophila[END_REF][START_REF] Volkenhoff | Glial glycolysis is essential for neuronal survival in Drosophila[END_REF][START_REF] Awasaki | Essential role of the apoptotic cell engulfment genes draper and ced-6 in programmed axon pruning during Drosophila metamorphosis[END_REF][START_REF] Macdonald | The Drosophila cell corpse engulfment receptor draper mediates glial clearance of severed axons[END_REF]].

Putative sensory organ accessory cells

Cell clusters 3 and 21 are associated with the large epidermal supercluster described above. These clusters are enriched for expression of a few genes, which are associated with three types of sensory organ accessory cells in Drosophila (see Fig. 4C): soxF/sox15 and shaven/ Pax2, encoding transcription factors that play essential roles in the differentiation of sensory organ socket cells [START_REF] Miller | Complex interplay of three transcription factors in controlling the tormogen differentiation program of Drosophila mechanoreceptors[END_REF] and shaft cells [START_REF] Kavaler | An essential role for the Drosophila Pax2 homolog in the differentiation of adult sensory organs[END_REF], respectively; and nompA, which plays an essential role in the sheath cells of mechanosensory organs [START_REF] Chung | nompA encodes a PNS-specific, ZP domain protein required to connect mechanosensory dendrites to sensory structures[END_REF].

Putative sensory organ trichogen (shaft) cells

Cell cluster 7 is associated with expression of the orthologs of spineless, encoding a transcription factor associated with sensory organs in Drosophila [START_REF] Duncan | Control of distal antennal identity and tarsal development in Drosophila by spineless-aristapedia, a homolog of the mammalian dioxin receptor[END_REF], and hook, encoding a protein of the endocytic pathway that participates in the formation of sensory bristles by the trichogen cells [START_REF] Bitan | Asymmetric microtubule function is an essential requirement for polarized organization of the Drosophila bristle[END_REF].

Genes and cell clusters associated with molting

Using an existing dataset (12), we identified 1294 genes that are strongly up-regulated in Parhyale legs 3 to 4 days before molting [DESeq2; P adj < 0.001; [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF]]. We used the Seurat function AddModuleScore to measure the average expression of these genes in our nuclei, and the results were displayed using the Seurat function FeaturePlot (Fig. 5E). We used the Seurat function Dotplot to compare the expression of top 57 up-regulated genes between cell clusters (fig. S17).

Comparing the distribution of cells across cell clusters

We tested whether the proportion of cells recovered in each cell cluster is similar in controls and regenerated legs. We used ANOVA to test the effect of each of three factors on cell count: which condition each cell is associated with (control/regenerated), which cell cluster it belongs to, and which experiment it was sampled from (0/2/6 months; all experiments shown in Fig. 5A). For the regression, we used a negative binomial distribution because it captured best the dispersion of our cell count dataset. We used the Anova function from the R package car with an F-test and deviance as error estimate.

We found that there was no significant effect of the control/ regeneration condition (either as a simple explanatory variable or in interaction with other variables). However, the experiment and the cell type of origin had a strong impact on cell count distribution (P values of <0.001 and <2.2 x 10 -16 , respectively).

To further identify differences between experiments and cell clusters, we used the R function emmeans. In the 6-month dataset, there were significantly more cells in one of the cell clusters associated with molting (cluster 18 in Fig. 5D and cluster 12 in fig. S13B). In addition, there were significantly more epidermal cells in the 0-month dataset (compared to the 6-month dataset) and significantly more cells in the muscle and neuronal clusters in the 2-month dataset compared to 0-or 6-month dataset. However, no statistically significant difference was observed between cells from regenerated legs and controls in any cluster. When mapping reads to the entire genome, epidermal cells are more abundant after regeneration (P value of ~0.01), but this difference disappears if we consider the cluster associated with molting (cluster 12) as part of the epidermal cluster.

We also tested two additional methods: Milo (19) and scCODA (20). With the miloR v1.2.0 package, we followed the instructions given in the vignette with default parameters (an additional set of parameters used in the vignette was also tested with same results: buildGraph function was run with parameters k = 30, d = 30, and reduced.dim = "pca.corrected" and makeNhoods function was run with parameters prop = 0.1, k = 30, d = 30, and refined = TRUE). No significant differences in cell abundance were detected between control and regenerated conditions (FDR = 10%), whereas the batch effect (set of animals sampled) could be detected. With the Python program scCODA v0.1.7, we followed the instructions of the authors. No difference in cell abundance was detected between control and regenerated conditions (FDR = 40%).

Power of detection in comparisons of cell abundance

To quantify our power to detect differences in cell abundance between control and regenerated samples, we simulated datasets with the same structure as the original dataset, except that we lowered the number of cells of a given cluster in the regenerated samples by 1.2-to 10-fold compared to the corresponding control sample. We then used an ANOVA test (same as described above) to determine whether we would detect the change as significant. We reported the minimum fold change for which a difference in cell abundance was significantly detected (P value of <0.05; fig. S11). This analysis was repeated for each cluster.

Differential expression analysis

Differential expression analysis of uninjured versus regenerated legs was performed separately on nonnormalized and nonintegrated counts of the 2-and 6-month datasets using the R package Seurat v4.0.3 function FindMarkers and the bimod method. We chose this method because it gave the most exhaustive list of DE genes compared to other methods (Wilcoxon test, t test, logistic regression test, and the MAST package), which gave very similar but smaller lists of DE genes. Visualization of gene abundance for the DE genes (in fig. S18D) was done using the Seurat function DotPlot.

For differential expression on pseudo-bulk data, counts were aggregated for each cell type using the Seurat function Aggregate-Expression, and further analyses were performed using DESeq2 v1.36.0. Genes with fewer than five counts in total were filtered out. The three control and two regenerated samples were considered as two sets of replicates. Genes that were DE in a cluster-specific manner between regenerated and control samples were identified by grouping the factors "cond" (control/regenerated) and "cluster" and taking batch effect (set of animals sampled) into account (formula: "~ batch + group"). One hundred nine DE genes were identified (P value of <0.05). These genes were detected in very few cells and/or DE in one replicate only (see fig. S18E), with the exception of three genes: MSTRG.32192 [orthologous to Drosophila collagen alpha-1(IV) chain], MSTRG.36270 (orthologous to RNA binding protein Rbfox1, also identified as DE in the analysis at the single-cell level), and MSTRG.35733 (orthologous to RluA-1). These genes are mildly enriched in the glia cluster of regenerated samples.

Prediction of control versus regenerated condition based on transcriptome

To test the presence of a transcriptional signature of regeneration, we tried to predict the regeneration state (regenerated versus control) for each cell based on our snRNAseq data using the R package scPred v1.9.2 [START_REF] Alquicira-Hernandez | scPred: Accurate supervised method for cell-type classification from single-cell RNA-seq data[END_REF]. scPred was designed to predict cluster of origin, but we reasoned that it could be used to predict any given status of a cell. As a control, we also used the same procedure to predict the cluster of origin of each cell (epidermis, muscle, etc.).

The 2-and 6-month datasets were subsampled, such that the number of uninjured and regenerated cells was identical within each cluster for each experiment: We sampled 7291 cells for each of the uninjured and regenerated 2-month experiments (a total of 14,582 cells) and 5694 cells for each of the uninjured and regenerated 6-month experiments (a total of 11,388 cells).

Each dataset was normalized and scaled, and a PCA was computed using the Seurat functions NormalizeData, ScaleData, and RunPCA.

Training of the machine learning model was done either on the 6-month or the 2-month datasets using the scPred functions getFeatureSpace and trainModel with the model svmRadial (Fig. 6 and fig. S19, D andE, respectively). We tested other models (e.g., mda, knn, and random forest), but they gave either similar or worse results on the training set.

Testing was done on the dataset that had not been used for training, measuring the percentage of cells for which a correct prediction was made by the trained model. Baseline values corresponding to the percentage of cells that would be correctly assigned just by chance were calculated as the proportions of cells present in the dataset for each category (for instance, 50 and 36% of cells in the 2-month dataset classified as "regenerated" or "epidermal," respectively).

Regenerating animals have the ability to reproduce body parts that were originally made in the embryo and subsequently lost due to injury. Understanding whether regeneration mirrors development is an open question in most regenerative species. Here, we take a transcriptomics approach to examine whether leg regeneration shows similar temporal patterns of gene expression as leg development in the embryo, in the crustacean Parhyale hawaiensis. We find that leg development in the embryo shows stereotypic temporal patterns of gene expression. In contrast, the dynamics of gene expression during leg regeneration show a higher degree of variation related to the physiology of individual animals. A major driver of this variation is the molting cycle. We dissect the transcriptional signals of individual physiology and regeneration to obtain clearer temporal signals marking distinct phases of leg regeneration. Comparing the transcriptional dynamics of development and regeneration we find that, although the two processes use similar sets of genes, the temporal patterns in which these genes are deployed are different and cannot be systematically aligned.

regeneration j leg development j transcriptional profiling j crustacean j Parhyale hawaiensis Many animals have the capacity to regenerate body parts that have been lost after a severe injury. In some cases regeneration produces faithful replicas of the lost organs, which are indistinguishable from those originally developed in the embryo. This similarity in the outcome of development and regeneration suggests that the processes generating these structures could also be similar, i.e., that regeneration could mirror embryonic development. The fact that both take place within the same organism, relying on the same genome, makes it easy to envisage that the same molecular mechanisms and gene regulatory networks could be used in both cases.

Besides this evident connection, however, there are important ways in which development and regeneration are likely to differ. Development is a stereotypic process, unfolding from a defined starting point, in the stable and well-provisioned environment of the fertilized egg. In contrast, regeneration starts with an injury whose extent and timing are unpredictable. Regeneration also unfolds in the context of adult physiology, e.g., influenced by the nutritional status of the animal, exposure to microbes, as well as circadian, seasonal, and hormonal cycles. For instance, in arthropods, the molting cycle profoundly affects the physiology of the individual and imposes physical constraints on the growth of regenerating structures (1).

In the adult body, the cellular context in which regeneration takes place differs from the embryo: different pools of progenitors are available compared with development, and differentiated cell types such as immune cells and neurons (which are not yet formed at the onset of organ development) are known to play key roles in supporting regeneration (2)(3)(4)(5)(6).

Significant differences can also be seen in the scales in which development and regeneration unfold. Embryonic organ primordia are usually hundreds of micrometers to millimeters in size, while adult regenerating organs can be orders of magnitude larger (7). Such differences in size are likely to have an impact on the mechanisms that coordinate cell behavior and cell fate across developing tissues, such as diffusion-based morphogen gradients and long range cell-cell communication. Differences may also exist in the temporal scale over which developmental and regenerative processes unfold. Despite these differences, numerous studies indicate that development and regeneration could share significant similarities (reviewed in ref. 8). For example, a classic study used reciprocal tissue grafts between developing limb buds and regenerating blastemas in axolotls to reveal similar patterning activities in those tissues (9). Later studies contributing to this debate have compared the roles played by specific regulatory genes (10,11), the deployment of positional markers (12,13), and the transcriptional profiles of regenerating tissues (14)(15)(16) The crustacean Parhyale hawaiensis presents an excellent system for exploring the relationships between embryonic and regenerative processes, for several reasons. First, Parhyale are able to regenerate their legs with high fidelity; regenerated legs are indistinguishable from the original, unharmed adult legs (17). Second, Parhyale are direct developers (do not undergo metamorphosis), so the adult legs directly derive from the legs developing in the embryo (18). Third, although adult legs are larger than embryonic legs, the leg primordia in embryos and regenerating adults develop on similar spatiotemporal scales. The primordia are in the order of 100 μm in size and consist of a few hundred cells (19,20). The temporal scales of leg development and regeneration are also similar, spanning 4 to 5 d at 26 °C from primordium/blastema formation to fully patterned leg (19)(20)(21). These shared features provide a common framework for comparing development and regeneration in Parhyale and testing to which extent the dynamics of regeneration mirror those of development.

To compare gene usage during development and regeneration on a genome-wide scale we performed RNA sequencing (RNA-seq) on single legs, covering the time course of each process, from early limb buds or freshly amputated legs to fully patterned legs. Our working hypothesis was that some phases of leg regeneration, such as wound closure, may be specific to regeneration, but others like patterning, morphogenesis, growth, and cell differentiation could share significant similarities. Our goals were to: 1) compare expression dynamics on a global scale and determine whether specific phases of leg regeneration can be associated, on the basis of gene expression, with specific phases of leg development; 2) identify sets of genes that are coexpressed in distinct phases of leg development and regeneration and determine whether similar clusters of coexpressed genes are involved in these processes; and 3) determine whether these sets of coexpressed genes are deployed in the same temporal order in the embryo and in the regenerating adult leg.

We expected to recover common temporal patterns of gene expression underpinning the embryonic and regenerative time courses, consistent with the idea that some aspects of leg regeneration redeploy mechanisms used for leg embryonic development. A failure to detect a common temporal order of gene expression would suggest that development and regeneration follow distinct trajectories.

Results

Transcriptional Profiling of Leg Development Reveals Stereotypic

Developmental Profiles. To investigate transcriptional dynamics and assess individual variation in developing embryonic legs we performed RNA-seq on individual fourth thoracic (T4) legs during the time course of leg development, from young limb bud stages to fully patterned and differentiated legs (21) (Fig. 1A). We collected entire T4 legs every 6 h, from 96 to 192 h post fertilization (hpf) (E f [full] series). In order to account for the progressive regionalization of the primordium, we also collected, when possible, the distal portion of the T4 leg: the distal one-third of the leg from 120 to 138 hpf, and the carpus, propodus, and dactylus from 144 to 192 hpf (E d [distal] series). The full and the distal leg samples were collected in pairs, from contralateral T4 legs of the same embryos, yielding a total of 70 samples covering the time course of leg development (SI Appendix, Table S1).

Principal component analysis (PCA) on the complete RNAseq dataset (Datasets S3 and S4) showed that the principal axis of gene expression variation, explaining 14% of the variance, strongly correlates with developmental time in both the E f and the E d leg samples (PC1, Fig. 1B). A weaker source of variation was linked to specific samples (PC2, see SI Appendix, Fig. S1.1). To probe the strength of the temporal signal in those data, we applied RAPToR, a method that allows predicting the developmental stage of a sample from its gene expression profile, relative to a reference time series (22). We built a reference using the E f leg samples and used this to estimate the stage of each sample. The predictions of the model match the real developmental age of each sample accurately, not only for the E f samples (which were used to train the model) but also for the E d leg samples (Fig. 1C and SI Appendix, Table S2). These results indicate that the dynamics of gene expression in developing legs are highly stereotypic, and that the temporal dynamics captured in the E f and E d series are highly coherent with each other.

