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At the start of an animal's life, a fertilised egg cell divides into daughter cells whose number increase, and which progressively become arranged in an embryo. This arrangement involves the acquisition of various shapes, events called "pattern formation". In vertebrates, early embryos display a majority of morphological similarities, species-specific differences progressively appearing during late stages of development (Figure 2). Highly conserved shapes likely underlie similarities in the mechanisms responsible for their formation, while differences can be viewed as read-outs of evolutionary processes.

Identifying conserved and differing attributes of morphologies thus allows identifying key points of pattern formation. The building of an embryo can be compared to origami folding. A first event disrupts the originally blank page, creating spatial heterogeneities. This symmetrybreaking provides the first spatial reference. Such events then repeat or evolve through time forming as many units as required to form the final shape. This scenario obeys a timely and finely orchestrated program, resulting in the gradual segmentation of the tissue until it reaches its final shape and pattern.

The creation of spatial references in a tissue allows its cells to become aware of their position.

They then respond by adopting specific fates and/or behaviours, and differentiate in a coordinated fashion to produce various organs. Understanding pattern formation thus requires addressing these key questions: How are positional signals provided to the cells of a developing tissue? What is the nature of the positional cues?

To address these questions, I studied skin patterns in birds. In the first part of my introduction, I will focus on the main theories that have been formulated to explain the emergence of patterns in an organism, namely instructive signalling and self-organisation, viewed from a molecular, cellular, and mechanical perspective. In the second part, I will describe morphological features of the skin pattern and explain why it represents an ideal model to I then worked on the cellular behaviours that underlie local feather array geometry, which allowed me to show that early shape of dermal cells prior to pattern formation control the regularity of the feather array. Finally, I will discuss implications of my results and provide perspectives for future work.

INTRODUCTION I. The emergence of shape and pattern in an organism

Mathematicians and developmental biologists have formulated several theories to explain the pattern formation in nature. Decades of work led to two main theories. The first one is called "instructional patterning", based on early external heterogeneities that provide spatial information to cells of a naïve tissue, which in turn respond according to their position from the source, thereby producing different compartments. The iconic model of instructive signalling is the fixed gradient-based model, proposed by Lewis Wolpert in 1969. In his system, a diffusing molecule able to trigger cell fate (i.e., morphogen) is expressed in a gradient from a local source. Cells respond differently depending on the concentration of morphogen signal available in their environment, and form sharp boundaries in the tissue. The second theory is "self-organisation", in which symmetry breaking occurs within the developing tissue in a spontaneous fashion due to its internal properties. Such process often leads to the production of repeated, so-called periodic designs. The most famous self-organisation system is "reactiondiffusion", a theoretical paradigm formulated by Alan Turing in 1952. In his mathematical model, at least two chemical components diffuse at different rates and interact. Turing model has since been revisited hundreds of times, its elements often assumed to have a molecular basis, but also more recently generalised to account for mechanical properties of developing tissues. For instance, Oster and colleagues developed in 1983 a model akin to Turing system in which the nature of positional signals depends on mechanical properties of the cells. I review below these theories by mentioning their historical emergence, providing a few biological examples of systems in which they have been suggested to act, and investigating how they may combine in the formation of various natural patterns.

I.A. Instructional patterning

In the case of "instructional patterning", the positional information is provided by external cues to the cells, and leads to a gradual establishment of boundaries within the developing tissue.

I.A.1. The gradient based model of Lewis Wolpert

At the end of the 1960's, Lewis Wolpert conceptualised a key and intuitive concept of pattern building, which he named "positional information". He meant that cells are being instructed their position. He imagined they could react differently depending on the concentration of instructor they would receive. He defined these instructors as morphogens, signalling molecules that diffuse within tissues and can activate target genes in a concentration dependent manner.

This system implies that morphogens are produced by a local source and creates a gradient within the tissue. Early heterogeneities thereby allow cells to become aware of their position and differentiate accordingly (Wolpert 1969). In this scenario, complexity in the formingpattern may be produced by the gradual refinement of instruction in space: within each formed domain, further instruction creates local subdivision (Figure 3) .

I.A.2. Biological evidences of Instructional patterning

I.A.2.a. Patterning of the Drosophila blastoderm

Arguably the most famous biological example of instructional patterning is the formation of Drosophila's body segments. In the early embryo, a synticial blastoderm, maternal bicoid mRNA locates at the anterior pole. Bicoid protein is translated and transported towards the posterior pole, which forms a antero-posterior concentration gradient [START_REF] Little | The Formation of the Bicoid Morphogen Gradient Requires Protein Movement from Anteriorly Localized MRNA[END_REF], [START_REF] Akam | Making Stripes Inelegantly[END_REF]. The creation of this maternal gradient represents the first symmetry-breaking event. It triggers a cascade of activation of the expression of transcription factors, gap genes, whose profiles in longitudinal bands divide the embryo in slightly overlapping rule genes (or segment polarity genes). This resulting in additional segmentation events [START_REF] Nüsslein-Volhard | Mutations Affecting Segment Number and Polarity in Drosophila[END_REF]. Pair-rule genes become expressed in sharply defined, repeated domains defining the position and boundaries of each segment of the fly body. Gap and pair-rule genes encode transcription factors that mutually regulate their expression, forming an evolving interactive network that provides precise spatial coordinates along the antero-posterior axis (Figure 3). This example highlights the fact that a single event at the onset of periodic pattern formation triggers a precise sequence progressively establishing a periodic pattern. Thus, here, periodicity does not arise directly from homogeneity, but from multiple segmentation events through time.

I.A.2.b. The Hox genes

The impact of L. Wolpert model was reinforced by the discovery of the homeotic Hox genes, which give to cells a positional identity specifying body regions along the antero-posterior axis of bilaterian animals (Nüsslein-Volhard and Wieschaus 1980), [START_REF] Mcginnis | A Conserved DNA Sequence in Homoeotic Genes of the Drosophila Antennapedia and Bithorax Complexes[END_REF]. Hox genes encode homedomain proteins acting as transcription factors that specify regions of the body plan in animals. They carry "positional information" and control the expression of downstream effectors themselves controlling tissue differentiation and morphogenesis, thereby ensuring the formation of functional appendages at appropriate locations in the body. In insects,

Hox genes control which appendages form on a given segment (e.g. legs, antennae, or wings in Drosophila). In vertebrates, they specify the type and shape of vertebrae, muscles (Imura et al., 2009) or skin appendages (see section II) along the antero-posterior axis. They represent one of the most striking genetic program ever identified, coined the "Hox code": Hox genes are grouped on chromosomes in an order of arrangement, or so-called colinearity, that dictates the temporal sequence of their expression in the developping embryo. Different combinations of Hox genes are expressed in response to different morphogen concentrations and homeotic mutations assign incorrect positional identities to cells, which results in the development of regionally inappropriate body appendages [START_REF] Mcginnis | A Conserved DNA Sequence in Homoeotic Genes of the Drosophila Antennapedia and Bithorax Complexes[END_REF], [START_REF] Fienberg | Chapter 11 Homeo Box Genes in Murine Development[END_REF]. For example, the Antp gene is normally expressed in the second thoracic segment in wild-type flies which later displays a pair of legs and wings. In the Antennapedia mutant strain, a chromosomal inversion leads to the ectopic expression of Antp in the antennal imaginal disk, and mutants develop legs instead of antennas in the head segment. These pioneering results showed that perturbing the Hox code modifies the temporal and spatial profile of Hox gene expression and resulting body pattern. The stunning example of Hox genes shows that throughout life, a gene network encoding positional information may be maintained while cell response evolves. This temporal modifications may be the mechanism through which different body parts emerge [START_REF] Hrycaj | Hox Genes and Evolution[END_REF]. Recently, it has been proposed that an axial Hox code controls body patterning and tissue segmentation before the evolution of the bilaterian antero-posterior axis [START_REF] He | An Axial Hox Code Controls Tissue Segmentation and Body Patterning in Nematostella Vectensis[END_REF]. This system of instructional patterning can therefore shape pattern evolution in nature. Consistent with this hypothesis, Hox genes and their colinearity are broadly conserved (Gaunt 2015).

I.A.2.c. The vertebrate neural tube

The vertebrate neural tube has been an emblematic study system of pattern formation through morphogen gradients. Its organisation depends on molecular signals that emanate from opposite poles. Sonic-hedgehog (Shh) is a diffusing signalling protein expressed by the notochord that establishes a ventro-dorsal concentration gradient. Conversely, Wingless (Wnt) and bone morphogenetic protein genes (BMPs) form dorso-ventral gradients. Similarly to the drosophila blastoderm (see I.A.2.a and Figure 3), these gradients specify cells into subtypes of neurones and create domains of target genes expression along the dorso-ventral axis of the neural tube [START_REF] Briscoe | Morphogen Rules: Design Principles of Gradient-Mediated Embryo Patterning[END_REF].

In sum, instructional patterning is an appealing theory to explain the formation of many simple patterns in nature. It has been evidenced in numerous systems, both in vertebrates and invertebrates. It comprises two steps: first, the establishment of a molecular gradient, providing spatial reference. Second, a differential response of cells to this reference. However, this theory is based on pre-established early heterogeneities and as such, does not explain the break in the symmetry on its own. In addition, it hardly explains the formation of complex patterns composed of hundreds of repetitive structures, such as hair or lung branches, nor does it reconcile with the rapid evolution of these complex characters.