Further comparing the transcriptional dynamics in the E f and E d samples, we found 7,963 and 1,354 genes to be differentially expressed during embryogenesis in E f and E d samples, respectively (DESeq2, padj < 0.001, in a total of 43,212 gene models; SI Appendix, Fig. S1.2), with an overlap of 1,121 genes (differentially expressed genes given in Datasets S5 and S6). We attribute the higher number of differentially expressed genes in the E f samples to the fact that this dataset spans a longer developmental period and includes additional tissues. The tissue dissections to collect the E d samples were also more challenging, possibly contributing to lower sample quality (SI Appendix, Fig. S1.1 and Table S1). Despite these differences, we noticed a high similarity in gene expression dynamics between these two datasets (Fig. 1D). Overall, this analysis shows that the temporal signal of the distal part of the leg (E d ) is largely recapitulated in the full leg series (E f ).

Transcriptional Profiling of Leg Regeneration Reveals Temporal

Dynamics with High Inter-individual Variation. We performed a similar series of RNA-seq experiments to investigate the temporal dynamics of gene expression during the course of regeneration in adult T4 legs, amputated at the distal end of the carpus. Previous studies have shown that the cellular activity associated with regeneration occurs within 200 μm from the amputation site (19,23), which in these experiments corresponds approximately to the distal half of the carpus. Samples were collected every 12 h, from the moment of amputation until 120 h post amputation (hpa), when the legs appear to be fully patterned (19). To ensure that we have sampled patterned and differentiated legs, we also collected samples at the onset of expression of a late distal leg marker (the Distal DsRed exon trap, collected ∼150 hpa; 23,24) and after the first molt following regeneration.

From each of these legs we collected two fragments (Fig. 2A): one consisting of the distal-most end of the leg stump (the carpus, including the blastema and newly regenerating structures; R d [distal] series) and one from a more proximal podomere (the distal part of the merus; R p [proximal] series). The R d samples capture the entire region that participates actively in regeneration (19), while the R p samples serve as controls, intended to capture transcriptional variations associated with the physiological status of each individual (e.g., molting stage, nutritional state). Overall, we collected 120 samples from 37 individuals (paired samples were collected from the left and right T4 legs in 23 individuals), spanning 13 time points, yielding a total of 60 R d and 60 R p samples (Fig. 2A, listed in SI Appendix, Table S1; Datasets S7 and S8).

Principal component analysis including both the R d and R p series reveals several distinct sources of variation in these data.

PC1 captures the difference between the R d (regenerating) and R p (control) samples, with the notable exception of the 0 hpa (pre-amputation) and the postmolt R d samples, which group together with the R p series (Fig. 2B). This distribution shows that tissues undergoing active regeneration are transcriptionally distinct from the non-regenerating samples.

PC2 reveals marked differences between the groups of samples collected from each individual (particularly in individuals marked in bold, Fig. 2C). This variation reflects real biological differences between individuals, as we find a much higher correlation of gene expression in samples collected from the same individual than among different individuals (Fig. 2C and SI Appendix, Fig. S2.1A). These samples were processed in a randomized order, so these correlations could not arise from postprocessing batch effects. We return to the source of this inter-individual variation in the next section.

PC3 and PC4 capture a temporal signal corresponding to the progress of regeneration in the R d samples (Fig. 2D and SI Appendix, Fig. S2.2A). On PC3, the transcriptional profile of pre-amputation samples (0 hpa) matches the profile of samples collected at the end of the regenerative time course, consistent with our expectation that regeneration is largely completed by ∼120 hpa and after the following molt.

Principal component analysis on the R d samples alone captures the temporal signal in PC1 (Fig. 2E) and both temporal and inter-individual variation in PC2 (SI Appendix, Fig. S2. 2B). Overall, our analysis reveals that regeneration and interindividual variation are the major sources of variation in the Rd samples.

Using a reference timeline based on the R d samples, the stage of regenerating samples (R d ) can be partly predicted based on their transcriptome (linear regression r 2 = 0.29) (Fig. 2F and SI Appendix, Table S3). In contrast, most of the control samples (R p ) are assigned to the fully differentiated state, confirming that these samples do not carry a substantial regenerative signal (linear regression r 2 ∼ 0; Fig. 2F).

Impact of the Molting Cycle on the Transcriptional Profile of Adult Legs. We hypothesized that the observed "individual signal" (PC2 in Fig. 2C) is linked to the physiological state of each animal, as it is shared by all the samples collected from each individual. Since molting is a major physiological variable in adult crustaceans, we decided to test directly the impact that the molting cycle might have on the leg transcriptome.

Selecting animals of the same age/size as in the regeneration RNA-seq experiments, we monitored the molting status of 66 animals over two successive molts; we observed that this cohort molted with a mean period of 27 d (SD 7.2 d). We then collected entire T4 legs from 20 of these animals at different stages of the molting cycle (Fig. 3A and SI Appendix, Table S1) and performed RNA-seq on these samples (Datasets S9 and S10). Principal component analysis on these 20 samples shows that On the principal components describing the molting cycle, we projected the expression data of our regeneration time series in order to assess the molting status of each sample. We observed that most samples are associated with the intermolt phase, except those highlighted in bold in Fig. 2C, which are associated with near-molt stages (Fig. 3B). Molt-associated genes are a major driver of the interindividual variation (seen in PC2, Fig. 2C) in the regenerating leg samples (SI Appendix, Fig. S3.1).

Applying a soft clustering approach (Mfuzz) on the molting cycle dataset, we defined eight distinct sets of coexpressed genes (SI Appendix, Fig. S3.2 for clustering parameters, SI Appendix, Fig. S3.3 for cluster content, and Datasets S11 and S12 for cluster data). The samples collected shortly before molting show the largest changes in gene expression (orange, brown, and yellow phases in Fig. 3C). We identified 131 transcription factors whose expression changes during the molt cycle (SI Appendix, Fig. S3.4 and Dataset S30). These factors, which include the ecdysone receptor and other known mediators of molt responses in arthropods, are prime candidates for future studies on the interplay between molting and regeneration in Parhyale.

These analyses confirm our hypothesis that molting status has a strong transcriptional influence on the regenerating leg transcriptomes. In particular, the imminence of molting deeply modifies the transcriptional state of an adult leg (Fig. 2C).

Disentangling the Transcriptional Signals of Physiology and

Regeneration. To investigate the transcriptional dynamics driven by the regenerative process independently of the physiological/ molting status of each animal, we developed a Bayesian modeling approach (using JAGS, ref. 25; model outlined in Fig. 4A) to dissect the contributions of regeneration (R, bold red in Fig. 4A) and the individual's physiology on the the transcriptome of R d samples (gray circle in Fig. 4A). Based on the results presented earlier, we assumed that the variation due to an individual's physiology would be shared by all the samples collected from each individual (R d and R p from contralateral T4 legs). In contrast, the variation in gene expression driven by the regenerative process should be specific to each R d sample. Previous observations suggested that individual limbs can regenerate at different speeds (19); we therefore modeled the regenerative signal separately in each R d sample, even when we collected them from the left and right T4 legs of the same individual.

The regenerative signal R was modeled as an enrichment value, similar to a fold change between R d and the same individual's control/physiological signal measured in the R p samples, taking into account sampling errors/variation (Fig. 4A; R values given in Dataset S13). An R value of 1 conveys that there is no difference in the expression of a given gene between R d and R p , R > 1 means that the gene is up-regulated in the regenerating sample, and R < 1 that the gene is downregulated. Comparing the temporal profiles of R and R d shows that R values preserve the temporal signal of regeneration but largely reduce the inter-individual variation associated with molting (SI Appendix, Fig. S4.1 A and B).

This modeling approach is successful in extracting the expression dynamics of regeneration from the overall transcriptional variation, without introducing unintended distortions or artifacts in the data (Fig. 4B andC). A more targeted approach for removing molt-related variation is to exclude from the R d dataset the five samples collected close to molting and the genes whose expression is significantly affected by molting (>6,000 genes). RAPToR predictions made using this alternative approach have a similar accuracy with the predictions made using Bayesian modeling on the entire dataset (SI Appendix, Fig. S4.3 B and C). Given that the targeted approach excludes five samples and >6,000 genes from the analysis, we decided to pursue our study using Bayesian modeling.

The regenerative stage of each sample is predicted more accurately in early phases of regeneration (0 to 36 hpa) than in later phases (48 to 120 hpa). This mirrors observations in live imaging experiments, in which wound closure reliably takes place in the first 1 to 2 d after amputation, but the onset of later events varies (19). Given these variations, instead of sample collection time, we decided to use the predictions made by RAPToR to place the regenerating samples on a temporal scale (pseudotime) reflecting each leg's progress in regeneration, based on its transcriptional profile.

Distinct Transcriptional Dynamics in Developing and Regenerating

Legs. Having captured the transcriptional profiles of leg development and regeneration, we turned our attention to comparing these profiles, to determine the extent to which the dynamics of leg regeneration mirror those of leg development. To render the embryonic data (E f and E d ) comparable with the modeled data from regenerating legs (R), raw counts in the embryonic datasets were transformed into enrichment values (fold changes) by applying a similar Bayesian modeling as for the R values (see Methods; SI Appendix, Fig. S4.1 D-G, and Datasets S14 and S15); we refer to these transformed data as the E and D series (based on E f and E d , respectively). We find that a large proportion of genes showing temporal variation during regeneration also show dynamic expression during leg development (SI Appendix, Fig. S4.4 and Dataset S16).

A combined principal component analysis on the E and the R datasets reveals that, overall, gene expression varies more during development than regeneration: the two major axes of variation (PC1 and PC2) capture well the transcriptional dynamics of leg development, but not the dynamics of leg regeneration (Fig. 5A). There is no obvious alignment between the variation seen in the embryonic and the regenerating time series.

Next, we tried to temporally align these datasets using RAPToR. We built a reference time series based on the embryonic leg (E) data and tested whether the regenerating leg (R) samples can be aligned to this reference. Pre-amputation and postmolt samples are consistently assigned to the latest stages of the leg development series, as expected of fully differentiated leg tissues (Fig. 5B and SI Appendix, Table S4). The other samples are inconsistently placed on the developmental series, some matching early and some later phases of development with no obvious pattern, suggesting that there is no straightforward relation between the phases of leg regeneration and leg development.

When using PCA and RAPToR, global expression profiles could be dominated by specific groups of genes that show strong differential expression (e.g., terminal differentiation genes), concealing relevant expression dynamics that occur on a smaller scale (e.g., in genes involved in patterning, the control of cell proliferation, and morphogenesis). To dissect the temporal dynamics of genes associated with different phases of development and regeneration, we turned to a clustering approach, which classified genes into four major coexpression clusters in the E series and eight major coexpression clusters in the R series (the same analysis was also performed on the D series; SI Appendix, Fig. S5.1 and Datasets S17-S28; cluster sizes in SI Appendix, Table S5).

All the E clusters and five of the eight R clusters appear to be associated with specific phases of development or regeneration (Fig. 5C). In the embryonic leg data, genes in cluster E2 are expressed predominantly in the early phases of leg development, genes in E4 and E1 in mid phases, and genes in E3 in the late phase (Fig. 5C, Left). In the regenerating leg data, genes in cluster R4 are expressed early, R1 in early-mid phases, R8 in mid-late phases, and R6 and R2 are associated with differentiated legs (both pre-and post-regeneration). The remaining three R clusters (R3, R5, and R7) do not show a consistent temporal signal (Fig. 5C, Right).

Having identified clusters of coexpressed genes in the embryonic and regenerative time series, we systematically compared the gene content of these clusters to determine whether similar sets of genes are coexpressed during development and regeneration. We measured their overlap in terms of enrichment (fold change) relative to random expectation (see Methods). The largest overlaps are observed between the early developmental cluster E2 and the mid regenerative clusters R1 and R8, and between the late developmental and regenerative clusters (E3, R2, and R6), which are associated with differentiated legs (Fig. 5E and SI Appendix, Fig. S5. 4D and S5.5). Despite this enrichment, we find that these clusters show significant differences in gene content (Fig. 5F).

Examining the expression profiles of R cluster genes during leg development and E cluster genes during regeneration (SI Appendix, Fig. S5.3) did not yield any additional insights.

A finer classification of coexpressed genes yielded 32 and 37 clusters for E and R, respectively (SI Appendix, Fig. S5.9; Datasets S18, S20, S24 and S26). Similar overlaps in gene content were observed at this finer resolution (Fig. 5G). Despite these similarities, we did not detect a well-aligned temporal sequence of expression during development and regeneration (alternative strategies for temporally aligning the gene clusters were tested; see Fig. 5G and SI Appendix, Fig. S5.9 and S5.10).

Comparing the Deployment of Specific Functional Categories of Genes. To associate the identified clusters with biological functions, we performed a gene ontology (GO) enrichment analysis on each cluster (SI Appendix, Fig. S5.7 and S5.8) and we categorized the enriched GO terms based on processes that contribute to leg development and regeneration (see Methods; ). In the embryonic leg data, the most noticeable feature is the strong enrichment of the early gene cluster with GO terms associated with cell proliferation (cluster E2), followed by phases enriched in patterning and morphogenesis (cluster E4), and cell differentiation (cluster E3) (Fig. 5D, Left). In the regenerating leg, we observe an initial phase associated with stress, wounding, immune responses, and cell death (cluster R4), followed by a phase associated with cell dedifferentiation, cell proliferation, patterning, and morphogenesis (cluster R8), and then a phase associated with cell differentiation (cluster R6); a gene cluster that is associated with TOR signaling and growth is expressed throughout the process (cluster R5) (Fig. 5D, Right). This temporal sequence is in agreement with the regenerative phases identified by live imaging (19).

Overall, we observe that enriched GO terms have distinct temporal distributions in these two datasets. As expected, regeneration starts with a phase of wound healing (cluster R4) that is not represented in embryonic leg development. But notably, embryonic legs express genes associated with cell proliferation and patterning/morphogenesis in distinct phases (clusters E2 and E4), whereas in leg regeneration these processes occur simultaneously (cluster R8).