I.B. Self-organisation

In self-organisation, intrinsic instabilities within the homogeneous tissue spontaneously break symmetry and cause the structure to arrange into a pattern.

I.B.1 Alan Turing's "reaction-diffusion" model

In 1952, the famous mathematician Alan Turing (also breaker of the enigma code and inventor of the first computer machine) postulated that a simple mathematical paradigm could explain pattern emergence in living organisms. He hypothesised that the properties of a chemical substance could instruct cell fate solely from its concentration coefficient, and that its spontaneous activation would give rise to a pattern under certain conditions. His system however did not encompass mechanical cell properties, which I will discuss below. Searching for the simplest mathematical equations that could spontaneously lead symmetry breaking in a homogeneous field, he took advantage of partial differential equations, which conveniently describe the evolution of biological parameters through time. His work resulted in the formulation of a "reaction-diffusion" system, in which morphogens diffuse at different rates between cells -at the time a counter-intuitive way to conceptualise an organised pattern as diffusion was rather thought to destroy rather than create order (Turing 1952). Taken in its simplest scenario, the Turing model comprises two molecules: one short-range activator, able to self-enhance, and its long-range inhibitor, diffusing faster. The presence of small random fluctuations in the concentration of these two molecules within the developing tissue, which at some time point, will cause an increase in the activator concentration. The latter will selfactivate, resulting in the emergence of activator peaks throughout available space. This positive feedback loop triggers the increase of the inhibitor concentration at the same location. The inhibitor however diffuses faster, lowering the concentration of the activator in the surrounding of peaks and stabilising the inhibitor, which prevents the formation of new neighbouring peaks.

Therefore, the distance between two activator peaks or their periodicity critically depend on the diffusion rate of the inhibitor. This interaction results in the production of a locally selforganising system, in which each peak is produced identically to Illustration of the general self-organising reaction-diffusion system with an activator and an inhibitor (I) Small random molecular fluctuations will cause a slightly higher level of activator in some cells that will thus lead to the auto-enhance of these levels, pushing up the concentration. (II) Since the activator also enhances production of the inhibitor, levels of inhibitor will also rise at that point. (III) The inhibitor diffuses faster than the activator. Thus, at the position of the peak, inhibitor levels fail to accumulate sufficiently to repress the activator, whose positive feedback is able to stabilise, and the increase in inhibitor levels in neighbouring of the activator peak prevents levels of activator from growing, thus creating a zone on either side of the first peak where no new peaks can form. (IV) However, beyond these regions of "lateral inhibition" new peaks can form, so the whole system dynamically changes until a (V) regular array of peaks and valleys is formed across the whole tissue. Adapted from Green and Sharpe 2015 the first symmetry breaking event (Figure 4), (S. Kondo and Miura 2010), [START_REF] Morelli | Computational Approaches to Developmental Patterning[END_REF], [START_REF] Marcon | Turing Patterns in Development: What about the Horse Part?[END_REF], (Green and Sharpe 2015).

I.B.2. Mathematical analyses of Turing model

Turing provided a mathematical analysis of his system, showing that six different kinds of patterns with various periodicities can be produced depending on the force of interaction between the two players and their diffusion rates. In the first case, diffusion rates are extremely high, and the system leads to a uniform motif. In the second, concentrations, and thus the resulting pattern, oscillate between two reference values, a situation observed for example during cardiomyocytes contraction in which Ca 2+ signalling depends on local signalling between two receptors [START_REF] Song | Calcium Biology of the Transverse Tubules in Heart[END_REF]). In the third case, the diffusion rate is very low for both molecular players, which leads to a salt and pepper pattern. This is observed as the differentiation of a cell inhibits the differentiation of its neighbours (e.g., neuron differentiation in drosophila embryos) (Cabrera 1990). The fourth case is similar to the third but involves at least three molecular players, which causes the pattern to oscillate through time between two steady states. No biological example of this process has been reported to date. In the fifth case, in which diffusion rates are "finite" (i.e., either not too high or too low, Turing 1952) and involving at least three molecular actors, a travelling wave emerges, such as that of Ca 2+ traversing the egg of Xenopus laevis upon sperm entry [START_REF] Sardet | Calcium Waves and Oscillations in Eggs[END_REF]. Finally, in the sixth case, which may be reached with only two molecular players with finite diffusion rates, regularly spaced and periodic patterns are obtained. Such patterns are usually referred as Turing patterns (Figure 5). This model can break symmetry on its own, and does not rely on preexisting early heterogeneities. The "reaction-diffusion" model is therefore able to autonomously generate an extensive diversity of patterns through limited parameter variation (Turing 1952), (Kondo and Miura 2010). Kondo et al. 2010 Progress in computational science then allowed visualising results of the Turing model through numerical simulations (Kondo and Miura 2010). Computer simulations have been instrumental

in explaining numerous biological motifs, fitting perfectly pigmented designs on seashells, or feather, hair or colour distribution across the animal coat (Meinhardt 1995). In addition, biological evidences start to arise beyond simple phenotypic observation and its correlation with simulation results. Numerous periodic structures established during embryogenesis from non-periodic (random) cell arrangements have been suggested to arise through Turing mechanisms (Figure 5). Consistent with this theory as basis of pattern formation, many interactive networks composed of molecules with behaviours compatible with parameters of partial differential equations, such as short-range self-enhancer activators and long-range inhibitors have been broadly identified (see below). However, finding such interactive networks early in development and final attributes corresponding to the predicted motifs is not sufficient to show they act through self-organisation. As a matter of fact, different mathematical models may achieve the same final pattern, and nowadays whether simple Turing system represents as proxy for biological pattern formation remains highly debated (S. Kondo and Miura 2010), (Green and Sharpe 2015).

I.B.3. Biological evidences of Turing patterns

Decades after Turing's pioneering work, and as mentioned above, the formation of several periodic biological systems is thought to involve Turing mechanisms in vivo.

I.B.3.a. Rugae and teeth pattern in mice

During the formation of rugae in mice, which are small repetitive ridges localised on the roof of the mammalian palate [START_REF] Economou | Periodic Stripe Formation by a Turing-Mechanism Operating at Growth Zones in the Mammalian Palate[END_REF], Fibroblast growth factor (Fgf) activity is and Shh are detected in striped expression profiles that foreshadows the future design and position of rugae. A decrease in Fgf signalling or an inhibition of Shh expression lead to a disorganised rugae pattern, showing that these two molecules are necessary for its formation. As the palate grows, new stripes of Shh transcripts become detectable, marking putative rugae. Shh signals induce the formation of new ridge in the space left between two former ones, in a highly dynamic process of nascent rugae appearance. Moreover, excision of one The red arrow represents a long-range positive (enhancing) effect, whereas the blue line with the end bar represents a short-range negative (inhibitory) effect. A circuit of two negative interactions functions as a positive feedback. Adapted from Kondo et al. 2010 forming ridge triggers the expression of Shh and the formation of new ridges oriented perpendicularly from the remaining ones. Simulations of a Turing system where Fgf is the activator and Shh the inhibitor reproduced the final position and shape of stripes, suggesting this process operates through self-organisation and relies on these molecular players (Figure 6A).

Similarly, the formation of the rodent molar pattern involves a timely dynamic of morphological emergence before its final stabilisation and involved a coupling of internal dynamics of the system and morphodynamics changes. Work from Salazar-Ciudad and Jernvall

shows that the 3D structures of the pattern at one particular stage of the molar development influences the new 3D geometry of the molar later during development when it is coupled with growth (Salazar-Ciudad 2003), (Salazar-Ciudad and Jernvall 2010). The expression profile of Edar, first homogenous over the putative molar epithelium surface, becomes progressively restricted to so-called signalling centres, which are precursors of teeth (Ahtiainen et al. 2016), (Harjunmaa et al. 2014), (Tucker et al. 2000). Recently a mathematical model with Turing-type dynamics whose simulations were run on growing domains corresponding to the anteroposterior axis of the dental epithelium reproduced the complex sequence of tooth centre emergence, fitting dynamics of Edar expression. In addition, the model reproduced results

obtained upon Edar loss-of-function. By using modelling to recreate dynamics of character production rather than a final pattern, authors could propose that teeth signalling centres emerge through self-organisation [START_REF] Sadier | Modeling Edar Expression Reveals the Hidden Dynamics of Tooth Signaling Center Patterning[END_REF]). Further work is now necessary to identify the nature of molecular players underlying this process in vivo.

I.B.3.b. Colour patterns

Historically, the periodic colour patterns that adorn animals, such as zebra stripes or leopard spots, have been described as most likely to rely on Turing mechanism in vivo. The mechanisms involved in the formation of the colour pattern in birds and mammals will be detailed in section II-C-2 and I contributed to a review on this subject that can be found in annex I. For this section, I will focus on one example, namely the pattern of longitudinal black, yellow and white coloured stripes visible in adult zebra fish Danio rerio [START_REF] Kondo | A Reaction-Diffusion Wave on the Skin of the Marine Angelfish Pomacanthus[END_REF], [START_REF] Kondo | How Animals Get Their Skin Patterns: Fish Pigment Pattern as a Live Turing Wave[END_REF], (Kondo and Miura 2010), [START_REF] Yamaguchi | Pattern Regulation in the Stripe of Zebrafish Suggests an Underlying Dynamic and Autonomous Mechanism[END_REF]. This model provided the first support of Turing systems in a biological system through numerical simulation predictions. However instead of molecular players, reaction-diffusion dynamics would be established by the interaction of black and yellow pigmentproducing cells in a positive feedback loop (Figure 6B), [START_REF] Nakamasu | Interactions between Zebrafish Pigment Cells Responsible for the Generation of Turing Patterns[END_REF], [START_REF] Parichy | Animal Pigment Pattern: An Integrative Model System for Studying the Development, Evolution, and Regeneration of Form[END_REF]. Thus here, different cell types constitute the activator and inhibitor in the system. Such mechanisms involving short and long-range interaction without specific characteristics of the nature of effectors is referred to as "Turing-like" (Gierer and Meinhardt 1972). Later, Turinglike systems allowed incorporating novel elements such as intrinsic mechanical properties of cells and testing their roles in establishing or influencing a multi-cellular pattern.

In sum, the Turing reaction-diffusion system, and more generally self-organisation, contrasts with instructional patterning in that it breaks symmetry on its own. It thus provides an appealing alternative patterning strategy to explain natural pattern formation. Intrinsic stochastic parameters of self-organising dynamics are compatible with oscillatory or periodic behaviours observed in nature, and system malleability provides convenient explanation for pattern diversity, sometimes rapidly rising at an evolutionary scale. However random spatial initial conditions and stochasticity induce variability in patterning dynamics and their final outcomes hardly reconcilable with the reproducibility and conservation of attributes of periodic patterns observed in vivo.

I.C. Mechanochemical aspects of morphogenesis

In the previously mentioned theories, patterns arise through timely sequences of segmentation events or self-organisation involving the interaction of chemical components. In these cases, mechanical aspects were considered as secondary or passive parts of the tissue morphogenetic response after chemical initiation. However, in his book "on growth and form" published in 1917 (before works of L. Wolpert and A. Turing), D'arcy Thompson provided theoretical explanations for the arising of shapes and patterns seen in living and growing organisms with physical phenomena. For example, Thompson suggested a link between some biological structures and superficial tension forces at play during specific organisation of soap bubbles or that of epithelial cells. Similarly, he observed correlation between the movement and shape of jellyfish and the behaviour and shape of water droplets in oil. Perhaps the most famous example of his work was represented in a Cartesian coordinate diagram in which he applied geometrical transformation or differential growth rates to initial shapes to produce qualitative variation of form resembling that observed between related species [START_REF] Thompson | On Growth and Form[END_REF]. However, this pioneer work was mostly descriptive, based on qualitative comparisons, and at the time, physical forces acting in developing tissues had yet to be explored. Thus, the putative role of mechanical aspects of morphogenesis, not only as response but also as active regulator of pattern formation, was not considered when first theories of pattern formation have been conceptualised. Since, thanks to the advent of biophysical measurement techniques and developmental tissue modelling, a considerable amount of evidence strongly suggests that tissue mechanics, and their interplay with chemicals, is key to generate positional information during pattern formation.

I.C.1. Theoretical work

In 1983, Oster, Murray and Harris, in a paper called "the mechanical basis of morphogenesis" [START_REF] Oster | Mechanical Aspects of Mesenchymal Morphogenesis[END_REF]) -in reference to Turing's "the chemical basis of morphogenesis", theoretically coupled mechanical and chemical components to produce shapes and patterns. In this mechanochemical model, patterning and morphogenesis are a single process: instead of relying only on chemical components, parameters of the system can also directly depend on cellular components such as density, movement, or proliferation, as well as on tissue properties (i.e., mechanical components) such as internal and external forces exerted by/on cells on/by their substrate (see below), also depending on cellular dynamics [START_REF] Oster | Mechanical Aspects of Mesenchymal Morphogenesis[END_REF], [START_REF] Murray | Mechanochemical Models for Generating Biological Pattern and Form in Development[END_REF]. Model parameters theoretically produced tissue deformation through time. In the system used, this tissue was considered as elastic material able to deform in response to compression exerted by its own cells. Tissue deformation led to the creation of spatial heterogeneities in the distribution of the adhesive sites, generating a gradient and triggering directional cues (Figure 7A).

I.C.2. Biological evidence

Recent biological evidence supports various aspects of Oster and colleagues' work.

Developmental tissues are multicellular structures that undergo profound changes in architecture via cell proliferation, shape change, movement, or death, all behaviours putatively triggered by, and triggering, mechanical forces. These mechanical components, such as elasticity, shear stress, traction, contractility, adhesion, tension, traction or stiffness, confer characteristic physical properties to given tissues. Scientists currently develop techniques to measure accurately the nature and strength value of active forces at cell resolution, and seek molecular factors and cell behaviours involved in the generation and transmission of these forces. A current challenge is to understand to what extent mechanical phenomena depends on the type of cell dynamics observed and on the architecture of the tissue in which they take place.

I.C.2.a. Molecular factors involved in generating / transmitting mechanical forces

Cells exert mechanical forces on their environment largely through the action of the cytoskeleton, whose main molecular effectors are Myosin II and F-actin proteins. These molecules build networks that vary in architecture and can generate contractility or tension forces. Modifications in their activity trigger changes in cell shape, inducing mechanical stress on the cytoskeleton, itself transmitted to neighbouring cells via direct contact or to the extracellular matrix (ECM) environment. The latter, composed of macro-molecules containing large numbers of binding domains, facilitates adhesion and provides a structural substrate on which cells adhere and move. Left (changes in tissue morphogenesis precede changes in cell fate specification: an initially flat epithelial of identical progenitors P1, undergo symmetry breaking (i.e., buckling) caused by differential growth or stresses compared to its surroundings causing tissue folding. Such deformations result in changes in tissue curvature, which can be actively sensed within the epithelium (e.g., via YAP and/or TAZ nuclear localization) or cause local modulation in the concentration of diffusing biochemical species (drawn in shades of orange) from passive geometrical effects. It results in a feedback loop inducing different cell fates (P1 and P2) in different regions of the epithelium, which themselves can subsequently affect local force production and further morphogenetic events. Right (changes in cell fate specification precede changes in tissue morphogenesis): in a layer containing pre-patterned domains of distinct cell types, both cell types will typically have different mechanical properties. Higher apical contractility and/or larger division rates in the P1 cells will cause local tissue bending, which can then be further refined via feedbacks on cell fate specification as outlined in the left panel. [START_REF] Hannezo | Mechanochemical Feedback Loops in Development and Disease[END_REF] The transmission of forces between cells relies on specific adhesion proteins such as Cadherins at the cell-cell interface and Integrins at the cell-ECM interface [START_REF] Heisenberg | Forces in Tissue Morphogenesis and Patterning[END_REF], [START_REF] Lecuit | Force Generation, Transmission, and Integration during Cell and Tissue Morphogenesis[END_REF]. The strength and directionality of transmitted forces depend on the connectivity of the acto-myosin network and adhesion complexes and influence cell shape. For example, in the drosophila embryo, antero-posterior tissue elongation is driven by cell intercalation. This is caused by differences in local distribution of myosin II along the dorso-ventral axis of the cell that induces a modification of the adhesion site with neighbouring cells, which results in overall tissue extension crucial for gastrulation. These precise spatial and temporal dynamics serve as read-out of many biological and physical events [START_REF] Lecuit | Force Generation, Transmission, and Integration during Cell and Tissue Morphogenesis[END_REF], [START_REF] Lecuit | Cell Surface Mechanics and the Control of Cell Shape, Tissue Patterns and Morphogenesis[END_REF]. A breadth of evidence also stems from work in vertebrate systems such as the domestic chicken in which cell movement during gastrulation involves a series of mechanically-induced tissue shape changes controlled by the acto-myosin network [START_REF] Firmino | Cell Division Drives Epithelial Cell Rearrangements during Gastrulation in Chick[END_REF], [START_REF] Saadaoui | A Tensile Ring Drives Tissue Flows to Shape the Gastrulating Amniote Embryo[END_REF].

I.C.2.b. Tissue architecture as a constraint to cell response

An embryo is composed of two major tissue types with different morphogenetic properties and thus, patterning constrains, namely the mesenchyme and the epithelium.

In an epithelium, cells are arranged in a tight sheet maintained by transmembrane adhesion proteins. Cell proliferation thus occurs in a directional manner, and aggregation/movement operates through collective coordinate behaviours, individual cells movement being restrained.

Constrains on epithelial cell behaviour can result in pattern formation. For example epithelial cell proliferation, movements and shape changes may produce folds or invaginations [START_REF] Heisenberg | Forces in Tissue Morphogenesis and Patterning[END_REF]. I cite here two examples. First, spatial variation in epithelial growth rate may lead to the creation of mechanical instabilities in the tissue. In a flat epithelial sheet, adhesive mismatches with the underlying mesenchyme or the ECM result in tissue buckling. Such process has been proposed to form many vertebrate structures such as lung branches [START_REF] Varner | Mechanically Patterning the Embryonic Airway Epithelium[END_REF], brain convolutions [START_REF] Tallinen | On the Growth and Form of Cortical Convolutions[END_REF] or gut invaginations (Savin et al., 2011), [START_REF] Hannezo | Instabilities of Monolayered Epithelia: Shape and Structure of Villi and Crypts[END_REF], [START_REF] Shyer | Villification: How the Gut Gets Its Villi[END_REF]. Second, the constriction of one specified pole of the epithelial cell (apical or basal constriction) can initiate curvature in the tissue.