Taking a more targeted approach, we also examined the temporal profiles of specific genes that are likely to be involved in immunity, cell proliferation, leg patterning, and cell differentiation (Fig. 6; gene list in SI Appendix, Table S6). The genes associated with immunity, cell proliferation, and patterning were selected based on published information (particularly on Drosophila orthologs, see SI Appendix, Supplementary Methods) and on the GO term analysis; genes associated with differentiated neurons and muscles were identified from Parhyale singlecell transcriptomic data (17).

Immunity-associated genes are markedly up-regulated during the early phases of regeneration, following wounding (Fig. 6A and SI Appendix, Fig. S6.4B). The same genes are expressed only in the later phases of embryonic development, possibly connected to the differentiation of circulating hemocytes (Fig. 6A and SI Appendix, Fig. S6.1A and S6.3).

The expression profiles of genes expressed in the G2/M phase of the cell cycle indicate that cell proliferation occurs mainly during the early phase of leg embryogenesis, and the mid-late phases of regeneration (Fig. 6B and SI Appendix, Fig. S6.1B, S6. 3, S6.4). This is consistent with data from live imaging (19) (SI Appendix, Fig. S6.5) and with the GO enrichment analysis (Fig. 5D).

Leg patterning genes were predominantly expressed in the mid-late phases of leg development (from 120 hpf onward), after the down-regulation of genes associated with cell proliferation (Fig. 6C and SI Appendix, Fig. S6. 1, S6.2, and S6.3). During leg regeneration, this set of genes is predominantly expressed during later phases, overlapping with the expression of genes associated with cell proliferation (Fig. 6C and SI Appendix, Fig. S6.2 and S6.4).

Finally, genes associated with differentiated muscles and nerve cells are strongly expressed during the late phases of leg development in the embryo and in fully differentiated adult legs before and after regeneration (Fig. 6D and E and SI Appendix, Fig. S6. 1, S6.3 and S6.4). They are down-regulated during the course of regeneration, possibly reflecting neuron and muscle dedifferentiation during these stages.

Discussion

Comparing the transcriptional profiles of developing and regenerating legs has allowed us to probe whether the process of leg regeneration recapitulates parts of embryonic development, in terms of transcriptional dynamics, on a global, genome-wide scale.

We find that the transcriptional dynamics of leg development are stereotypic and highly reproducible across individuals (Fig. 1). The developmental stage of a leg can be predicted from the transcriptome to within ∼8 h of developmental time (Fig. 1C). In contrast, the transcriptional dynamics of leg regeneration are embedded within strong inter-individual variation (Fig. 2), which is largely driven by the molting cycle (Fig. 3B). This is consistent with the fact that, unlike development which occurs in the relatively stable environment of the egg, regeneration takes place in the context of complex physiology in the adult. Even after correcting for inter-individual variation, through Bayesian modeling, regenerating legs show less stereotypic temporal profiles of expression than developing embryonic legs (compare Figs. 1C and4C, and expression profiles in Fig. 6).

After filtering out inter-individual variation, we recover more clearly the distinct phases of gene expression that unfold during regeneration. Using GO term enrichment analysis we can assign putative gene functions to each of these phases. This analysis reveals distinct phases for wound healing, metabolic reprogramming (during a period previously described as a phase of quiescence) (19), cell proliferation, morphogenesis, and finally cell differentiation (Figs. 5C and6).

We have tried to relate these phases of leg regeneration to the time course of leg development by comparing global transcriptional dynamics (Fig. 5A andB While we observe that overlapping gene sets are implicated in both leg development and regeneration, we find that the temporal order in which they are deployed is not the same. This is true not only in phases and processes that are likely to be unique to regeneration-e.g., wound healing, immune/stress responses, metabolic reprogramming-but also in processes like cell proliferation, patterning, and morphogenesis, which are shared between development and regeneration. We conclude that the time course of leg regeneration is not collinear with that of leg development.

A similar approach has been used recently to compare the transcriptional dynamics of development and regeneration in the sea anemone Nematostella vectensis (26) and in the zebrafish heart (27). Notwithstanding differences in experimental design (e.g., sample pooling masking inter-individual variation), the results of these studies echo some of the conclusions we present here. Similar to what we observe in crustacean legs, both in the body of Nematostella and in the zebrafish heart, the transcriptional dynamics of development are more pronounced than the dynamics of regeneration (e.g., compare Our analysis does not exclude that a core set of regulatory genes could coordinate leg development and regeneration in similar ways. For example, patterning mechanisms in development and regeneration could share common regulators and regulatory interactions, as suggested by previous studies (8,9). Our work highlights, however, that despite any shared underlying regulators, the global transcriptional dynamics of development and regeneration are largely distinct. The similar results obtained in distant species-cnidarians, crustaceans, and fish-start to build a coherent picture in which regeneration is not a straightforward replay of development, but deploys some common modules in a different overall framework.

Methods

RNA-Seq Design and Sequencing.

Embryonic dataset. Parhyale females of the Chicago-F inbred line (28) were collected after fertilization, and their embryos removed about 3 d post fertilization. Each brood was kept separately, in a temperature-controlled incubator set to 27 °C, in sterile six-well plates (Costar, #3516), in filtered artificial seawater (FASW) (salinity at 30 practical salinity units [PSU]) containing antibiotics (Gibco, #15240-062, at 1× final concentration). Embryos were staged 3 to 4 d post fertilization. Two series of single leg samples were collected from these embryos at 6-h time intervals. The E f series consisted of entire developing T4 legs, collected from 96 hpf to 192 hpf (40 samples in total). These samples included the primordia of the basis, the ischium, the merus, the carpus, the propodus, the dactylus, and the coxal plates and gills. The E d series of samples included only the distal-most part of the leg: the prospective merus, carpus, propodus, and dactylus from 120 to 138 hpf, when these podomeres cannot yet be morphologically distinguished (9 samples), and the developing carpus, propodus, and dactylus from 144 to 192 hpf (21 samples). At least 2 to 3 samples were collected for each time point per series. E f and E d samples were collected from contralateral T4 legs of the same individuals.

Embryos were dissected in the lid of a 5-mL Protein LoBind Tube (Eppendorf, #0030108302), in 1% bovine serum albumin (BSA) in FASW (80 μL). The eggshell was removed with fine forceps (Fine Science Tools, #11254-20), and legs were dissected with borosilicate needles (pulled capillaries; Sutter, #B100- . Samples were transferred in 100 μL of ice-cold lysis solution (Agilent Absolutely RNA Nanoprep Kit, #400753), homogenized though brief pipetting, and flash frozen in liquid nitrogen. RNA extraction was performed with the Agilent Absolutely RNA Nanoprep Kit (#400753), following manufacturer's instructions, and eluted in 10 μL of elution buffer. RNA extraction was performed in randomized batches to avoid shared batch effects in biological replicates. As the concentrations of RNA was too low to be directly quantified in these extracts, samples were treated as follows: 9 μL from each sample was directly used for cDNA amplification over 15 cycles of LD-PCR, using the SMART-Seq v4 Ultra Low Input RNA Kit for sequencing (Takara Bio, #634898) and the SeqAmp DNA Polymerase (Takara Bio, #638509); 1 μL of cDNA was then used for Qubit quantification (4.0 HS DNA), measuring in the range of 0.2 to 0.7 ng/μL. Libraries were synthesized from 1 ng of cDNA, using the Nextera XT DNA Library Preparation Kit (Illumina, #FC-131-1096; with dual indexing strategy, i7 and i5), and with a protocol that included an accelerated cooling step on ice after the 55 °C step. Quantification and validation of libraries were done with both Qubit 4.0 (HS DNA Kit, Thermo Fisher) and Tapestation 2200 equipment using the D5000 ScreenTape System (Agilent, #5067-5588 and #5067-5589). QC libraries were normalized and then loaded into an Illumina NextSeq 500 sequencing system using NextSeq 500 High Output Kit with 76-bp single-end sequencing, according to the manufacturer's instructions (Illumina). Further details about the sequenced samples are provided in SI Appendix, Table S1. Sequencing results can be found in Datasets S3 and S4 (counts and tpm values respectively). Raw sequencing data are deposited at Gene Expression Omnibus (GEO), accession no. GSE196485. Regeneration dataset. Adult males of the Chicago-F line (28) and the Distal DsRed line (24), measuring ∼1 cm in length and with no damaged appendages, were selected and kept individually in homogeneous conditions-including photoperiod (12:12 h light:dark cycle), temperature (25 to 26 °C), and medium (individual containers separated by mesh, sharing artificial seawater at 30 PSU)for 3 mo prior to experiment. The same conditions were kept during the course of sampling. Sampling was performed between 8:00 and 10:00 AM. In order to test for the inter-and intraindividual variability of the regenerative process, both T4 legs of each animal were amputated simultaneously, proximally to the carpus/propodus joint. Samples from the Chicago-F line were harvested pre-and post-regeneration, and every 12 h, from 0 to 120 hpa; samples from the Distal DsRed line were collected when the DsRed signal became visible (around 150 hpa). Samples from the same individual were collected at the same moment. Due to the observed variability in the regenerative sequence, samples were processed and sequenced individually, as follows: 1) From each animal, either both or only one T4 leg was harvested; and 2) from each leg, two fragments were isolated, one corresponding to the regenerating podomere(s) (R d series, localized on the carpus) and one to its proximal control podomere (R p series, localized on the distal part of the merus from the same leg). Five paired samples were collected per time point, with the exception of the Distal DsRed line and postmolt samples (2 samples each). In total, 60 regenerating and 60 control samples were collected; a scheme is provided in Fig. 2A, and more details about the samples are provided in SI Appendix, Table S1.

Leg fragments were immediately transferred in 1.5-mL LowBind tubes with 500 μL of ice-cold lysis buffer (Reliaprep RNA Tissue MiniPrep System, Promega, #Z6111), vortexed, and then transferred to a sterile multiwell plate for manual disruption of the cuticle with a clean surgical blade. The sample was then retransferred to the tube, vortexed, and frozen in liquid nitrogen, and then stored at À80 °C until further processing. RNA extraction was randomized, to avoid processing related samples at the same time. RNA was extracted with the Reliaprep RNA Tissue MiniPrep System (Promega, #Z6111) and eluted in 15 μL of nuclease-free water (Invitrogen, #AM9937). RNA quality was assessed with TapeStation 2200 (Agilent RNA ScreenTape High Sensitivity System: #5067-5579, #5067-5580, and #5067-5581), and 1 ng of RNA was used for cDNA synthesis (SMART-Seq v4 Ultra Low Input RNA Kit; Takara Bio, #634898). Verification of library quality and sequencing were done as for the embryonic dataset (see above). Sequencing results can be found in Datasets S7 and S8 (counts and tpm values respectively). Raw sequencing data are deposited at GEO, accession no. GSE196485. Molting dataset. Sixty-six Chicago-F animals, selected as previously described, were individually kept and monitored over two successive molts (∼3), in order to determine their molting cycles: We observed that this cohort molted with a mean period of 27 d (SD 7.2). One entire T4 leg was harvested per animal, and RNA was extracted as described above. For the premolt samples, individual animals were monitored for molting every day after harvesting the leg; based on the time of molting, the harvested legs were assigned to one of the premolt categories (1-2, 3, 4, or 5 d before molting). The postmolt samples were collected 1, 2, 9, or 10 d post molting. A total of 20 legs derived from animals at different stages of their molting cycle was sequenced. Library preparation and sequencing were done as described above. Details about the sequenced samples are provided in SI Appendix, Table S1; sequencing results can be found in Datasets S9 and S10 (counts and tpm values respectively). Raw sequencing data are deposited at GEO, accession no. GSE196485. Adult entire leg dataset. In order to help build a new reference transcriptome (see below), two additional full T4 leg samples from nonregenerating Chicago-F males were collected and processed as described above. Details about the sequenced samples are provided in SI Appendix, Table S1; sequencing results can be found in Datasets S7 and S8 (counts and tpm values, respectively). Raw sequencing data are deposited at GEO, accession number GSE196485.

Reference Transcriptome Assembly.

Transcriptome assembly and annotation. Sequenced reads were mapped to a modified version of the available P. hawaiensis genome assembly Phaw_5.0 (https://www.ncbi.nlm.nih.gov/assembly/GCA_001587735.2/, see SI Appendix, Methods), using hisat2 v2.1.0. Gene models were built from the RNA-seq data generated in this study, combined with a previous gene annotation; overlapping genes were removed and split genes were identified based on sequence similarity with PacBio long reads (SI Appendix, Methods). After a final manual curation step, the final gtf file contains 54,718 genes (Dataset S1) and the final list used for further analysis includes 52,759 genes (Dataset S2). Orthology annotation was performed using blastp (results are given in Dataset S29). See SI Appendix, Methods for more details.

Read mapping and quantification. For all RNA-seq datasets, reads were mapped to the 54,718 gene models (see above), using kallisto v. 0.42.5 (29). Counts and transcripts per million (tpm) values are provided in Datasets S3, S4, and S7-S10. See SI Appendix, Methods for further details.