In a mesenchyme, cells are less connected to each other and able to move independently of each other. Mesenchymal cell behaviour is thus relaxed from steric and signalling constrains, which produces different types of patterns. Movement for example, is achieved across the ECM through filopodia protrusions that attach to the substrate through a variety of adhesion proteins.

Cells may move randomly or in an organised fashion on the ECM due to forces exerted by other neighbouring cells (i.e., convection). Cell movement may also cease due to crowding (area with higher cell density). Cells may move towards differential adhesion areas or a source of secreted guidance cues, their speed depending on the diffusive properties of the signalling factor, (i.e., chemotaxis) [START_REF] Murray | Mechanochemical Models for Generating Biological Pattern and Form in Development[END_REF]. These different mechanisms result in varying spatial patterns of aggregation and/or local variation in cell density across a surface.

I.C.2.c. Patterns resulting from mechanochemical integration

How a tissue changes consequently to mechanical phenomena may be viewed as either passive (e.g., tissue deformation) and/or active (e.g., downstream modification of biochemical signalling). The latter is called mechano-sensation [START_REF] Petridou | Multiscale Force Sensing in Development[END_REF]. In turn, changes in molecular signalling can cause modifications of mechanical properties, which creates a feedback loop system. Mechanical feedback loops have been shown to occur during cell migration, polarisation or fate specification [START_REF] Chan | Coordination of Morphogenesis and Cell-Fate Specification in Development[END_REF], [START_REF] Goehring | Cell Polarity: Mechanochemical Patterning[END_REF]. In recent years, mechanochemical feedback loops have been found and studied in many developmental processes in both invertebrates and vertebrates. I cited above examples of tissue modifications such as tissue bending through polar constriction that can be viewed as mechano-sensation: bending creates differences in length between the apical and basal surfaces of the cell. These changes are perceived by the cells, which in turn modify signalling or gene expression profiles [START_REF] Heisenberg | Forces in Tissue Morphogenesis and Patterning[END_REF]. Similarly, an epithelial sheet cultured on a sinusoidal support activates the YAP transcription factor in cells with a smaller basal surface compared to the apical surface. Cells with larger basal surfaces will consequently present mesenchyme-like behaviour [START_REF] Walko | A Genome-Wide Screen Identifies YAP/WBP2 Interplay Conferring Growth Advantage on Human Epidermal Stem Cells[END_REF]. Activation of YAP induces also changes in the rate of cell proliferation, which generates actin-mediated forces [START_REF] Porazinski | YAP Is Essential for Tissue Tension to Ensure Vertebrate 3D Body Shape[END_REF]. These results thus evidence a mechanochemical feedback loop in which tissue buckling triggers the activation of YAP, in turn modifying the actomyosin activity inducing a change in mechanical properties of the tissue, hence its buckling capacity (Figure 7B).

The mesenchyme can also undergo mechano-sensation. Emblematic examples include the formation of bone condensations. In developing bones of the limb bud in mice, mesenchymal cells adhering to the Collagen of the ECM move towards regions of higher adhesive molecule density. The ECM is consequently deformed, resulting in its compression in the region of high adhesion density. This in turn concentrates adhesive proteins, in a positive feedback loop that amplifies cell condensation [START_REF] Oster | Mechanical Aspects of Mesenchymal Morphogenesis[END_REF]. Similarly, pharyngeal arches arise from local mesenchymal cell condensations able to influence fate specification. The actomyosin complex of chondroblasts (precursors of chondrocytes) generates differential surface tension forces driving changes in cell shape concomitant to their condensation and consequent differentiation in chondrocytes. Perturbing chondroblast shape leads to a defect of condensation, in turn inhibiting the TGF-ß signalling pathway and initiation of differentiation.

The establishment of the pharyngeal arch pattern therefore relies on fine sequential interaction between cytoskeleton organisation and molecular signalling pathways (Ray and Chapman 2015).

These examples of interaction between mechanical events and biochemical signalling pathways or gene regulatory networks show that tissue mechanics can actively influence chemical patterns during development (i.e., coupling of tissue geometry and pattern-forming mechanisms) (Edouard Hannezo and Heisenberg 2019). To conclude, the mechanical properties of cells and tissue are not only inherent to morphogenetic processes, they shall also be considered when formulating theories of pattern formation. Turing stated in 1952: "One cannot at present hope to make any progress with the understanding of such systems except in very simplified cases. The interdependence of the chemical and mechanical data adds enormously to the difficulty, and attention will therefore be confined, so far as is possible, to cases where these can be separated" (Turing 1952). Techniques today allow encompassing more complex systems, though choosing patterns allowing to uncouple chemical from mechanical processes remains important.

I.D. Temporal aspects of patterning

I.C.1. Patterning waves

I described above different patterning mechanisms that generate spatially distinct compartments but did not consider the temporal sequence of events characterising mechanisms and how this timely regulation may contribute to shaping patterns. At the onset of the formation of many natural patterns, so-called morphogenetic waves, defined by the timely iteration of the same patterning event, are initiated in the initially homogeneous morphogenetic field. Patterning waves propagate throughout given spaces in the developing tissue, resulting in the gradual appearance of pattern attributes [START_REF] Baker | Waves and Patterning in Developmental Biology: Vertebrate Segmentation and Feather Bud Formation as Case Studies[END_REF]. I give below two emblematic examples of patterning waves, namely the development of the eyes system in drosophila and the sequential formation of somites in vertebrates.

I.D.2. Biological examples of patterning waves

I.D.2.a. Drosophila eye development

The formation of the drosophila eye involves a series of waves of differentiation in a precise temporal sequence to ensure proper connection of the neuron to the retina. The retina is composed of several optical units called ommatidia. Together with the optic lobe composed of the lamina, medulla, lobula and lobula plate, it forms the fly visual system. Ommatidia develop in the eye imaginal disc. A first wave of differentiation called "the morphogenetic furrow", progresses from the anterior to the posterior pole of the disc. Concomitantly, differentiation of the columnar unit of the optic lobe (i.e. lamina) occurs through a second wave with same directionality. The two waves control the differentiation of photoreceptor neurons in the retina, the first sequentially sending axons to the developing lamina, which ensures the progression of the second. This coupling allows retina axons to project in their targets distributed along the dorsoventral axis. Perturbation of the synchronic progression of the waves of differentiation causes defects in the connectivity of photoreceptor neurons, therefore the temporal control of the wave progression is essential to pattern formation [START_REF] Sato | Waves of Differentiation in the Fly Visual System[END_REF].

I.D.2.b. Somitogenesis

Somites are transient embryonic structures that derive from the mesodermal layer and form blocks along the anterior-posterior axis of the embryo in segmented animals. In vertebrates, somites give rise to muscles, cartilage, tendons and dermis. Somites formation takes place at the posterior end of the embryo in the presomitic mesoderm (i.e., PSM; mesoderm-derived mesenchyme), in an anterior-to-posterior morphogenetic wave. New somites emerge at regular intervals of time (e.g. every 90 minutes in birds), so-called "segmentation clock". This process involves changes in adhesive and migratory properties of the cells of the PSM that condensate to form the epithelial ball of the somite. The initiation of the segmentation clock has been linked to the interaction of several proteins (e.g., c-hairy1 and l-fng) expressed in a gradient and/or in an oscillatory manner (J. [START_REF] Dubrulle | FGF Signaling Controls Somite Boundary Position and Regulates Segmentation Clock Control of Spatiotemporal Hox Gene Activation[END_REF], [START_REF] Dequéant | A Complex Oscillating Network of Signaling Genes Underlies the Mouse Segmentation Clock[END_REF], [START_REF] Pourquie | Repeated Morphological Evolution through Cis-Regulatory Changes in a Pleiotropic Gene[END_REF]. Two opposed signalling gradients were also identified along the anteroposterior axis: fgf8 forms a postero-anterior gradient [START_REF] Dubrulle | FGF Signaling Controls Somite Boundary Position and Regulates Segmentation Clock Control of Spatiotemporal Hox Gene Activation[END_REF], [START_REF] Ishihara | From Head to Tail: Links between the Segmentation Clock and Antero-Posterior Patterning of the Embryo[END_REF] and retinoic acid an antero-posterior gradient [START_REF] Del Corral | Onset of Neuronal Differentiation Is Regulated by Paraxial Mesoderm and Requires Attenuation of FGF Signalling[END_REF], (Diez del Corral and Storey 2004). Fgf8 signalling is necessary for the specification of PSM cells into a somitic fate precluding wave initiation in its anterior part [START_REF] Dubrulle | Fgf8 MRNA Decay Establishes a Gradient That Couples Axial Elongation to Patterning in the Vertebrate Embryo[END_REF]. The propagation of the morphogenetic wave is then driven by the posterior growth of the embryo, which causes a decrease in fgf8 signalling. In this case, temporal sequence of gene expression and signalling is thus crucial for proper pattern formation: cells must acquire competence through fgf8 signalling to undergo further morphogenetic process regulated by the cyclic expression of several interacting genes. If the two processes are not perfectly temporally regulated (i.e. synchronic), pattern formation is not possible [START_REF] Baker | Waves and Patterning in Developmental Biology: Vertebrate Segmentation and Feather Bud Formation as Case Studies[END_REF]. This temporal synchrony is thought to be ensure through gene oscillations with a cell population. Neighbouring oscillating cells present a phaseshift in their oscillations peaks that causes the generation of periodic activities waves of gene expression across the presomitic cells (Lauschke et al. 2013). The self-organisation of such waves of synchronic oscillation is Notch-signalling-dependent (Tsiairis and Aulehla 2016).