Genes for which more than two reads mapped on average on each sample of the embryonic dataset or the regeneration dataset, were kept for further analysis (43,212 and 43,968 genes for the embryogenesis and regeneration datasets, respectively). Time series analysis. Rather than comparing gene expression among specific time points, our strategy was to use time as a continuous variable. Thus, rather than binning samples on discrete time points and considering these as replicates, we investigated temporal changes in gene expression by comparing individual samples over a continuous time course. To show that sampling density across the developing and the regenerating leg time course is sufficient for a robust analysis of transcriptional dynamics, we used a subsampling approach (SI Appendix, Methods); the results are presented in SI Appendix, Fig. S5.11. Normalization and visualization of transcriptional dynamics. Counts and tpm matrices were first quantile normalized (limma R package, v. 3.48.0) (30), then log transformed [log(x+1)]. The JAGS-transformed values were log transformed. Details on principal component analysis and heatmaps are provided in SI Appendix, Methods. Differential expression analysis. We used the R package DESeq2 (31) on raw counts for identifying genes differentially expressed during embryogenesisseparately in the E f and the E d series-and using hpf as the explanatory variable. Genes with a p.adj <0.001 were selected (Datasets S5 and S6). In order to determine the list of molting-related genes (which we used at different steps to assess the efficiency of the removal of the physiological signal from the R values, SI Appendix, Fig. S4.1B), we also applied DESeq2: Molting-related and unrelated genes were identified as genes significantly differentially expressed between time windows "1 to 2 d before molt" and "9 to 10 d after molt" (p.adj <0.001) while genes unrelated to molting were not differentially expressed (p.adj >0.5). The results of the DESeq2 analysis are provided at https://zenodo.org/record/ 6420694/files/DESeq2_lresO_molt.gz, as an R software object (rds format). Identification of coexpressed gene sets. We applied a soft clustering approach, using the R package Mfuzz (v. 2.52.0) (32), setting SD = 0.2, and membership = 0.8 for calculating the eset object. The optimal number of clusters was estimated from the inflection points of the Dmin function (iterations = 100). In order to plot expression dynamics, we extracted the cluster centroid values, which were used to build an input matrix for the heatmaps. For the molting cycle dataset, we considered the entire transcriptome; we found that 15,646 genes were assigned to clusters, identifying eight coexpressed gene sets (Fig. 3C, SI Appendix, Fig. S3. 1,and Dataset S11). For the rest of the analysis, we considered the union of the 20,000 most variable genes within each E, D, and R dataset [var function of base R], which resulted in 27,709 genes (SI Appendix, Fig. S4.4 and Dataset S16). We identified 8 (19,731 genes were clustered) or 37 (15,665 genes) clusters for the R dataset, 4 (20,014 genes) or 32 (15,529 genes) for the E dataset, and 4 (17,033 genes) or 12 (14,883 genes) for the D dataset. Data are available in SI Appendix, Fig. S5.1 and Datasets S17-28. Comparison of clusters. Fold enrichment scores were computed as follows:

We took an approach inspired from ref. 33, where a hypergeometric distribution on gene counts is used to estimate an enrichment score between gene sets. The enrichment fold was calculated as the ratio of the observed number of genes that overlapped between two clusters over the expected number. The overlap between clusters was further assessed with chord diagrams (Fig. 5F) using the circlize package (v. 0.4.13) (34), and Venn diagrams (SI Appendix, Figs. S4.4, S5.5) using the RVenn package (v. 1.1.0) (35).

The clustree package (v. 0.4.3) (36) was used to assess the correspondence between the clusters (SI Appendix, Figs. S5.6 and S5.9). GO enrichment analysis. Enriched GO terms were identified using the packages clusterProfiler (v. 4.0.0) (37),org.Dm.eg.db (v. 3.13.0) (38), and enrichplot (v. 1.12.0) (39), based on the GO terms assigned to the best blastp hit of each Parhyale gene in Drosophila (for 14,741 Parhyale genes, e-value <0.001). The parameters used for the GO term analysis were: ont = BP, pvalueCutoff = 0.05, and qvalueCutoff = 0.05, minGSSize = 4. Results are presented in Fig. 5D and SI Appendix, Figs. S3.3, S5.7, and S5.8 (dotplots for biological process, categories to display = 50). The list of significant GO terms (P value <0.005) was further trimmed for display (Fig. 5D and SI Appendix, Fig. S5.7) using the Revigo algorithm (revigo.irb.hr/) (40). We set the following parameters: allowed similarity = tiny, semantic similarity measure = SimRel.

Bayesian Modeling of Regenerating and Embryonic Datasets. Computations were performed using JAGS via the R package rjags (25). Details on modeling are provided in SI Appendix, Methods. The resulting R, E, and D transformed values are provided in Datasets S13-S15 (values have been further log transformed).

Predicting Regeneration and Developmental Stages Using RAPToR. In order to infer the progression of regeneration or development based on transcriptomic data, we used the R package RAPToR v1.1.4 (Real Age Prediction from Transcriptome staging on Reference), a recently developed tool to accurately predict individual samples' developmental age from their gene expression profiles (22).

For building RAPToR references, we used the function ge_im with the formula "X ∼ s(hpa, bs = 'ts')" and parameter dim_red="pca". For the RAPToR reference based on E f values for Fig. 1C, we used the normalized and logtransformed tpm values and selected the genes variable in the E f samples (the top 20,000 variable genes as calculated by DESeq2), excluding the genes with a low expression (75th percentile count above 10, with a final set of 16,199 genes) and 30 principal components (values in SI Appendix, Table S2). To build the RAPToR reference based on R d values for Fig. 2F, we used the top 20,000 most variable genes in samples R d as calculated by DESeq2, excluding the genes with a low expression (75th percentile count above 10, with a final set of 12,438 genes). As regeneration is less synchronous than embryonic development (19), we were concerned that the sampling timing would not faithfully reflect regeneration progression and that our samples were an imperfect reference. To avoid overfitting, we made two changes to the standard RAPToR protocol for building a reference: We used only three PCs, and for each sample we built a separate reference excluding the sample being tested. Pre-amputation samples were given an arbitrary timing of 300 hpa that would place them at the end of the regenerative sequence, and postmolt samples were excluded from the reference (values are provided in SI Appendix, Table S3). To build the RAPToR references based on R values for Figs. 4C and 5B and SI Appendix,S5.9,S5.10,S6.1,and S6.2, we used the 20,000 top genes with the most variable R values, further excluding the genes with a low expression (75th percentile count above 10, for a final set of 12,434 genes). To avoid overfitting, we followed the same procedure described above (values in SI Appendix, Table S7 for R samples, SI Appendix, Table S8 for E samples, and SI Appendix, Table S9 for D samples). For the RAPToR reference based on E values for Fig. 5B, we used a gene list that was as exhaustive as possible, consisting of the union of the 20,000 top genes with the most variable R, E, or D values, and excluding the genes with a low expression (75th percentile count above 10, for a final set of 16,759 genes) and 10 PCs (values in SI Appendix, Table S4). For the RAPToR reference based on E values for Figs. 5C, 5.9C, and 6 and SI Appendix, Table S6.2A, we used the 20,000 top genes with the most variable E values, excluding the genes with a low expression (75th percentile count above 10, yielding a final set of 14,632 genes), and 3 PCs. Correlation between predicted time of amputation and real time of amputation (Figs. 2F and4C) was computed excluding postmolt and t 0 samples, the real timing of the former being too uncertain and the later being considered as an end point to regeneration.

Data Availability. Datasets S1 to S13, R code and input files are provided in https://zenodo.org/record/6420694 (41). Raw sequencing results are deposited at GEO, accession no. GSE196485. All other study data are included in the article and/or supporting information.
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 11 Figure 1.1. Regeneration at different levels of biological organization. A particular species might regenerate at all, none, or just a subset of these levels. Functional links between regenerative processes at successive levels are probable, but it remains unclear which aspects of regeneration are homologous across levels. Colony-level 'regeneration', as seen in colonial animals such as corals and ascidians, occurs through asexual reproduction rather than through regeneration of individuals and thus is not included here. Dashed red lines indicate amputation planes; solid red lines indicate wound surfaces; and blue fill indicates regenerated body parts. (Figure from (Alexandra E. Bely and Nyberg 2010)
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 12 Figure 1.2. Mapping regeneration types on the metazoan phylogenetic tree. Most metazoan phyla include representative species with documented abilities to regenerate organs (O, yellow circles) and complex structures (CS, green circles). While absent (struck-through circles) in all vertebrates, ecdysozoans, and some other scattered lineages, whole-body regeneration (WB, blue circles) is a widespread phenomenon among Metazoa. Lack of substantiated data (gray circles) is mostly observed in Brachiopoda and Ecdysozoa. (Figure from[START_REF] Bideau | Animal Regeneration in the Era of Transcriptomics[END_REF] 

Figure 1 . 3

 13 Figure 1.3 Sources for new cells in regeneration. (A) Stem cells self-renew and produce one or more differentiated cells.(B): Cells that lose their differentiated character and re-gain the capacity to divide. (C): Cells that trans-differentiate from one cell type to another. (D) Existing differentiated cells that have the capacity to proliferate (Created with BioRender.com)

  Parhyale hawaiensis have provided insight into the origin and fate of the cells that comprise the blastema (Konstantinides and Averof 2014; Alwes, Enjolras, and Averof 2016). Following limb amputation in Parhyale, cells in the distal leg stump proliferate and regenerate a new leg (Konstantinides and Averof 2014). Lineage tracing experiments in these animals have shown that both epidermal and mesodermal cells contribute to the blastema and their progeny are restricted to the germ layer from which they originate (Konstantinides and Averof 2014). Within the blastema, there are muscle progenitor cells characterized by the expression of Pax3/7 transcription factors, which are referred to as satellite-like cells (Konstantinides and Averof 2014). These satellite-like progenitor cells contribute to regenerating muscle fibers. Thus, the regenerated limbs of Parhyale are derived from different progenitor cells with lineage-restricted potential rather than pluripotent progenitor cells (Konstantinides and Averof 2014).
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 14 Figure 1.4. Schematic representation of and adult P. hawaiensis.The six head segments are equipped with two pairs of sensory antennae and three pairs of feeding appendages. The pereon consists of a segment bearing a feeding-like appendage called a maxilliped, followed by segments with two grasping appendages (gnathopods) and five locomotory legs. The legs of the first two segments (highlighted in grey) face forward whilethe following three legs face posterior. The pleon comprises six segments with biramous (branched) appendages, with the first three segments bearing pleopods, used for swimming, and following three segments bearing uropods, with which they cling to or jump off the substrate.
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 4 Single-nucleus RNA sequencing capture and library preparation SnRNA-seq was performed using the 10x Genomics single-cell capturing system. Nuclei suspensions, including 20,000 to 25,000 nuclei, were loaded on the 10x Genomics Chromium Controller following the manufacturer's instructions within 1 hour of preparation. Single nucleus cDNA libraries were prepared using the Chromium Single Cell 3' Reagent Kit according to the manufacturer's instructions (chemistries v3 and v3.1). The Chromium 10x Genomics Single Cell Capturing system delivers a pool of approximately 3,500,000 10x barcodes which allows the separate indexing of each nucleus's transcriptome. This is done by partitioning thousands of nuclei into nanoliter-scale Gel Beads-in-emulsion (GEMs), where all generated cDNA share a common 10x Barcode. GEMs are generated by combining barcoded Single Cell 3ʹ v3.1 Gel Beads (True Seq Read1, 16 nt 10x barcodes, 12 nt unique molecular identifier-UMI and 30 nt poly(dt) sequence), Master Mix containing nuclei and reverse transcription (RT) reagents., and Partitioning Oil onto Chromium Next GEM Chip. The Chip is then placed into the 10x Genomics Chromium controller, and GEMs are generated in a process that lasts either 10 (v3) or 18 (v3,1) min. Immediately following GEM generation, the Gel Bead is dissolved, primers are released, and mixed with the nucleus lysate. The sample is collected from the Chip and placed into a thermal cycler according to 10x Genomics guidelines. This incubation produces a barcoded complementary DNA (cDNA) coming from poly-adenylated mRNA or spurious stretches of As within the introns. Once cDNA is synthesized (first-strand DNA), GEMs are broken and pooled fractions are recovered. Silane magnetic beads are used to remove the RT reagents leftovers and primers. The resulting pure barcoded cDNA is amplified via polymerase chain reaction (PCR) to increase cDNA to a sufficient mass for library construction (13 cycles). After subsequent rounds of silane magnetic beads-based purification and size selection, enzymatic fragmentation of the full-length cDNA is used. P5 and P7 sample index and TrueSeq Read 2 are added to the barcoded cDNA via End Repair, A-tailing, Adaptor Ligation, and PCR (16 cycles). A Chromium Single Cell 3' Gene Expression library comprises standard Illumina paired-end constructs which begin and end with P5 and P7. The 16 bp 10x Barcode and 12 bp UMI are encoded in Read 1, while Read 2 is used to sequence the cDNA fragment. Sample index sequences are incorporated as the sample index read. TruSeq Read 1 and TruSeq Read 2 are standard Illumina sequencing primer sites used in paired-end sequencing. The resulting libraries were sequenced by the IGFL's sequencing platform (Lyon, France) using an Illumina NextSeq500 (28 bp for R1 and 122 bp for R2) and 248 to 315 million reads were obtained per library.
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 31 Figure 3.1. Sample preparation process. The crucial steps in preparing single-cell suspensions are (I) mechanical dissociation and/or (II) enzymatic dissociation, removal of the dissociation media, (III) filtering, and (IV) cell viability assessment and counting. (Created with BioRender.com).

  which matches the osmolarity of the mammalian extracellular matrix. An alternative is to use specialized media traditionally used for cell cultures, like Hank's Balanced Salt Solution (HBSS), Eagle's Minimum Essential Medium (EMEM) or Dulbecco's Modified Eagle Medium (DMEM), to ensure the viability of sensitive cells like stem cells. In non-mammalian organisms, Low Calcium No Magnesium Artificial Seawater (LowCa2+NoMg2 ASW) and Calcium/Magnesium Free Artificial Seawater (Ca2+/Mg2+-free ASW) can be used since key cell-cell adhesion molecules (cadherins, integrins) are calcium-or magnesium-dependent (Sebé-Pedrós, Saudemont, et al. 2018; Paganos et al. 2021).
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 21 Testing an established protocol for Parhyale limb cell dissociation. When I joined the lab, a former group member, Nikos Konstantinides, had already established a protocol to isolate cells from Parhyale adult limbs. The protocol aimed to extract a specific cell type, the satellite-like cells (Konstantinides and Averof 2014), using an enzymatic treatment that breaks the extracellular matrix to facilitate tissue dissociation.
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 32 Figure 3.2. Amputation plane of T4 and T5. The two thoracic limbs are amputated at the most proximal position of the limb (white dashed line).
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 33 Figure 3.3. Cell dissociation using the original protocol on PhMS-EGFP transgenic line. In green EGFP positive cells and dead cells are stained in magenta with propidium iodide.