In sum, temporal regulation of patterning processes is essential during embryonic development.

Spatio-temporal coupling of developmental mechanisms can explain both periodic pattern reproducibility and diversity in nature. For example, by constraining self-organisation to definite and oriented compartments, temporal regulation allows the production of repeated motifs in a reproducible manner over large surfaces.

I.E. Towards an integration of patterning theories

Studies described above show that understanding the formation of a given pattern necessitates considering different patterning strategies, each potentially relying on a different embryonic origin, nature and mode of action of causal factors, and organised not only over patterning spaces, but also in time. In my view, two major conceptual advances strongly influence modern pattern-forming studies (including the research project I undertook, see next section). First, recent work described in the previous section showed that physical laws constraining the coordinated and individual behaviour of cells within forming tissues shall be viewed as elements generating positional information rather than just downstream effectors of a genetic program. Second, while they were long-opposed, instructional patterning and reaction-diffusion are today thought to combine in space and time to achieve pattern formation. Today's challenge is to connect all aspects, from molecular to mechanical mechanisms. A few systems have accumulated enough data that they can start providing a first glimpse of this integration.

I.E.1. Self-organisation acts as instructive source in left-right asymmetry acquisition

The early establishment of left-right asymmetry relies on the interaction of Nodal and Lefty, two diffusible proteins of the TGF family (T. [START_REF] Nakamura | Generation of Robust Left-Right Asymmetry in the Mouse Embryo Requires a Self-Enhancement and Lateral-Inhibition System[END_REF]. Genetic assays showed that Nodal signalling leads to an increase of its own production as well as Lefty, which inhibits its signalling, creating a feedback loop. A fluorescence recovery assay demonstrated that the diffusion of Lefty within the zebra fish embryo is markedly faster than that of Nodal (Müller et al. 2012), revealing a short-range activation and long-range inhibition interaction fulfilling to the requirements of a Turing system (T. [START_REF] Nakamura | Generation of Robust Left-Right Asymmetry in the Mouse Embryo Requires a Self-Enhancement and Lateral-Inhibition System[END_REF], [START_REF] Shen | Nodal Signaling: Developmental Roles and Regulation[END_REF], [START_REF] Hamada | Establishment of Vertebrate Left-Right Asymmetry[END_REF], [START_REF] Hamada | In Search of Turing in Vivo: Understanding Nodal and Lefty Behavior[END_REF]), (Y. Chen and Schier 2001), [START_REF] Chen | Lefty Proteins Are Long-Range Inhibitors of Squint-Mediated Nodal Signaling[END_REF], [START_REF] Saijoh | Left-Right Asymmetric Expression of Lefty2 and Nodal Is Induced by a Signaling Pathway That Includes the Transcription Factor FAST2[END_REF]. However, the expression profile formed by Nodal and Lefty proteins is not periodic but forms a gradient that can then be used as source providing positional information to the cells of the blastoderm which will then expressed either left or right side-specific genes. Cells will adopt specific fates according to the concentration of Nodal/Lefty signalling they received, corresponding to an instructive signalling strategy (Green and Sharpe 2015), [START_REF] Marcon | Turing Patterns in Development: What about the Horse Part?[END_REF]. Proteo-glycans composing the extracellular matrix of the blastoderm modify the diffusion of Nodal and Lefty [START_REF] Oki | Sulfated Glycosaminoglycans Are Necessary for Nodal Signal Transmission from the Node to the Left Lateral Plate in the Mouse Embryo[END_REF], [START_REF] Marjoram | Rapid Differential Transport of Nodal and Lefty on Sulfated Proteoglycan-Rich Extracellular Matrix Regulates Left-Right Asymmetry in Xenopus[END_REF], thus could alter the shape of the gradient formed and thus cell fate, resulting in a different final of left or right side-specific gene pattern. Here, pattern formation relies on the establishment of an instructive gradient itself initiated by a Turing mechanism. The latter is tuned by the diffusion coefficient of molecules. Interestingly, diffusion is likely tuned by the architecture of the developing tissue, more or less permissive. Tissue properties thus provide a template to the following segmentation event (based on instructional patterning). This system has allowed evidencing a hierarchical patterning strategy. The first step is the creation of a molecular gradient through self-organising Turing reaction-diffusion mechanism. The slope of the gradient is constrained and shaped by the mechanical properties of the tissue. The second step is the use of this gradient as a template for instructive patterning.

I.E.2. Temporal regulation of self-organisation and instruction during limb formation.

During limb development in vertebrate, digits emerge from a mesenchymal tissue initiated by localised epithelial-to-mesenchymal transition in the distal part of the limb bud. This event is controlled by a coupling between mechanical and chemical process involving Wnt, Tbx5 and Fgf10 [START_REF] Gros | Vertebrate Limb Bud Formation Is Initiated by Localized Epithelial-to-Mesenchymal Transition[END_REF]. Digits form from spaced spots of pre-chondrogenic phalanx forming regions (Tom W. [START_REF] Hiscock | On the Formation of Digits And Joints During Limb Development[END_REF]. Grafting experiments of cells of the digital margin show that the number of digits is dependent on the quantity of grafted cells, suggesting that their formation depends on the concentration of a morphogen acting as a source of positional information providing identity to each digit [START_REF] Summerbell | The Control of Growth and the Development of Pattern across the Anteroposterior Axis of the Chick Limb Bud[END_REF]. However, the precise localisation and the space between digits are however though to be controlled by Turing-like mechanism. Molecular interaction involving Bmp, Sox9 and Wnt as well as differential growth establishes a periodic digit-precursor pattern of digit and controls inter-digit cell fates [START_REF] Raspopovic | Digit Patterning Is Controlled by a Bmp-Sox9-Wnt Turing Network Modulated by Morphogen Gradients[END_REF]),(T. W. Hiscock and Megason 2015). Here too, Turing system may be coupled to mechanical processes: different adhesive proteins of the ECM (as described above) contribute to the formation of digit aggregates and confer robustness to the digit pattern [START_REF] Murray | Mechanochemical Models for Generating Biological Pattern and Form in Development[END_REF]. Once formed, putative digit regions extend to form digit rays by incorporating new cells at their distal ends during the growth of the limb bud. This process is mediated by a Fgf signalling gradient (Tom W. [START_REF] Hiscock | On the Formation of Digits And Joints During Limb Development[END_REF].

Thus, the patterning of the limb and digits integrates mechano-chemical cues (e.g., EMT initiation controlled by Tbx5 and Fgf10), positional information and a Turing-like system. Each patterning strategy is reinforced by feedback loops and controlled in a timely fashion to ensure reproducibility of the pattern.

To conclude, one of the biggest differences between and instructive systems and self-organising is that the first one cannot break symmetry on its own but take advantage of early spatial heterogeneities while the second break the symmetry on its own from an homogeneous fields of cells. One can argue that homogeneity hardly exists: the entry point of the sperm in the oocyte induces the polarisation of the egg cell [START_REF] Focarelli | Polarized Site of Sperm Entrance in the Egg of a Freshwater Bivalve, Unio Elongatulus[END_REF] and heterogeneity is therefore already present in each zygote. Nevertheless, for most patterns studied, an instructional strategy alone is not sufficient to explain all the diversity of the pattern. This is achieved only when several strategies are combined. For example, the sperm entry may be seen as external cue that cause a small break in symmetry but does not generate sufficient heterogeneity for further segmentation events, likely caused by amplification of initial asymmetries by self-organising processes. On the contrary, recent work demonstrated that in vitro, small aggregates of stimulated mouse embryonic stem cells can undergo gastrulation-like events. Thus, "gastruloïds" possess self-organising capacity that mimics embryonic spatial and temporal gene expression [START_REF] Ishihara | From Head to Tail: Links between the Segmentation Clock and Antero-Posterior Patterning of the Embryo[END_REF], [START_REF] Beccari | Multi-Axial Self-Organization Properties of Mouse Embryonic Stem Cells into Gastruloids[END_REF]. This example illustrates how redundancy in biological processes can ensure proper patterning during embryonic development. In this particular case, self-organising systems alone can ensure the first symmetry breaking steps, however in vivo, these dynamics act in concert with external cues (e.g., point of entry of the sperm) providing reproducibility and directionality. First changes can be used as template for later patterning events. Diversity in shapes and patterns may thus be achieved by fine-tuning a common set of "basic" processes. A current challenge is to understand how these processes interact and to what extent variation in their timing, duration or iteration underlies the evolution of natural patterns in nature.

II-The Vertebrate Skin Pattern

My laboratory takes advantage of the avian skin pattern as model system. The skin is directly in contact with the external environment and provides protection against external mechanical stress and water loss as well as thermo-regulation and UV-resistance. Its visual aspect, due to both colour and appendages, is essential for survival and reproductive success, playing a critical role in communication, camouflage, or mating (Cott 1940). The skin is the largest organ of an organism and its spatial arrangement is broadly conserved in vertebrates. It is composed of two layers. The epidermis, outer layer, is an epithelial tissue composed of a stratified coat of keratinocytes. The dermis, underlying layer, is a mesenchymal connective tissue composed of sparse fibroblasts, nerves, blood vessels, and fat. These two layers are separated by a basal membrane.