  I cut the limbs into small pieces, kept half of the pieces intact (inside the leg cuticle), and opened the other half and extruded the tissues. I used fluorescein diacetate (FDA) to stain live cells and PI to stain dead cells. In all cases, I observed very few live cells stained with FDA, thus seems FDA does not stain the cells of Parhyale efficiently. Red fluorescence from PI was observed in many nuclei stained in the extruded cells and around the wounds. These results suggest that dissecting/disrupting the leg tissues in Parhyale causes extensive cell lethality irrespective of the medium used and independently of enzymatic treatment. There are at least two possible reasons for this cell death during dissociation: the medium and the dissection. Enzymatic treatments such as chitinase failed to digest the cuticle; thus, manual dissection became mandatory, which is time-consuming and could compromise cell viability. The mechanical forces induced by dissection could be one of the main sources of cell damage. On the other hand, I could search for a medium that keeps cells intact for long periods. One solution could be analyzing the ionic compositions, pH and osmotic pressure of the hemolymph in order to create a physiological saline solution suitable for Parhayle.Cell dissociation in Parhyale has been challenging, but there are some alternatives to this problem. One possibility is to use ACME dissociation[START_REF] García-Castro | ACME Dissociation: A Versatile Cell Fixation-Dissociation Method for Single-Cell Transcriptomics[END_REF] 

Figure 3 . 4

 34 Figure 3.4 Set-up and manual dissection of Parhyale limbs. (A)The dissections are performed on a Sylgard plate, which is at the same time on top of a cold metal plate to maintain cold conditions. The Sylgard plate allows the creation of small drops to dissect the limbs in a small volume. (B) Schematic representation of manual dissections. Starting from the base, the podomere is cut longitudinally (red dashed lines) from proximal to distal (red arrow). The podomere is then opened using forceps. To remove the adherent tissues, the microblade is inserted into the podomere and the inner sides of the cuticle are scraped, pushing the tissues outward from distal to proximal (blue arrow). This procedure is repeated with the ischium, merus, and carpus. Due to the small size of the propodus and dactylus, these podomeres are cut transversely.

  down and transferring the supernatant to a new tube. To decrease detergent concentration, I added twice the volume of HB without detergent, reaching a final concentration of 0.15%. Multiple parameters influence the collection of nuclei by centrifugation: nuclei size (in this case between 5 and 10 µm), temperature (4 °C),
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 35 Figure 3.5. Schematic representation of the nuclei isolation protocol.The procedure begins with the preparation and placing all buffers for homogenization (HB), washing (WB), and resuspension (RB) on ice. After anesthetizing the animals with 0.02% clove oil in FASW, they are placed in a Sylgard plate with a drop of FASW. Then, T4 and T5 are amputated (marked in gray) and transferred to the lid of a 5 mL Eppendorf tube containing 291 µL HB. After manual dissection, 9 µL of 10% Triton-X is added and mixed 5 times. The suspension is then transferred to a tube and the tissues is further disaggregated by pipetting 25 times. The cuticle pieces settle, and the supernatant (SN) is transferred to a new tube containing 600 µL of fresh HB. After centrifugation, almost all of SN is removed and 600 µL of WB is added. The pellet is carefully resuspended, and the sample is centrifuged again. Finally, the SN is removed, 25 µL of RB is added, and the nuclei suspension is filtered to remove debris.(Created with BioRender.com) 
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 36 Figure 3.6. Podomeres collected from regenerating limbs. After amputation of the limbs at the distal part of the merus (A), a melanized scab that is formed during the first 24 hours, can be visualized (yellow arrows). (B) The podomeres are then collected at the desired stage by amputating at the proximal region of the merus.

1 .

 1 Internal morphology of Parhyale limbsIn his dissertation, O.[START_REF] Divakaran | Studies on the Biology of Parhyale Hawaiensis (Crustacea: Amphipoda)[END_REF] provides a detailed description of the external and internal morphology of Parhyale. Together with the results accumulated during the last years in the lab (Konstantinides and Averof 2014; Alwes, Enjolras, and Averof 2016; Çevrim 2021), it gives me an idea of which cell types I could expect to find in Parhyale's legs. Beneath the cuticle lies a monolayer of epidermal cells. The motor neurons, which originate from the ventral nerve cord, innervate the muscles in the limbs, while sensory nerves innervate the sensory organs of the leg (Figure 4.1A). Muscles (Figure 4.1B) are attached to the exoskeleton through tendons and apodemes. The vascular system of the amphipod is open, as in other crustaceans; blood from the heart passes into the sinuses and different organs through definite arteries and comes in direct contact with the tissues; therefore, I do not expect to find vascular endothelial cells. From histological studies, Parhyale has 4 types of hemocytes, distinguished by the presence of granules, shape, and intensity of Wright's staining.

Figure 4 . 1

 41 Figure 4.1 Epidermis, muscles, neurons and setae can be visualized in Parhyale legs. (A) Leg from an individual carrying the PhHS-lyn>tdTomato-2A-H2BEGFP transgene, which expresses lyn-tagged tdTomato (marking cell outlines, in magenta) and histonetagged EGFP (marking cell nuclei, in green) in all cells. The tdTomato label allows the processes of the sensory organs to be tracked from the setae on the surface of the epidermis to the main nerve of the leg (insets). (B) Leg from an individual carrying the Ph-H2BEGFP transgene, which expresses histonetagged EGFP (marking nuclei, in blue) in the muscle cells and stained with phalloidin (yellow) labeling muscles and dapi (grey) labeling all the nuclei. (Panel A made by C. Cevrim and taken from Almazán et. al, 2022. Panel B from B. Laplace-Builhé, unpublished).
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 12 Data pre-processing and quality controlA milestone of single-cell RNAseq technology is sequencing thousands of cells simultaneously thanks to droplet-based approaches based on microfluidic devices. This achievement has allowed researchers to conduct experiments in a hypothesis-free manner and dig into exploratory biology for unbiased analysis of entire organisms instead of focusing on specific cell types. With the expansion of single-cell technologies, the number of computational tools for single-cell transcriptome analysis has also increased, highlighting the importance of analytical methods. To date, there are more than 1000 thousand tools[START_REF] Zappia | Exploring the Single-Cell RNA-Seq Analysis Landscape with the ScRNA-Tools Database'. Edited by Dina Schneidman[END_REF], demonstrating the continued need for new approaches to extract meaning from these data. A typical single-cell RNAseq analysis includes mapping the raw reads to a reference genome or transcriptome, generating expression matrices, quality control with filtering steps, normalization, selection of highly variable features, dimensionality reduction, clustering and cell types annotation (Figure4.1).
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 41 Figure 4.1. Pipeline for typical single-cell RNA sequencing data analysis. The classic analysis mainly consists of data processing (blue panel) and general analysis (green panel). Data processing includes quality control, alignment, and quantification; general analysis includes low-quality cell filtering, normalization, highly variable genes selection (HGV), dimensionality reduction, clustering and annotation of cell types. (Figure taken from Jovic et al., 2022).

  representing a dimension) to 2 or 3 dimensions to reduce data complexity. For single-cell RNA sequencing data, two rounds of dimensionality reduction are generally required. The first uses principal component analysis (PCA) dimension reduction for converting the large expression matrix (of size x cells * y genes) into a matrix of a more manageable size while preserving biological signals. The second uses either t-distributed stochastic neighbor embedding (t-SNE) or Uniform Manifold Approximation and Projection (UMAP) dimension reduction for visualization[START_REF] Jovic | Single-cell RNA Sequencing Technologies and Applications: A Brief Overview[END_REF]. These approaches allow the visualization of cells as individual points on a two-dimensional scatterplot in which similar cells are positioned closer to each other.

4. 2

 2 RESULTS AND DISCUSSION4.2.1 Generating a cell atlas of Parhyale adult limbsAs described in the previous chapter, I generated the first snRNA-seq dataset from a pool of 12 intact T4 and T5 Parhyale limbs (named phaw_exp1). A total of 8,880 nuclei were captured in the 10x Genomics Chromium device. The capture and the cDNA library were prepared using the Single Cell 3' V3 chemistry from 10x Genomics, and the resulting library reads were processed with Cell Ranger V 3.0.2.Because of intrinsic limitations, I expected that droplet-based snRNA-seq would detect only a small subset of all the mRNAs present in a tissue and to capture different mRNAs with different efficiency. This is, in part, because nuclear preparations only capture mRNAs in the transitory phase before their export into the cytoplasm. The residence time of each mRNA in the nucleus varies, e.g., depending on the size of the transcription unit (time to transcribe). A second reason for this differential capture is that standard droplet-based approaches rely on the use of oligo(dT) primers to capture the mRNAs and to initiate cDNA synthesis. Nascent transcripts present in the nucleus have not yet acquired polyadenylated tails, so the oligo(dT) primers usually work by binding spurious stretches of adenosines along the length of the primary transcript (sometimes within long introns). Thus, the efficiency of detecting a given mRNA depends on its residence time in the nucleus (related to the length of the transcription unit) and the presence of these fortuitous priming sites. Despite these limitations, a given transcript should be detected with similar efficiency across all cell types.

  , an R package designed for quality control of scRNA-seq data that allows discrimination between cell-(nucleus-) containing droplets and empty droplets. A convenient diagnostic is the barcode rank plot, which allows the user to examine the distribution of total counts across cell barcodes (Figure4.3 A). The points in which the curvature is minimized (knee) and inflection points were calculated and plotted on the barcode rank plot (Figure4.1 A-C, dashed lines). Both of these points should correspond to a sharp transition between two components of the total count distribution, presumably reflecting the difference between empty droplets with little RNA and nucleus-containing droplets with much more RNA. In this dataset, the knee point was not evident, which difficult the detection of nuclei-containing droplets. The proportion of reads originating from mitochondrial genes and the proportion of reads from intronic regions were also displayed, and again the droplets were sorted by the total amount of transcripts (UMIs) that they contained(Figure 4.3 B and C). Finally, the nucleus-containing droplets were predicted using the emptyDrops function, where fewer than 100 UMIs were specified as likely to represent empty droplets (parameter lower = 100). The output was displayed in relation to the fraction of intronic reads (Figure4.3 C). The list of predicted nucleus-containing droplets was then exported and used in the downstream analysis.
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 43 Figure 4.3. Quality control and filtering using the R package EmptyDrops on the dataset phaw_exp1. (A) shows the (log-)total UMI count for each barcode versus the (log-)rank of the inflection point (green dashed line) and the knee point (blue dashed line). Percentage of reads mapping to mitochondrial genes (B) and percentage of reads mapping to intronic regions (C) for each barcode sorted by UMI counts. Droplets in B are colored based on the output of Emptydrops, blue for likely nuclei-containing and red for empty droplets. The black dashed line in B and C represents the cutoff from Cellranger, which was not used in downstream analysis. (D) Violin plots and values for the number of different genes (features), the total number of transcripts (UMI counts), and the percentage of mitochondrial reads (percent.mt) found per droplet (cell barcode) after filtering the dataset with Emptydrops.

  genes(Figure 4.3 D). As the level of mitochondrial contamination was high, I kept the cells with less than 50% of reads mapping to mitochondrial genes. The resulting dataset, containing 3,545 barcodes, was then normalized and regressed out for the percentage of mitochondrial genes. Surprisingly dimensionality reduction and clustering analysis on these data separated the nuclei into 19 well-defined clusters projected onto a UMAP (Figure4.4 A), representing putative cell types or cell states. Among these, I could identify cluster 5 as corresponding to muscles and clusters 6 and 13 as neurons (Figure4.4 B) (more details in section 4.2.2).

Figure 4 . 4

 44 Figure 4.4 Analysis on phaw_exp1 dataset. (A) UMAP projection displaying the 19 clusters. (B) Feature plots of two markers for neurons (futsch) and muscles (Troponin T / upheld).

  Figure 4.5 shows, the curve of the barcode rank plot had clearer knee and inflection points at 448 and 12,959 cell barcodes, respectively, which means the algorithm can detect a greater amount of nuclei-containing droplets. A significant difference can be seen using this protocol (Figure 4.5 B and C): the proportion of reads mapping to mitochondrial genes is much lower, while the proportion of intronic reads remains high. These observations already indicate a substantial increase in data quality, which is also reflected in the violin plots generated with Seurat in Figure 4.5 D. Cellranger has implemented Emptydrops' algorithm and appears to be more stringent than the EmptyDrops R package (Figure 4.5 C black dashed line versus blue dots). Therefore, I decided to use Cellranger's filtered matrix to further analyze this and the upcoming datasets (see chapter 5).The dataset was filtered for nuclei containing less than 10% of reads mapping to the mitochondrial genome and expressing more than 100 transcripts. Then matrix was normalized, scaled and principal component analysis (PCA) was performed. A Shared Nearest Neighbor (SNN) graph was computed and UMAP was used to perform clustering and dimensionality reduction.
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 45 Figure 4.5. Quality control and filtering using the R package EmptyDrops on the uninjured dataset. (A) shows the (log-)total UMI count for each barcode versus the (log-)rank of the inflection point (green dashed line) and the knee point (blue dashed line). Percentage of reads mapping to mitochondrial genes (B) and percentage of reads mapping to intronic regions (C) for each barcode sorted by UMI counts. Droplets in B are colored based on the output of Emptydrops, being blue for likely nuclei-containing and red for empty droplets. The black dashed line in B and C represents the cutoff from Cellranger, which was used in downstream analysis. (D) Violin plots and values for the number of different genes (features), the total number of transcripts (UMI counts) and the percentage of mitochondrial reads (percent.mt) found per droplet (cell barcode) after filtering the dataset with Emptydrops.
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 46 Figure 4.6. UMAP projection of the uninjured dataset. The 9,459 nuclei are clustered based on gene expression; each cluster, representing a putative cell type, is shown with a different color.

  knowledge usually comes from classical approaches such as in situ hybridization, immunostaining or functional studies. Since specific cell-type markers are not known in Parhyale, I took two complementary approaches to identify the cell types represented in these clusters. First, I identified enriched transcripts within each cluster (TableDE_markers, sheet "uninjured", non-book components) and performed a Gene Ontology analysis. Second, I examined the expression of selected marker genes whose expression and function are associated with specific cell types in other metazoans, including Drosophila, the closest extensively studied model organism to Parhyale. Among the 23 clusters, I confidently identified ones corresponding to muscles, neurons, epidermis, and hemocytes. I also suggested tentative clusters for glia and for accessory cells of the sensory organs(Figure 4.7 B and C) 
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 47 Figure 4.7. Diversity of cell types in Parhyale legs revealed by single-nucleus RNA sequencing. (A) Illustration of Parhyale hawaiensis adult, with T4 and T5 legs highlighted in dark grey. (B) UMAP of snRNA-seq experiment on uninjured T4 and T5 adult legs, depicting 9,459 nuclei clustered based on gene expression. I have identified distinct clusters corresponding to epidermis, muscles, neurons and hemocytes, and putative accessory cells of leg sensory organs and glia (shown in color); the other clusters are labeled by number. (C) Dot plots of selected marker genes for the cell clusters with assigned identities. For each marker, the Drosophila or vertebrate orthologue, broad functional category, the average level of expression per cluster (heat map), and the fraction of cells in each cluster expressing the marker (circle size) are indicated.

Figure 4 . 8 .

 48 Figure 4.8. Identification of the muscle and neuronal cluster. GO term enrichment analysis on the putative (A) muscle and (B) neuronal clusters. The size of the dot and the heat map reflects the enrichment score, which is the negative log (base 10) of the enrichment p-value. (C) Feature plots of specific markers previously shown to be cell types-specific in other metazoa.

  transport and axon pruning in the context of neuron-glia interactions in Drosophila (rau, uzip, Tret1-2, draper[START_REF] Awasaki | Essential Role of the Apoptotic Cell Engulfment Genes Draper and Ced-6 in Programmed Axon Pruning during Drosophila Metamorphosis[END_REF][START_REF] Macdonald | The Drosophila Cell Corpse Engulfment Receptor Draper Mediates Glial Clearance of Severed Axons[END_REF][START_REF] Ding | Glial Cell Adhesive Molecule Unzipped Mediates Axon Guidance in Drosophila[END_REF][START_REF] Sieglitz | Antagonistic Feedback Loops Involving Rau and Sprouty in the Drosophila Eye Control Neuronal and Glial Differentiation[END_REF][START_REF] Volkenhoff | Glial Glycolysis Is Essential for Neuronal Survival in Drosophila[END_REF]).
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 49 Figure 4.9. Immunostaining of Parhyale adult regenerated legs using antibodies raised against the Parhyale repo. Protein repo (white) and acetylated tubulin (magenta, labeling axons); cell nuclei are
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 410 Figure 4.10. Characterization of clusters 7, 13, 4 and 9. Feature maps displaying the expression of spineless, hook, nubbin, synaptotagmin 1, homothorax and extradenticle.

  Parhyale, due to the long evolutionary divergence of the two species; (2) repo is a marker for glial cells in Parhyale, but technical difficulties associated with single-cell technologies fail to recover its full expression (e.g. undetectable isoforms); and (3) Drosophila cluster 11 may contain cells that are undergoing differentiation into glial cells. Further validation with alternative approaches, including in situ hybridization or immunostaining, would be required to test these hypotheses.
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 411 Figure 4.11. Dot plot showing the expression of top marker genes identified in Drosophila cell clusters. Dot plots indicating the average expression of genes found to be differentially expressed in Drosophila leg cells clusters (y-axis, data from Li et al. 2022) across the Parhyale cell clusters identified in
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 4 Figure 4.6 (x axis). These plots confirm the previous identification of epidermal, neural, muscle clusters, and hemocytes. (Figure from Almazán et al., 2022)

  present in Parhyale limbs: mechanosensory and chemosensory (labeled as gustatory in the Drosophila dataset) neurons.Comparisons of cell types across metazoa rely on cell type homology, a field in which we do not have comprehensive knowledge yet, especially in non-model organisms. Through the evolutionary history of gene families it is frequent to observe gene duplication accompanied by sub-functionalization and/or neo-functionalization, which can sometimes lead to 'paralog subsitution'[START_REF] Tarashansky | Mapping Single-Cell Atlases throughout Metazoa Unravels Cell Type Evolution[END_REF]; using one-to-one orthologs ignores these events. In recent years, new methods for cross-species cell types comparisons that do not rely on one-to-one orthologs but considers the paralogs, such as SAMap[START_REF] Tarashansky | Mapping Single-Cell Atlases throughout Metazoa Unravels Cell Type Evolution[END_REF], emerged to unravel cell type evolution and establish relationships between cell types. In collaboration of A. Tarashansky, we applied SAMap to compare Drosophila legs to Parhyales legs snRNA-seq (data not shown) and we could only corroborate the identification of previously identified clusters (i.e. neurons, muscles, epidermis and hemocytes). Nonetheless, comparisons across phyla are promissing to accelerate cell types comparison. Hopefully, these tools and more single-cell RNAseq atlases on a wide range of species will allow gaining insights into the Parhyale limb dataset.

  subclustering and re-analyzing specific cell clusters can successfully unravel subtypes of neurons[START_REF] Paganos | Single-Cell RNA Sequencing of the Strongylocentrotus Purpuratus Larva Reveals the Blueprint of Major Cell Types and Nervous System of a Non-Chordate Deuterostome[END_REF]. In this line, I extracted the nuclei identified as neurons (clusters 12 and 18) and re-analyzed these nuclei separately (I performed this analysis on the dataset integrating all my snRNA-seq data, seeChapter 5). A total of 3,288 nuclei were separated into eight distinct neuronal populations (Figure4.12 A). Although the clustering analysis separated these into distinct subtypes, defined by specific expression profiles (Figure4.12 C), none of the identified markers helped to elucidate the identity of the neural subtypes. In order to identify these neuronal subtypes, I also examined the expression of genes that are differentially expressed in the Drosophila gustatory and mechanosensory neuron clusters from the Drosophila leg dataset and used the expression of their orthologs to score Parhyale's nuclei. I could not detect a clear correspondence between these neuronal subtypes in Drosophila and Parhyale's neuronal subtypes(Figure 4.12 B and D).

Figure 4 .

 4 Figure 4.12 Diversity of neuronal cell types in Parhyale legs. UMAP and clustering were performed on the 3,288 nuclei belonging to the neuron clusters shown in Figure 5.3. (A) UMAP showing 8 neural subclusters.(B) Feature plots showing the average score of a set of genes found in the mechanosensory and gustatory receptor neurons in Drosophila (C) Dot plots showing expression of the top 5 marker genes of each cluster. (D) Dot plots showing the expression of the top markers of the mechanosensory and gustatory neurons found in Drosophila legs across the Parhyale neural subclusters (transcription factors are highlighted in gray). (Figure adapted from Almazán et al., 2022)
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 4 Figure 4.13 Identification of Pax3/7-2 expressing cells uninjured and regenerated Parhyale legs. UMAP and clustering were performed on the 5,202 nuclei belonging to the muscle cluster shown in Figure 5.3. (A) UMAP showing the 15 muscle subclusters.(B) Feature plot displaying the average expression of Pax 3/7-2 across the muscle subclusters. (C) GO term enrichment analysis on clusters 1 and 5. The size of the dot and the heat map reflect the enrichment score, which is the negative log (base 10) of the enrichment p-value.

  To assess the ability of Parhyale to restore cell type diversity, I generated and compared snRNAseq data from fully regenerated and uninjured legs. The time to recover the original leg size depends on the site of amputation; the more proximal, the longer it takes to generate a normal-sized leg. Given that the most proximal podomere is the easiest to dissect and contains more nuclei, I amputated the entire T4 and T5 limbs from a pool of 16 animals and isolated the animals to avoid additional injuries derived from cannibalism. To harvest the regenerated limbs, I waited until the second molt following amputation (2 months post amputation), when the limbs were still significantly smaller than their contralateral limbs (Figure5.1). In a separate experiment, I collected limbs from a pool of 16 animals six months after amputation. At this point, the limbs had reached the size of their contralateral counterparts (Figure5.1). To account for genetic, environmental, and physiological (e.g., nutritional, circadian, molt-or age-related) effects on nuclear transcriptomes, the uninjured contralateral limbs were also collected simultaneously from the same animals, and used as controls. A total of four new snRN-seq datasets were thus generated: 2 months uninjured (8,539 nuclei), 2 months regenerated (8,925 nuclei), 6 months uninjured(7,370 nuclei), and 6 months regenerated(6,668 nuclei).
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 51 Figure 5.1. Size of Parhyale limbs before and after regeneration. The relative size of Parhyale T4 and T5 legs is compared between regenerated limbs, and their contralateral (control) limbs approximately 2 and 6 months after amputation. Regenerated limbs were smaller than uninjured contralateral limbs 2 months after amputation but had recovered in size by 6 months after amputation (molting interval in these animals was ~1 month, see Chapter 6). Regenerated limbs are indicated by white arrowheads when imaged on intact animals, and the dashed line indicates the amputation plane.

Figure 5 . 2 .

 52 Figure 5.2. Analysis on individual uninjured and regenerated snRNA-seq datasets. Data from regenerated limbs(8,925 and 6,668 nuclei from 2 and 6 months after amputation, respectively) and from contralateral uninjured limbs(8,539 and 7,370 nuclei) were collected simultaneously from the same individuals and compared to the uninjured dataset (9,459 nuclei). (A) Violin plots and values for the number of genes (features), transcripts (counts) and percentage of mitochondrial reads (percent.mt), show a similar distribution compared to the uninjured dataset. (B) UMAP projections of each dataset show a large cluster surrounded by a similar number of smaller peripheral clusters.

  to find anchors between the four newly generated datasets and the uninjured dataset from the previous chapter. The anchors were used for integration, and I performed the downstream analysis in the resulting dataset of 40,961 nuclei. Qualitative assessment of cell type recovery was determined by visual inspection of the overlapping clusters on the UMAP.In both experiments, the regenerated limbs exhibited the same cell clusters as their contralateral controls, including all clusters corresponding to major identified cell types, minor clusters, and clusters corresponding to yet unidentified cell types (Figure5.3 A-C). In addition, the top marker genes for each cluster had consistent expression levels across experiments on uninjured and regenerated legs(Figure 5.4). I found only one exception, in the 6 months dataset: the presence of additional cell clusters associated with the epidermal cluster in both control and regenerated limbs (Figure5.3, red arrows). Subsequent analysis showed that these clusters correspond to a state of epidermal cells that is associated with molting (seeChapter 6).

Figure 5 . 3 .

 53 Figure 5.3. Recovery of diversity and relative numbers of cell types after regeneration. (A) UMAP projection of the five integrated snRNAseq datasets (40,961 nuclei in total), including the uninjured dataset (dataset shown separately in Figure 3.6) and datasets from regenerated and control limbs sampled 2 and 6 months after limb amputation (datasets shown separately in Figure 5.2). The identified clusters are labeled and colored as in Figure 3.6 B. (B,C) The same UMAP, colored by experiment. Samples from uninjured and regenerated limbs are highlighted in shades of yellow and blue, respectively. The same UMAP was split by experiment for a better inspection in (C). Each experiment contained the same cell clusters in regenerated and uninjured leg samples. (D) Comparison of the relative number of nuclei recovered per cluster, across all datasets (expressed as percentage of the total number of cells in a given experiment). Beyond variations between individual experiments, I observed no systematic difference between the proportions of nuclei in regenerated versus uninjured limbs (depicted in shades of blue and yellow, respectively, as in panels B and C). Clusters 18, 22, and 28 (red arrowheads) were specifically associated with molting (see chapter 6).
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 54 Figure 5.4. Expression of top marker genes of each cell cluster, across experiments. Dot plot showing the proportion (%) of cells per cell cluster and experiment (rows) expressing the top 2-5 marker genes of each cluster (columns). Colour codes and data integration are the same as in Figure 5.3 C.

  Figure5.5 Power analysis probing sensitivity in detecting changes in relative abundance of cell types. Computational simulations were used to quantify our power to detect differences in nucleus abundance between control and regenerated samples. This plot reports the lowest simulated fold change for which such a difference could be detected with a p-value < 0.05. The analysis indicates that the datasets would reveal 1.2-to 2.5-fold differences in relative abundance of nuclei in each of the major clusters, and 3-to 4-fold differences in some minor clusters(clusters 23, 25, 28 and 29; the sensitivity of detection for cluster 32 is lower). In the current data, no significant differences in the frequency of nuclei were observed between regenerated and uninjured limbs. (Analysis by M.Paris, taken from Almazán et.al, 2022) 

Figure 5 . 6 .

 56 Figure 5.6. Diversity of neuronal cell types in uninjured and regenerated Parhyale legs. (A) Comparison of the 3,288 belonging to the neuronal cluster on the same UMAP coordinates as in Figure 4.11 (color code as in Figure 5.4 C). (B) Comparison of the relative number of nuclei recovered per cluster (expressed as % of the total number of cells) across all datasets. I did not find systematic differences between uninjured and regenerated limbs at this resolution.

Figure 5 . 7 .

 57 Figure 5.7. Analysis of the snRNAseq datasets using reads mapped to the entire genome. (A) Comparison of the clusters identified by mapping the snRNAseq data to introns (top, clusters in red) or to the entire genome (bottom, clusters in cyan). The color of the arrows represents the number of nuclei shared between clusters, while the intensity represents the fraction of shared nuclei. (B) UMAP of the five snRNAseq datasets mapped to the entire genome and integrated with Seurat. The cell clusters corresponding to epidermis, muscles, neurons, hemocytes, and putative clusters for sensory organ accessory cells and glia are labeled as in Figure 4.6, while the other clusters are labeled by number. (C) Comparison of the relative number of nuclei recovered per cluster, across all datasets (expressed as % of the total number of cells), using reads mapped to the entire genome. As in the previous analysis (Figure 5.4 D), I observed no systematic difference between nucleus proportions in regenerated versus uninjured limbs. The arrowheads in B and C point to the cluster associated with molting.
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 58 Figure 5.8. Data integration using integrative non-negative matrix factorization (iNMF, LIGER package) and the Harmony package. The five snRNAseq datasets(40,961 nuclei) were integrated and plotted on the same UMAP coordinates using either the LIGER (A-C) or the Harmony (D-F) package. They are displayed using the same color code as in Figure5.4 C. (B and E) Comparison of the relative numbers of nuclei recovered per cluster, across all datasets (expressed as % of the total number of cells), using either LIGER or Harmony. Note that the clusters related to molting are present in the integration with Harmony (red arrows) but not with LIGER.
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 59 Figure 5.9. Data aggregation using Seurat, without a data integration step, and subclusters making up the epidermal cluster. (A) The five snRNAseq datasets (40,961 nuclei) were aggregated using the Seurat package and plotted on the same UMAP coordinates. Clustering analysis distinguishes five epidermal subclusters. (B) The same UMAP was split, displaying the same color code as in Figure 5.4 C.Comparison of the relative number of nucleus recovered per cluster, across the entire dataset (C) or in the epidermal subclusters (D) (expressed as % of the total number of cells), using data aggregation in Seurat. (E) Dot plots of the top differentially expressed genes across the five epidermal subtypes. These results show that most of the observable differences between the epidermal subclusters are small and batch-or sample-dependent.
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 510 Figure 5.10. Comparison of transcriptional profiles of regenerated versus uninjured limbs. (A) UMAP of the five integrated datasets, depicting 40,961 nuclei clustered based on gene expression (same as in Figure 5.3 A, but clusters here are shown in distinct colors). (B) Comparison of cluster-specific gene expression between control (uninjured) and regenerated samples. For each gene, UMI values were averaged over all the cells assigned to each cluster and were compared between control and regenerated samples separately for the 2-month and 6-month datasets. Cluster-specific gene expression is very similar between regenerated and control samples (Spearman's rho of mean ~0.73 in both datasets). (C) Histogram depicting the distribution of differentially expressed genes (DE) between control and regenerated samples in the 2-month and 6-month experiments. Most DE genes were found to be differentially expressed in just a single experiment (2-month or 6-month only) or differentially expressed in opposite directions in the two experiments. Only a small proportion of DE genes are coherently upregulated or downregulated in both experiments (horizontal lines), suggesting that a larger share of differential expression is due to experimental variation than to regeneration. (D) Dot plot representation of the differentially expressed genes. The top 50 genes DE in the 2-month dataset, in the 6-month dataset, or both conditions are displayed (up to 150 genes per cell type). Genes are named with their best reciprocal blast hit in D. melanogaster (when available). (E) Dot plot representation of the differentially expressed genes from a pseudo-bulk analysis in which cells from each cluster have been aggregated. (Figure from Almazán et al. 2022).
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 511 Figure5.11. Predicting cell type and regeneration status from the transcriptome. (A) A machine learning approach (see Methods) can be used to predict each cluster classification reliably for most cell types based on the cell's nuclear transcriptome (frequency of random guess indicated by dots). The lowest prediction accuracy is found for neighboring clusters (for instance, 57% of the cells from cluster 23 are predicted as coming from cluster 8. (B) Based on the same machine learning approach, predicting whether a nuclei derives from a control or a regenerated limb based on its nuclear transcriptome is no better than a random guess (depicted by a dotted line). (C, D) Same analysis as A and B, but with training and testing sets inverted (training set = 2-month dataset, testing set = 6-month dataset). (E) Histogram depicting the proportion of nuclei that are correctly classified with respect to cluster/cell type (training set = 6-month dataset, testing set = 2-month dataset). (F,G) A heatmap of the statistics predicting whether a nucleus derives from an uninjured or a regenerated limb is no better than a random guess. In contrast, the same machine modeling predicts a cluster classification reliably for most cell types. Numbers represent the percentage of nuclei that are classified in a given category.(Figure from Almazán et al. 2022).