The skin pattern is composed of two elements: colour and appendage pattern, respectively due to the spatial organisation of pigments and so-called cutaneous appendages, namely hair, feathers, and scales, which allow simple distinction between mammals, birds and reptiles, respectively. Within taxa, skin pattern is a broadly used, easy-to-read and quantify marker for species identification and taxonomic classification (Neguer and Manceau 2017). It varies extensively in natural populations and is established during embryonic development: these two assets have been the basis of its wide use in ecology, evolutionary biology, and developmental biology.

II.A. Histology of the adult skin

II.A.1. Colour

II.A.1.a. Nature and type of colours

Colour is the result of selective absorption and reflection of light. It has several origins. The first is physical: structural colours (iridescence) are caused by microstructures in the surface of an object that create interference in the reflection path of light. The second is chemical: pigments are substances synthesised by the organism that give rise to a specific colour depending on selective wave lengths absorption. Pigments can be found along cutaneous appendages or inside the skin. In birds and mammals, cells responsible for the production of pigments are called melanocytes. They produce the melanin pigment, which can be of two types, namely phaeomelanin (giving rise to yellowish colour) and eumelanin (giving rise to brown-black colour)(G. [START_REF] Barsh | Biochemical and Genetic Studies of Pigment-Type Switching[END_REF]. In birds, an additional family of pigment can be found, called carotenoïds that give rise to a colour ranging from red to bright yellow. Its synthesis occurs in plants, insects, algae, bacteria or fungi and birds acquire it via their diet (e.g., the flamingo gets its pink colour via absorption of a pink shrimp, Artemia salina, itself pink due to carotenoïd-producing unicellular algae) [START_REF] Ball | Nature's Color Tricks[END_REF]. Birds may also achieve structural colouration, creating blue-green-purple shades or iridescence, by diffracting light through different layers of keratin present in feathers [START_REF] Kinoshita | Structural Colors in Nature: The Role of Regularity and Irregularity in the Structure[END_REF].

Amphibians, fish and reptiles possess several types of pigment-producing cells called chromatophores: melanophores (black or brown melanin pigments), xanthophores (red carotenoïds), erythrophores (yellow pteridin pigments), iridophores (light reflection causing iridescent, blue, silver or gold), leucophores (whitish/dull colour), and cyanophores (unknown compound producing electric blue colour) [START_REF] Kelsh | Genetics and Evolution of Pigment Patterns in Fish[END_REF].

II.A.1.b. Colour pattern

In mammals, birds or reptiles, an incredible diversity of colour motifs is observable, ranging from uniform to periodic complex design, such as spots, stripes, polygons, etc. Colour pattern occurs at two different scales, namely that of the whole body, or within cutaneous appendages (i.e., along individual hair in mammals forming homogeneous or "agouti" banded patterns or along feathers in birds, forming barred, spotted, striped or mottled motifs (Figure 8), (Manceau et al. 2011), (G. S. Barsh 1996), (Gluckman et al. 2013). The distribution of colour across the body can be divided in categories: homogeneous patterns (e.g., red squirrels and Gentoo penguins display dark dorsal and light ventral domains), or periodic designs that can be observed throughout the body (e.g., leopard spots and zebra stripes) or limited to a given domain (e.g., Reeve's pheasant scales and zebra finch stripes are located on their chests). From Neguer and Manceau 2017

II.A.2. Cutaneous appendages

II.A.2.a. Nature and type

In vertebrates, several types of skin appendages such as scales, feathers, hair or sebaceous glands are found throughout the skin. Scales are major cutaneous appendages of fish and reptiles. They derive from the epidermis and are rooted in the dermis in reptiles, and from the dermis in fish (Figure 9), [START_REF] Chang | Reptile Scale Paradigm: Evo-Devo, Pattern Formation and Regeneration[END_REF]. Scales provide a natural barrier preventing water loss, protecting from UV radiation, and providing mechanical protection, an evolutionary innovation that played a crucial role in the conquest of terrestrial environments [START_REF] Alibardi | Presence of Putative Histidine-Rich Proteins in the Amphibian Epidermis[END_REF]. Different types of scales exist. In snakes and lizards, the most commonly found is so-called "overlapping" scale, which forms rigid epidermal plates providing resistance to mechanical stress. In alligators and crocodiles, scales do not overlap as much, displaying a large surface composed mainly of stratified epidermis. In tortoises and turtles, scales of the shell contain bone plates (osteoderm) located in the dermis [START_REF] Chang | Reptile Scale Paradigm: Evo-Devo, Pattern Formation and Regeneration[END_REF].

Scales are also found in the bird hind limb and in the tail of some mammals (e.g. armadillos and pangolins).

Birds' feathers are derived from the epidermis, and are implanted in feather follicles, structures anchored in the dermis (Dhouailly 2009). Follicles are epidermal invaginations in the dermis.

At their basis, a dermal papilla is overlaid by a highly proliferative epithelium, the epidermal collar, from which feathers develop. Feathers are complex keratinous structures that vary according to body location. Remiges, or flight feathers, are bilaterally asymmetric and composed of a basal quill (the calamus), extending into a rachis (central structure). The rachis bears barbs, which constitute the first ramifications, themselves bearing barbules, which are secondary branches. Hooked barbicels attach barbules together, creating a "vane" for air and water resistance (Figure 9). Down feathers, providing thermo-regulation, are radially symmetric and do not display a rachis, their barbs directly branched to the calamus (Sengel 1976), [START_REF] Prum | Theory of the Growth and Evolution of Feather Shape[END_REF], [START_REF] Chen | Development, Regeneration, and Evolution of Feathers[END_REF].

Mammalian hair also derives from the epidermis and implants in follicles in the dermis. Hair follicle is composed of invaginated epithelial cells forming a cavity associated with a sebaceous gland and an erector muscle (Figure 9). At its basis, the dermal papillae is highly vascularised and dense, surrounded by a germinal matrix containing pigment and ensuring the The African penguin displays a complete absence of apteria as shown by spatial maps of feather follicle distribution (red circles). Image from pixabay, feather map courtesy of Marie Manceau spacing and size (e.g., more or less dense patterns) as well as in regularity. Of note, in flightless birds (e.g., emus and ostriches) the hexagonal geometry of the feather array is lost (Figure 12), (Clench 1970), (Neguer and Manceau 2017), (Ho et al. 2019).

In mammals, four major hair fields are described based on their location in the body and the nature of their hair: vibrissae fields, tail field, plantar field, and fur. Depending on species, hair density varies from extremely dense (e.g., sea otter) to sparse (e.g., elephant). Hair orientation can also vary, forming random, regular or even swirl motifs. Finally, variation is also observed within hair, including in its length or internal composition (e.g. porcupine spines) (Neguer and Manceau 2017), (Figure 13). At equivalent stages, density, size, and regularity of feather follicles (red dots) vary. Most often, feather follicles form a hexagon (yellow dotted line) as seen in the Japanese quail, the zebra finch and the African penguin. In some species, hexagonality is lost and the geometry random, as seen in the emu. Upper panel shows the variation of density of the hair fur in elephant, where the hairs are very sparse and sea otter which the species with the densest fur. Middle panel, shows that hair orientation presents coordinated or can create various patterns such as whorls on the head of a horse. Lower panel, shows that in a single individual, depending on the part of the body, the length of appendage can vary, is illustrate here in the tail and hears of the squirrel. In nature, of hair can also be modify to form spine that intermingle with fur hair as seen in the porcupine. 

II.B.1.a. Origin and differentiation of epidermal and pigment cells

Classic experiments of hetero-specific quail-chick transplantation have shown that in mammals and birds, epidermal and pigment cells (melanocytes), derive from the embryonic neuroectodermal layer (Le Lièvre and Le Douarin 1975). Neural fate is specified through the expression of FGFs signalling; in its absence cells express Bmp and adopt an epidermal fate [START_REF] Fuchs | Scratching the Surface of Skin Development[END_REF]. The embryonic epidermis is composed of a single layer of multipotent epithelial cells, covered by a transient protective layer of tightly connected, endodermis-like cells, the periderm.

The undifferentiated precursors of melanocytes (melanoblasts) are specified during embryonic development from cranial and trunk neural crest cells, arising from the dorsal-most part of the neural tube and migrating between somites and the ectoderm [START_REF] Li | The Biology of Melanocyte and Melanocyte Stem Cell[END_REF]. Melanoblasts migrate ventrally within the dermis to colonise trunk and limb regions. A significant fraction of melanoblasts also arises from Schwann cells precursors, which migrate ventrally and then along newly forming nerves [START_REF] Adameyko | Schwann Cell Precursors from Nerve Innervation Are a Cellular Origin of Melanocytes in Skin[END_REF]).Upon reaching their final location, melanoblasts invade the epidermal compartment to colonise the basis of the feather or hair follicle, where they differentiate into mature melanocytes. During the last days of embryogenesis, the synthesis of melanin takes place in specialised organelles (melanosomes), where a series of enzymatic reactions convert the tyrosine amino-acid to a polymer of melanin [START_REF] Cichorek | Skin Melanocytes: Biology and Development[END_REF].

Melanin granules are then deposited through dendrites along growing hair or feathers (Figure 14).

II.B.1.b. Origin and differentiation of dermal cells

Similar lineage experiments have shown that cells of the dermis have a mesodermal origin (H. [START_REF] Nakamura | Mesectodermal Capabilities of the Trunk Neural Crest of Birds[END_REF], [START_REF] Houzelstein | The Expression of the Homeobox Gene Msx1 Reveals Two Populations of Dermal Progenitor Cells Originating from the Somites[END_REF]. The dorsal dermis arises from the dermomyotome (i.e., the dorsal-most part of the somite) and its formation depends on signals emanating from the neural tube and triggering Wnt signalling in the dermomyotome (I. [START_REF] Olivera-Martinez | Mediolateral Somitic Origin of Ribs and Dermis Determined by Quail-Chick Chimeras[END_REF]. The ventral dermis originates from the ventral-most part of the lateral plate mesoderm, the somatopleure (A. [START_REF] Mauger | The role of somitic mesoderm in the development of dorsal plumage in chick embryos. II. Regionalization of the plumage-forming mesoderm][END_REF]. Shh signalling has been involved in promoting dermal progenitors from the somatopleure [START_REF] Fliniaux | Ventral vs. Dorsal Chick Dermal Progenitor Specification[END_REF]), (Figure 14).

II.B.2. Colour development

Melanoblasts are not mature and do not produce pigments but proliferate and differentiate during their migration. Proliferation is promoted by c-kit, a tyrosine kinase receptor expressed at the surface of melanoblasts. Migration depends on Ephrin and Endothelin receptors [START_REF] Hirobe | How Are Proliferation and Differentiation of Melanocytes Regulated?[END_REF], [START_REF] Cichorek | Skin Melanocytes: Biology and Development[END_REF]), but exact migration routes or factors involved in choosing them are not known. The differentiation of melanoblasts into melanocytes involves the binding of the stem cell factor (SCF) ligand to c-kit. The latter activates the Map kinase pathway, in turn activating the expression of the transcription factor Mitf. Mitf induces the transcription of the gene encoding Tyrosinase-related protein 1 (Trp-1), which marks melanocyte differentiation.

In parallel, the melanocyte-stimulating hormone (α-MSH) is secreted, it binds the Mc1r receptor expressed at the surface of melanoblasts, also promoting the activation of the production of Trp-1 [START_REF] Park | Cellular Mechanisms Regulating Human Melanogenesis[END_REF]), (T. [START_REF] Kondo | Update on the Regulation of Melanocyte Function and Skin Pigmentation[END_REF] and the production of eumelanin. When Agouti Signalling Protein (Asip), secreted by dermal papillae cells, binds Mc1r, a "switch" replaces the production of eumelanin by phaeomelanin (G. [START_REF] Barsh | Biochemical and Genetic Studies of Pigment-Type Switching[END_REF].

The expression of Agouti can be modulated by the serine protease Corin (Enshell-Seijffers, Lindon, and Morgan 2008). In rodents, Agouti also inhibits the differentiation of the melanocytes in the ventral dermis, resulting in a delay or in a incapacity to produce pigments in this region, and thus lighter ventral colouration (Manceau et al. 2011) (Figure 15). Of note, studies of zebrafish colour mutants have shown that similar molecular pathways to those acting in melanocytes of birds and mammals regulate melanophore differentiation (e.g., correct pigment production requires Kit, and Mitf expression), [START_REF] Kelsh | Genetics and Evolution of Pigment Patterns in Fish[END_REF]. 

II.B.3. Cutaneous appendage development

In birds, skin appendages arise from predetermined appendage "fields", which are well-defined regions of the embryonic skin characterised by the formation of a thick and dense superficial dermis, allowing future implantation of follicles. By contrast, future glabrous areas are composed of loose superficial dermis in which extracellular material accumulates. The formation of a dense dermis is marked by a wave of expression of the transcription factor cDermo-1 (Hornik et al. 2005). When the formation of a dense dermis is perturbed in the chick embryo, appendages fail to form. On the contrary overexpression of cDermo-1 is sufficient to induce dense dermis and subsequent cutaneous appendage formation. Morphogenesis of feather primordia (i.e., precursors of follicles characterised by local dermal condensation and epidermal placode, see next section) follows a temporal wave similar to that of dermal densification induced by cDermo-1 expression. In chicken, primordia start to form along the dorsal midline in a longitudinal row. News rows are added laterally and sequentially until tract completion [START_REF] Davidson | The Mechanism of Feather Pattern Development in the Chick. II. Control of the Sequence of Pattern Formation[END_REF]. In mice, the differentiation of the dermis starts in the flank and progressively reaches the middle of the back then primary hair follicle emerge simultaneously in back with the exception of the dorsal midline [START_REF] Millar | Molecular Mechanisms Regulating Hair Follicle Development[END_REF], (Fliniaux et al. 2008), (Figure 16).

Once the dense dermis is formed, grafting experiments have shown that appendage emergence relies on a crosstalk between the dermis and the epidermis highly conserved in vertebrates [START_REF] Dhouailly | Dermo-Epidermal Interactions between Birds and Mammals: Differentiation of Cutaneous Appendages[END_REF]. Transplanting mouse, chicken or snake leads to appendage formation. However, their species-specific type (hair, feathers or scale) depends on the epidermis [START_REF] Dhouailly | Formation of Cutaneous Appendages in Dermo-Epidermal Recombinations between Reptiles, Birds and Mammals[END_REF]). The dermis is thus responsible for the ability to produce appendages and the specified by the epidermis controls their identity. Signals governing appendage formation are likely conversed as the host epidermis can interpret donor dermal signals and vice versa [START_REF] Viallet | Retinoic Acid and Mouse Skin Morphogenesis. I. Expression Pattern of Retinoic Acid Receptor Genes During Hair Vibrissa Follicle, Plantar, and Nasal Gland Development[END_REF], (Dhouailly 2009). Their nature however remains unknown.

Hair and feather follicles share the first steps of morphogenesis [START_REF] Dhouailly | Dermo-Epidermal Interactions between Birds and Mammals: Differentiation of Cutaneous Appendages[END_REF]. Signals emanating from the dense dermis locally trigger the thickening of the epidermis, which forms an epithelial placode. Concomitantly, signals emanating from the epidermis lead to the reorganisation of the dermis, which forms a local condensation underneath the placode.

Epidermal placode and dermal condensation together constitute the hair or feather primordia Proliferating signals intrinsic to the primordia instruct the epidermis to initiate the differentiation into feather or hair follicles [START_REF] Widelitz | Early Events in Skin Appendage Formation: Induction of Epithelial Placodes and Condensation of Dermal Mesenchyme[END_REF], Figure 16: Establishment of the feather tract and the hair field (A)In birds, feathers emerge row-by-row from a dense dermis. A new row of feathers is added laterally to the previous one in a medio-lateral wave. Feathers are arranged in hexagons, which slightly stretch along the antero-posterior axis through embryonic development to form a "chevron" (yellow dotted lines). (B) In mice, hairs arise also from a dense dermis and primary hair primordia appear simultaneously. [START_REF] Biggs | Early Inductive Events in Ectodermal Appendage Morphogenesis[END_REF], [START_REF] Ahn | Signaling in Tooth, Hair, and Mammary Placodes[END_REF]. In the case of the hair follicle, proliferating cells from the epithelial placode invade the dermis to surround the dermal condensation, which becomes the dermal papilla. Further proliferation and differentiation of epithelial cells result in the formation of the mature follicle from which hair develops as a single tubular protrusion expanding from the skin [START_REF] Millar | Molecular Mechanisms Regulating Hair Follicle Development[END_REF]. During feather morphogenesis, the cells from the dermal condensation are highly proliferative and have different growth rates in their dorsal or ventral sides, resulting in a polarised structure, the feather papilla [START_REF] Widelitz | Molecular Biology of Feather Morphogenesis: A Testable Model for Evo-Devo Research[END_REF]. The epidermis invaginates around the basis of the dermal papilla, creating a cavity [START_REF] Prum | Development and Evolutionary Origin of Feathers[END_REF], [START_REF] Yu | The Morphogenesis of Feathers[END_REF]. Proper feather morphogenesis involves continuous growth and a helical displacement of longitudinal epithelial ridges that form the future barbs within the inner epidermal layer. Fusion of ridges on the ventral side of the growing cylinder creates the quill. The morphogenesis of the feather is the most complex of all appendage types (by comparison, hair formation is similar to that of a feather barb [START_REF] Yu | The Morphogenesis of Feathers[END_REF], (Sengel 1976), (C.-F. [START_REF] Chen | Development, Regeneration, and Evolution of Feathers[END_REF].

II.C. Skin pattern development

The skin pattern is a particularly suited model system for pattern forming studies. First, as mentioned in the previous section, skin patterning occurs from the scale of the whole body to that of individual appendages. At each organisational level, motifs may vary between species, a variation rooted in the developmental mechanisms of skin pattern formation. Dynamics of pattern formation may be described by the evolution of geometrical shapes formed by nascent pigments or appendages. For example, in many birds such as the domestic chicken, feather implantation first forms oblique lines, and deforms later in a curved v-shape (i.e., a chevron).