  3). Second, a bulk RNAseq analysis on the transcriptional dynamics of leg regeneration revealed a strong signal that separated samples from specific individuals on the PC2 of the Principal Component Analysis that could derive from transcriptional changes associated with molting (see Figure2CinSinigaglia et al., 2022).

1

 1 Determining the duration of the molting cycle in adult ParhyaleTo determine the duration of the molting cycle in adult Parhyale, I isolated and monitored 66 adults of the same size (∼1 cm) for 2-3 months and registered their molts (Appendix B). Because size correlates with age, animals were selected to match the size of the experiments performed bySinigaglia et al. (2022, see Methods).
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 61 Figure 6.1. Red coloration during the molting cycle. Some individuals present a red coloration around the mouth parts, which increases in intensity before molting and disappears after molting. This feature is highly variable; some animals do not have it, even prior to molting.
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 62 Figure 6.2. The duration of the molting cycle in adult Parhyale is about 27 days.The histogram shows the number of individuals (y-axis) for which the duration of the molting cycle ranged from 13 to 54 days (x-axis). On average the molting cycle lasted 27 days, but was highly variable (sd = 7.2 days).
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 63 Figure 6.3. Impact of the molting cycle on the transcriptional profile of Parhyale legs. (A) Single T4 legs (dark gray) were sampled at different stages of the molting cycle: on the 5 d that precede molting (orange to yellow), 1 to 2 d postmolt (blue), and 9 to 10 d postmolt (purple). (B) Principal component analysis of these samples (large circles) captures molt-associated differences in PC1 and PC2. Projecting the regenerating data on this PCA (in gray) reveals that the outliers (identified by number) were in the process of molting, whereas most other samples were in postmolt/intermolt phases. (C) Fuzzy c-means clustering of genes, based on expression values from the molting dataset, reported as centroid values. Three main transcriptional phases are observable, corresponding to postmolt/intermolt (clusters 6, 7, 1, 5, and 2), 5 to 3 d premolt (clusters 4 and 3), and 1 to 2 d premolt (cluster 8) periods. (Figure from Sinigaglia et al. 2022.)

  contrast, the genes that are differentially expressed after molting were predominantly expressed in the epidermal cluster and poorly expressed in the extra clusters of the 6-month dataset. As epidermal cells are involved in secreting the new cuticle, I hypothesized that these extra clusters might represent a different state of epidermal cells. To test this, I scored the nuclei for expression of the set of epidermal markers I had identified in chapter 4 (Figure 4.6). Although the signal is not very prominent, the nuclei of the extra clusters displayed similar levels of expression to the other nuclei of the epidermal clusters. Based on these plots, I suggest that these extra clusters represent epidermal cells from individuals that were about to molt. Presumably, one or more individuals sampled in this experiment were close to molting, whereas the other experiments sampled only individuals that were in post-molt or intermolt phases.
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 64 Figure 6.4. Feature plots scoring the integrated snRNAseq datasets based on genes that are differentially expressed during molting datasets and epidermal markers. Feature plots indicating the average expression of gene sets that are specific for different points of the molting cycle and for the epidermal markers used to identify the epidermal clusters in Parhayle leg transcriptomes.

7. 1 .

 1 DIVERSITY OF CELL TYPESAnimals are composed of cells specialized for functions as diverse as contraction, digestion, or hormone secretion. Within an organism, all cells share the same genetic information but use only a subset of it. This asymmetry in gene expression begins at the very early stage of cell-type specification and continues until the cell's terminal differentiation. At the regulatory level, cell-type-specific genes are activated by unique combinations of differentially expressed transcription factors, resulting in the expression of the actual effectors of each cell type.The definition of cell types is still disputed, and recently re-ignited by the generation of cell atlases based on single-cell omics. Traditionally, cell classification has been based on morphology and function, with molecular characteristics added to this description[START_REF] Minelli | What Is a Cell Type?[END_REF]. Some authors have considered that cell types are defined by their Gene Regulatory Networks (GRNs)[START_REF] Arendt | The Evolution of Cell Types in Animals: Emerging Principles from Molecular Studies[END_REF][START_REF] Xia | A Periodic Table of Cell Types[END_REF][START_REF] Borriello | Cell Phenotypes as Macrostates of the GRN Dynamics[END_REF].The definition of cell types has become more pertinent in recent years when we have seen cell atlases generated by scRNA-seq datasets depicted in distinct clusters. For example, in the snRNA-seq atlas of Parhyale legs (chapter 4), I found 23 transcriptionally coherent clusters in which the transcriptional profiles were sufficiently distinct from those found in other clusters. Some of the clusters could be merged and assigned to a broad cell type category (muscles, neurons, epidermis, hemocytes) when exhibiting a clear gene expression of previously known markers. Nevertheless, the direct assignment of clusters to cell types is not straightforward, as some clusters may represent distinct transcriptional states of the same cell type. For instance, in my integrated dataset, the two clusters related to a molting state are composed of epidermal cells. This is a common challenge in single-cell datasets[START_REF] Morris | The Evolving Concept of Cell Identity in the Single Cell Era'. Edited by Allon Klein and Barbara Treutlein[END_REF].

  , while the closest complete atlas has been performed in Drosophila, which has diverged from Parhyale 480 million years ago. Unless they have been characterized by other techniques (electron microscopy, in situ hybridization, functional studies...), some clusters from cell atlases of non-model organisms remain, in the meantime, unresolved.
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Fig. 1 .

 1 Fig. 1. Diversity of external sensory organs in Parhyale legs. (A) Distal part of an intact Parhyale T5 leg, viewed posteriorly by SEM. Different types of external sensory organs (setae) in the propodus and dactylus are highlighted in different colors [details shown in (D) to (K)]. The amputation plane in the setal regeneration experiments is indicated by a black dashed line. (B) Acetylated -tubulin staining of the carpus of a T6 leg showing the innervation of the setae. DAPI, 4′,6-diamidino-2-phenylindole. (C) Ventral view of the distal part of the propodus and the dactylus (out of focus) of T5 leg, by SEM, showing the anterior and posterior combs made of lamellate type 2 setae (cyan) and a single cuspidate seta (turquoise). (D to K) High-magnification view of each type of seta found on the distal part of Parhyale T4 and T5 legs: microseta (D), curved seta (E), hooked seta (F), plumose seta (G), lamellate type 1 seta (H), lamellate type 2 seta (I), twin seta in the foreground (J), and cuspidate seta (K). Panel labels match the coloring of setae in (A) and (C). Additional descriptions are given in the Materials and Methods and figs. S1 and S3. Scale bars, 5 m (D to K).

Fig. 2 .

 2 Fig. 2. Recovery of sensory organ number. (A) The size of Parhyale legs varies with age, shown here for the propodus and dactylus of T4 or T5 legs of increasing age (top to bottom). The ventral arrays are made up of a different number of elements (arrowheads) depending on leg size. (B) Change in podomere size and number of ventral array elements following regeneration. Left: Percent change of propodus length in regenerated versus contralateral uninjured T4 or T5 legs, before amputation (gray), at the first molt after amputation (cyan), and ~3 months after amputation (red). Newly regenerated legs are smaller than uninjured controls, but their size is fully restored 3 months after amputation. Right: Difference in number of ventral array elements in the propodus of the regenerated and contralateral legs. Newly regenerated legs have fewer ventral arrays, but the number is fully restored within 3 months. Mean values and 95% confidence intervals are shown in dark blue. (C) Variation in the number of ventral array elements shown against the length of the propodus in uninjured T4 and T5 legs (gray) and regenerated legs at the first molt after amputation (cyan) and ~3 months after amputation (red). There is a strong linear correlation between podomere size and the number of ventral arrays. At 3 months after amputation, the number of arrays in regenerated legs is the same as in size-matched uninjured legs.

Fig. 3 .

 3 Fig. 3. Recovery of sensory organ innervation and function. (A) Location of comb and ventral array setae tested. (B) Acetylated -tubulin staining of comb and ventral array setae after the first molt after amputation, showing that the setae have been reinnervated. (C) Mechanosensory responses following mechanical stimulation of comb or ventral array setae in control (uninjured) and regenerated legs of the same individuals (assay shown in movie S1). Legs were amputated at the joint of the propodus and the carpus [arrowhead in (A)]. The frequency of response was measured in the same individuals before amputation and after the first molt following regeneration. The comb setae of the propodus (green), the ventral setae on the propodus (magenta), and the comb setae of the carpus (yellow) were tested in separate experiments. The combs of the carpus lie just proximal to the amputation plane and are therefore still present at the distal end of the amputated leg stump, in the region of the blastema. When stimulated 6 days after amputation [6 (days post amputation)], they were found to elicit a very low response rate. Error bars indicate 97.5% confidence intervals.

Fig. 4 .

 4 Fig. 4. Diversity of cell types in Parhyale legs revealed by scRNAseq. (A) Illustration of P. hawaiensis adult, with T4 and T5 legs highlighted in dark gray. (B) UMAP of snRNAseq experiment on uninjured T4 and T5 adult legs depicting 9459 cells clustered based on gene expression. We have identified distinct clusters corresponding to epidermis, muscles, neurons and hemocytes, and putative accessory cells of leg sensory organs and glia (shown in color, see Materials and Methods); the other clusters are labeled by number. (C) Dot plots of selected marker genes for the cell clusters with assigned identities (see tableS2). For each marker, we indicate the Drosophila or vertebrate ortholog, broad functional category, the average level of expression per cluster (heatmap), and the fraction of cells in each cluster expressing the marker (circle size).

Fig. 5 .

 5 Fig. 5. Recovery of diversity and relative numbers of cell types after regeneration. (A) Comparison of five snRNAseq datasets(40,961 nuclei in total), including one dataset from uninjured legs (left, same as in Fig.4B) and datasets from regenerated and control legs sampled ~2 and ~ 6 months after leg amputation. Samples from uninjured and regenerated legs are highlighted in yellow and blue, respectively. The dimensionality reduction and clustering were performed after integration of the datasets and are independent of those shown in Fig. 4B. (B and C) Overlay of the integrated UMAPs of regenerated and control snRNAseq datasets sampled ~2 months (B) and ~ 6 months after amputation (C). In (C), the epidermal clusters are affected by the expression of molt-associated transcripts in a subset of cells (arrowhead, see fig. S17). Within each experiment, the same cell clusters are represented in regenerated and control samples. (D) Comparison of the relative number of cells recovered per cluster, across all datasets (expressed as percentage of the total number of cells). Beyond variations between individual experiments, we observe no systematic difference between cell proportions in regenerated versus control legs (depicted in shades of blue and yellow, respectively). Cell clusters 18, 22, and 28 [arrowheads in (A), (C), and (D) are specifically associated with molting (see main text and fig. S17; see fig. S18A for cluster IDs). (E) Feature plot indicating the average expression of genes found to be associated with molting in Parhayle leg transcriptomes (12). These genes are predominantly expressed in the molt-associated clusters [arrowheads in (A), (C), and (D)].

Fig. 1 .

 1 Fig. 1. Transcriptional profiling of Parhyale leg development. (A) Morphology of Parhyale embryo and sampling of developing legs (E f and E d samples highlighted in gray and in blue, respectively). (B) Principal component analysis of the E f and E d series. PC1, representing 14% of the variance, correlates with developmental stage. (C) The developmental stage of the E f and E d samples is well predicted by RAPToR, using a reference built from the E f samples (excluding the sample being tested; see Methods). (D) Heatmap representing the expression of 8,196 genes that are differentially expressed in the E f and E d time series. The dashed rectangle marks the developmental period that is covered by both the E f and the E d series.

  The principal axes of variation correlate better with regeneration time in the modeled R data compared with the R d data (SI Appendix, Fig. S4.2), and predictions on the regenerative stage of each sample using RAPToR are also more accurate using R instead of R d (SI Appendix, Fig. S4.3 A and C; average distance 21 versus 30 h, respectively).

Fig. 3 .

 3 Fig. 3. Impact of the molting cycle on the transcriptional profile of Parhyale legs. (A) Single T4 legs (dark gray) were sampled at different stages of the molting cycle: on the 5 d that precede molting (orange to yellow), 1 to 2 d postmolt (blue), and 9 to 10 d postmolt (purple). (B) Principal component analysis of these samples (large circles) captures molt-associated differences in PC1 and PC2. Projecting the R d and R p data on this PCA (in gray) reveals that the outliers of Fig. 2C (identified by number) were in the process of molting, whereas most other samples were in postmolt/intermolt phases (also see SI Appendix, Fig. S3.5). (C) Fuzzy c-means clustering of genes, based on expression values from the molting dataset, reported as centroid values. Three main transcriptional phases are observable, corresponding to postmolt/intermolt (clusters 6, 7, 1, 5, and 2), 5 to 3 d premolt (clusters 4 and 3), and 1 to 2 d premolt (cluster 8) periods.

Fig. 4 .

 4 Fig. 4. Modeling of the regenerative signal. (A) Directed acyclic graph illustrating the model used to extract R values (dark red) from the raw counts of R d and R p series (gray circles). Gene levels in R d samples (dark blue) are modeled as the product of gene levels in the corresponding R p samples (light blue) multiplied by an R value (sampling error taken into account). (B) Principal component analysis of the R values: PC1 is strongly associated with the stage of regeneration. (C) Prediction of regenerative stage by RAPToR, using a reference built on the R series. To build the reference, fully differentiated legs (pre-amputation) were assigned to 300 hpa and the reference excluded the sample being tested (see Methods). Predictions are robust particularly in the early stages and they are largely independent of the gene set used to build the reference (SI Appendix, Fig. S5.2A). The average distance between real time of collection and predicted time for the R samples is 21 h. Dev, deviance explained (gam regression, excluding the postmolt samples); r^2, r squared (linear correlation).

Fig. 5 .

 5 Fig. 5. Comparing the transcriptional dynamics of leg embryonic development and regeneration. (A) Combined principal component analysis of development (E series) and regeneration (R series); samples color-coded according to RAPToR pseudotimes. Variation in PC1 and PC2 is largely driven by embryonic development. (B) RAPToR temporal predictions on the R samples using a reference based on the E series. Coherent predictions are only made on preamputation and late or post-regeneration samples. Other stages are poorly predicted, and different sets of genes make incoherent predictions (SI Appendix, Fig. S5.2B). (C) Coexpression clusters defined by fuzzy c-means clustering of expression values in the developing (Left) and regenerating (Right) leg series. Four coexpressed gene clusters were identified in the E series (E2, E4, E1, and E3) and eight clusters were identified in the R series (R4, R1, R8, R2, R6, R3, R5, and R7). Heatmaps represent the average profiles (centroids) of each cluster. Clusters are ordered according to their temporal profiles (except clusters R3, R5, and R7, which do not show clear temporal profiles); samples are ordered by pseudotime. Cluster sizes are given in SI Appendix, Table S5. (D) Summary of the GO enrichment analysis for the E and R coexpression clusters; enriched GO terms were categorized as shown in SI Appendix, Fig. S5.7. (E) Number of genes shared between embryonic and regenerative coexpression clusters, expressed as a fold enrichment relative to equally sized random clusters. Clusters are ordered as in C and D (alternative ordering is shown in SI Appendix, Fig. S5.4). Similar results were obtained using clusters defined on untransformed E f data (SI Appendix, Fig. S5.6). (F) Chord diagram depicting the genes shared between regenerative (Top) and embryonic (Bottom) coexpression clusters (aligned temporally from Left to Right). (Left) Diagram highlighting the genes of the R8 cluster (purple), corresponding to the regenerative phase of cell proliferation and patterning. (Right) Matches between all the regenerative and embryonic clusters. A fraction of genes (>5,000) are not clustered in the embryonic dataset. (G) Overlap of coexpressed gene clusters applied on a finer gene clustering of the E and R datasets as in E (see Methods). Alternative ordering of clusters is presented in SI Appendix, Fig. S5.9 and S5.10.

  Fig. 5D, and SI Appendix, Fig. S5.7

  ), sets of coexpressed genes (Fig. 5C-G and SI Appendix, Fig. S5.3 and S5.10), and the transcriptional dynamics of genes involved in cell proliferation, patterning, and cell differentiation (Fig. 6B-E and SI Appendix, Fig. S6.1-4).

  Fig. 5A with figure 1D in ref. 26; Fig. 1D) and the comparison of transcriptional dynamics revealed both shared and divergent patterns of gene deployment over time.

Fig. 6 .

 6 Fig. 6. Temporal expression profiles of selected gene sets during leg development and regeneration. Expression in embryonic (E values, Left) and regenerating (R values, Right) legs, for genes associated with immune cells/responses (A), cell proliferation (B), patterning (C), differentiated nerves (D), and differentiated muscle (E). Samples ordered by pseudotime. t 0 , pre-amputation; pm, postmolt.

  

  

  

  

  .1.

			S&SM3	LowCa 2+ NoMg 2 ASW Ca 2+ /Mg 2+ -free ASW
	Collagenase [0.25% or 0.5%]	1h or 30'	1h	1h
	Liberase [0.05%]	30'		
	Pronase/Thyoglicolate [0.5%/1%] + Collagenase [0.25%]	10'+ 30'	10'+ 30'	10'+ 30'
	Pronase/Thyoglicolate [0.5%/1%]			
	+	Liberase [0.05%]	10'+ 30'	10'+ 30'	10'+ 30'
	Chitinase [0.5 U/mL]			
			10'+ 1h		
	+	Collagenase [0.25%]			
	Protease XIV [1%]		30 ' or 1h	
	Papain				1h or 20'

Table 3 .

 3 

1. Combinations of enzymes and media used to test cell dissociation protocols. The enzyme concentration and incubation times used are indicated in the corresponding cell.

  The groups do not necessarily represent cell types; manual curation must be applied to distinguish between actual cell types and subtypes or intermediate cell states. Clustering methods were developed long before

scRNA-seq, such as hierarchical clustering and k-means. Another example is the Louvain algorithm for network clustering used by Seurat

[START_REF] Butler | Integrating Single-Cell Transcriptomic Data across Different Conditions, Technologies, and Species[END_REF]

, among others.

Methods based on the Louvain algorithm construct a nearest-neighbor network for the cells and then identify distinct communities in the network

[START_REF] Andrews | Tutorial: Guidelines for the Computational Analysis of Single-Cell RNA Sequencing Data[END_REF]

.

Together with the dimensionality reduction algorithms discussed above, clusters can be visualized by color-coding in a low-dimensional space.

Once cell clusters are defined, most snRNA-seq studies use additional exploratory methods to characterize cell types/states and differentially expressed genes. The identification of marker genes to validate clusters or to discriminate subpopulations can be achieved by differential gene expression (DE) analysis. In the case of scRNA-seq, technical variability, noise and massive sample size (compared to bulk RNAseq) present challenges in differential expression calling. To reveal the functional and biological significance of specific cell clusters, it is possible to perform functional enrichment analysis on differentially expressed genes using ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG pathway). Pseudo-time analysis can be used to infer the developmental dynamics of cells at a single-cell level, which is expected to recover developmental lineages.

There is no universal pipeline established, users must adopt different strategies depending on the organism studied and the research goal. Packages such as Seurat or Scanpy

[START_REF] Wolf | SCANPY: Large-Scale Single-Cell Gene Expression Data Analysis[END_REF] 

have been developed to implement different types of analysis in simple workflows for data interpretation and visualization.

Table 4

 4 

	.1.

Table 4 .1. Cellranger output statistics from different types of mapping.

 4 Three different annotations were used to map the reads to the genome. The resulting mapping considers only reads mapping to exons, introns, or both (pre-mRNA). Reads mapped confidently to the transcriptome refer to those reads (exonic, intronic or pre-mRNA, respectively) that unambiguously map to one region of the reference annotation.

  Replace the FASW (or the pre-treatment) with an enzymatic treatment. Remove the excess of dissociation medium to a final volume of 100 µl.

	• Enzyme	Working concentration	Medium	Incubation time	Reference
			S&SM3		
	Collagenase V	0.025 %	LowCa 2+ NoMg 2 ASW	30' or 1h	Sigma-Aldrich C9263
			Ca 2+ /Mg 2+ -free ASW		
	Collagenase V	0.05 %	S&SM3	30'	Sigma-Aldrich C9263
			S&SM3		
	Liberase	0.05%	LowCa 2+ NoMg 2 ASW	30'	Sigma-Aldrich 5401119001
			Ca 2+ /Mg 2+ -free ASW		
	Protease XIV	1%	LowCa 2+ NoMg 2 ASW	30' or 1h	Sigma-Aldrich P5147
	Papain	0.3%	Ca 2+ /Mg 2+ -free ASW	20' or 1h	Sigma-Aldrich P4762
	Enzyme	Working	Medium	Incubation	Reference
		concentration		time	
			S&SM3		
	Pronase + Thioglycolate	0.5% + 1%	LowCa 2+ NoMg 2 ASW	10'	Sigma-Aldrich, T0632 10165921001 ,
			Ca 2+ /Mg 2+ -free ASW		
	Chitinase	0.5 U/mL	S&SM3	10'	Sigma-Aldrich C6137

•

[Optional] 

Replace the FASW with a pre-treatment:

  The easiest way is starting from the biggest podomere (basis); hold the limb with forceps from the ischium and introduce the blade and open it longitudinally from inside to outside. Then, you can try to open it, exposing the tissue to the medium, and try to extrude it, scratching the inner surface of the cuticle. Do the same for the rest of the podomeres.

*as you go distally, it gets harder to open them in a clean way. Better to focus on the most proximal podomeres.

  during development and regeneration, reaching different conclusions.

	Significance
	Some organisms have the
	fascinating capacity to regenerate
	lost body parts. To which extent
	regeneration entails the
	redeployment of an embryonic
	developmental program is a long-
	standing question of regenerative
	studies, with implications for
	development, evolution, and
	regenerative medicine. In this
	study, we address this question by
	comparing the global
	transcriptional dynamics of leg
	regeneration and leg development
	in the crustacean Parhyale
	hawaiensis. We show that despite
	extensive overlaps in gene usage,
	the development and
	regeneration of Parhyale legs
	show distinct temporal profiles of
	gene expression that cannot be
	aligned in a coherent fashion.
	These results suggest that
	regeneration does not simply
	mirror development, but deploys
	some of the same gene modules
	in a different overall framework.

To whom correspondence may be addressed. Email: chi.sinigaglia@gmail.com, michalis.averof@ens-lyon.fr, or mathilde.paris@ens-lyon.fr. This article contains supporting information online at http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.

2119297119/-/DCSupplemental. Published July 1, 2022. PNAS 2022 Vol. 119 No. 27 e2119297119 https://doi.org/10.1073/pnas.2119297119 1 of 12 RESEARCH ARTICLE | DEVELOPMENTAL BIOLOGY Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB on September 29, 2022 from IP address 193.54.110.55.

of 12 https://doi.org/10.1073/pnas.2119297119 pnas.org Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB onSeptember 29, 2022 from IP address 193.54.110.55. 

PNAS 2022 Vol. 119 No. 27 e2119297119 https://doi.org/10.1073/pnas.2119297119 3 of 12 Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB onSeptember 29, 2022 from IP address 193.54.110.55. 

of 12 https://doi.org/10.1073/pnas.2119297119 pnas.org Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB onSeptember 29, 2022 from IP address 193.54.110.55. 

PNAS 2022 Vol. 119 No. 27 e2119297119 https://doi.org/10.1073/pnas.2119297119 5 of 12 Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB onSeptember 29, 2022 from IP address 193.54.110.55. 

of 12 https://doi.org/10.1073/pnas.2119297119 pnas.org Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB onSeptember 29, 2022 from IP address 193.54.110.55. 

PNAS 2022 Vol. 119 No. 27 e2119297119 https://doi.org/10.1073/pnas.2119297119 7 of 12 Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB onSeptember 29, 2022 from IP address 193.54.110.55. 

of 12 https://doi.org/10.1073/pnas.2119297119 pnas.org Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB onSeptember 29, 2022 from IP address 193.54.110.55. 

PNAS 2022 Vol. 119 No. 27 e2119297119 https://doi.org/10.1073/pnas.2119297119 9 of 12 Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB onSeptember 29, 2022 from IP address 193.54.110.55. 

of 12 https://doi.org/10.1073/pnas.2119297119 pnas.org Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB onSeptember 29, 2022 from IP address 193.54.110.55. 

of 12 https://doi.org/10.1073/pnas.2119297119 pnas.org Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB onSeptember 29, 2022 from IP address 193.54.110.55. 

Acknowledgments

Acknowledgments: We thank F. Lamanna for advice on snRNAseq, M. Sémon for support on ACKNOWLEDGMENTS. We thank Romain Bulteau for his help with RAPToR; Philippe Veber and Bastien Boussau for their help with rjargs; Nipam Patel for the Parhyale used for the Iso-seq experiment; the Salt Lake City sequencing facility for sequencing the Iso-seq libraries; and Enrique Arboleda, Pascale Roux, and Laetitia Lebre for technical support. We thank Margarida Cardoso, Nikos Konstantinides, and Jordi Casanova for critical feedback; and an anonymous reviewer for detailed and thoughtful suggestions on the data analysis. This work PNAS 2022 Vol. 119 No. 27 e2119297119 https://doi.org/10.1073/pnas.2119297119 11 of 12 Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB on September 29, 2022 from IP address 193.54.110.55. was funded by the European Research Council, under the European Union Horizon 2020 programme (project ERC-2015-AdG #694918). A.A. was supported by the Marie Curie training network 'EvoCell', under the European Union Horizon 2020 programme (project H2020-MSCA-ITN-2017 #766053).

List of Tables

 Table 3.1 Combinations of enzymes and media used to test cell dissociation protocols 50 

THE PARHYALE LIMB CELL ATLAS

One of the aims of this thesis is to explore the cell type diversity of Parhyale's legs. To this end, I performed snRNA-seq on intact limbs using the protocols I described (chapter 3). This chapter contains the analysis of these datasets, ranging from quality control to the identification and exploration of the cell types. I identify some of the cell clusters exploring the differentially expressed genes, using gene ontology terms and comparisons with Drosophila. In addition, I make tentative suggestions for other cell clusters. different stages of the molt cycle are well separated on PC1 and PC2, representing almost half of the total variation (large circles in Fig. 3B). Major transcriptional changes can be observed in the 5 d that precede molting (orange, brown, and yellow circles in Fig. 3B), followed by more stable transcriptional profiles post molting (blue and purple circles in Fig. 3B). The second link contains three different folders:

SUPPLEMENTARY MATERIALS

-"Scripts" contains the Rmd files with the code used for all the analysis of the snRNAseq, divided in the same manner as the R objects -"Tables" contains an excel file with the differential expressed markers used in the analysis. It is divided into multiple sheets: uninjured, integrated, neural, epidermis and muscles. It also contains the html files with the output of Cell Ranger for each dataset.

-"Others" contains the files that are required to run the code and analyze the data.