Temporal studies of patterning forming events in the skin are thus ideal to uncover the embryonic origin and mode of action of patterning factors. Second, several molecules involved in skin development have been identified. The skin pattern thus serves to shed light on the molecular and cellular mechanisms leading to the formation and repetition -sometimes thousands of times, of a character in an initially homogeneous field. Third, theoretical work has largely been using the skin pattern as a framework. For example, many colour patterns seen in wild animals may be driven by systems akin to Turing's reaction-diffusion as they can be reproduced by numerical simulations of these models (see section I). More generally, repetitions in time or space (i.e., periodicity) are thought to form through self-organisation. The skin pattern is thus crucial to uncover the morphogenetic and molecular basis of self-organising dynamics, which despite being widely used as explanation for pattern formation, continue to lack crucial biological support such as formal identification of factors acting in vivo. Fourth, from an experimental standpoint, the skin offers many advantages. Being the largest organ of the body, it provides considerable amount of tissue to conduct analyses. In addition, its superficial position allows easy visual access. Finally, skin pattern varies tremendously between and within natural populations. Studying skin pattern formation and variation thus potentially impacts our current understanding of pattern establishment but also has the potential to allow better understanding of mechanisms shaping diversity, such as developmental constraints to pattern evolution.

II.C.1. Colour patterning

II.C.1.a. Colour patterning of large domains

The patterning of colour domains is largely established during embryonic development; when readily visible at a large scale in adult individuals, "large" colour domains are preceded by socalled embryonic "pre-pattern". Pre-patterns are characterised by spatial differences in the skin tissue such as in pigment production or density and/or pigmentation gene expression that spatially foreshadow the future colour domain. Here, I will focus on colour pre-patterns identified in vertebrates but several have been evidenced in invertebrates as well (including notably in the developing drosophila wing where the regionalised expression of Yellow result in the formation of a wing spot) (Prud'homme et al. 2006). As mentioned in section II-B-3, in Peromyscus mice, difference in dorso-ventral coloration in the adult relies on differences in pigment cell differentiation in the embryo, caused by the regionalised expression of Agouti in the ventrum (Manceau et al. 2011). The expression of Tbx15 is found in the dorsal mesenchyme and is complementary to Agouti. In laboratory mice, the position of the dorso-ventral colour boundary across the flank in mice is regulated by the interaction between these two genes [START_REF] Candille | Dorsoventral patterning of the mouse coat by Tbx15[END_REF].

In crows, a pre-pattern has also been identified by comparing the genetic profile of expression of different colour domains in adult: differences between the head and the chest compartment correlate with the spatial expression of Mitf-related factor and agouti. The same experiment in crows that do not have different colour between these two compartments showed that these have the same expression profile, demonstrating that pre-patterns can be cryptic [START_REF] Poelstra | Transcriptomics of Colour Patterning and Coloration Shifts in Crows[END_REF]. During my Ph.D., I contributed to a study that surveyed large colour domains in ~forty species of finches in the Estrildidae family of passerine songbirds, widely studied in population genetics and displaying extreme apparent colour differences. We established a map of conserved colour domains, which we correlated to putative regions of the embryonic skin. We associated each typical domain to a set of markers using RNA seq experiments. Comparing marker between species allowed us to show that variation in colouration occurs within commonly located units, together forming a common "paintbox" established early during embryogenesis. We performed hetero-specific grafting experiments of several embryonic tissues in order to identify the origin of signals controlling the formation of ventral colour domains. The results of these experiments showed that, contrary to colour itself which originates from the neural tube (Le Lièvre and Le Douarin 1975), and dorsal colour pattern which is controlled by signals from the somite (Haupaix et al. 2018), ventral colour pattern is instructed by signals emanating from the lateral plate mesoderm. This tissue controls both the molecular identity of ventral colour domains along the antero-posterior axis and the position of the dorso-ventral colour boundaries inside the ventral tract (Hidalgo et al in prep; see annex I).

Together, these studies show that the emergence of pre-patterns for large colour domains can be broadly conserved in large species' groups and independent of late differentiation events occurring within each discrete compartment.

II.C.1.b. Colour patterning of periodic designs

Periodic patterns are repeated motifs that sometimes spatially organise in simple designs such as dotted arrays or stripes, or complex or superimposed designs such as meanders, polygons, or apparently random combinations of geometries. Despite their apparent complexity, a breadth of studies revealed that periodic designs could also be preceded by colour pre-patterns. In domestic and wild cats, local differences in End3b expression in the dermis of the embryo foreshadow the position of coloured stripes and labyrinthic designs in the adult fur (Kaelin et al., 2012). Similarly, there is a strict spatial correlation between the dorsal expression of the transcription factor Alx3 and the position of light-coloured stripes in African striped mice of the genus Rhabdomys (Mallarino et al., 2016).

In birds, a study from the Manceau laboratory in which I took part has shown that periodic yellow and black stripes visible in juvenile individuals in the Galliforme group (i.e., poultry) rely on an agouti pre-pattern. This work is described in Annex II and in a review article I cowrote (Annex III), (Haupaix and Manceau 2019). We showed that the width and number of stripes vary between species. Within species however, the motif is highly reproducible, suggesting that they rely on pre-existing spatial reference (i.e., pre-pattern). Therefore, we conducted a comparative assay in different species of the Galliforme group, in which longitudinal stripes are organised in a black-yellow-black sequence in the dorsal region. We showed that the width of each stripe varied and that their number increased with dorsum size.

In contrast, independently of the size of the individual the position of the first yellow stripes of the sequence were comparable. In embryonic skin, the early expression of the well-known pigmentation gene agouti foreshadows the position of the future yellow domains. Then, a functional approach was conducted in mutant quails with low or high levels of agouti showed that agouti controls the width of the stripes in a dose dependent manner. Less is known concerning agouti regulation. Therefore, in order to identify the origin of the signals responsible for the spatial expression of agouti and consequently for the positioning of the yellow stripe; we performed hetero-specific grafting experiments between quails and pheasants. After transplanting quail somites (from which dermal cells originate) into a pheasant, we found the quail-like pattern of agouti and yellow bands in chimeras. Such changes were not observed when the neural tube (from which pigment producing cells originate) was grafted. These results showed that the somitic mesoderm autonomously instructs agouti expression and consequently the position of yellow stripes (Haupaix et al. 2018), (see Annex II). These results raise the possibility that periodic designs, rely on early positional sources allowing to ensure reproducibility, essential for the fitness of the species. Therefore, a self-organising process, such as reaction-diffusion can be framed using initial conditions corresponding to developmental landmarks.

II.C.2. Cutaneous appendage patterning

Classical genetic experiments including gain-or-loss of function, the use of chemical inhibitors, The canonical Wnt pathway leads to the activation of different genes mediated by the βcatenin. When a Wnt protein binds a Frizzled receptor, the latest phosphorylated and the Dishvelled protein is recruited, triggering the inhibition of the destruction complex of the βcatenin. The β-catenin therefore translocated into the nucleus where its interaction with the transcription factor TCF/LEF stabilises it and causes the transcription of target genes involved in numereous developmental processes, including hair/feather primordia fate specification programme. Dkks are a family of antagonist proteins of the Wnt signalling pathway, they inhibit it by binding to a co-receptor of Frizzled receptors.

-Role of Eda and Bmp signalling pathways

Eda and Bmp constitute another molecular couple suggested to play a role in the establishment of primary hair follicle pattern. Bmps have an inhibitory effect on hair/feather primordia development (Jung et al. 1998), [START_REF] Drew | The Edar Subfamily in Feather Placode Formation[END_REF]) and are expressed in the dermis. Eda is a transmembrane protein that binds Edar receptor, leading to the activation of the transcriptional factor NF-kB expression [START_REF] Mikkola | TNF Superfamily in Skin Appendage Development[END_REF]. Evidence for the involvement of Eda in the development of ectodermal appendages (e.g., hair, mammary glands, teeth) stems from studies of hypohidrotic ectodermal dysplasia syndrome in mice and human. A lack of Eda causes a defect in ectodermal appendage development. Edar is found in hair/feather placodes and Eda transcripts localise in their surroundings [START_REF] Kere | X-Linked Anhidrotic (Hypohidrotic) Ectodermal Dysplasia Is Caused by Mutation in a Novel Transmembrane Protein[END_REF], [START_REF] Thesleff | The Role of Growth Factors in Tooth Development[END_REF].

However, inhibiting the Eda pathway does not impair skin formation nor does it prevent the initiation of appendage emergence. Rather, it leads to defect in appendage shape, number, size, or position [START_REF] Sadier | The Ectodysplasin Pathway: From Diseases to Adaptations[END_REF]. For instance, in the chicken, forced expression of Edar creates extra feathers at the margin of the feather tract [START_REF] Drew | The Edar Subfamily in Feather Placode Formation[END_REF]). Knock-out of Eda abolishes the formation of guard hair in mice, and while secondary hair develops it displays morphological defect and decreased density [START_REF] Laurikkala | Regulation of Hair Follicle Development by the TNF Signal Ectodysplasin and Its Receptor Edar[END_REF]. Conversely, increased Eda activity induces an increase in placode size in mice. On the contrary, the Bmps are mostly been shown to have a inhibitory effect of hair/feather primordia development (Jung et al. 1998), [START_REF] Drew | The Edar Subfamily in Feather Placode Formation[END_REF]) and are expressed in the dermis.

Eda signalling in the epidermis is coupled with the induction of Bmp-4 and 7 expression in the dermis. Bmp signalling inhibits Eda signalling. In parallel, Eda signalling triggers the expression of an inhibitor of the Bmp pathway, preventing Bmp's inhibitory action in areas in which Eda signalling is active. This interaction corresponds to a reaction-diffusion system in which patterning is driven by the spatial restriction of the inhibitor. A mathematical analysis however showed that this simple system is highly unstable, and Eda signalling has been suggested to modulate the expression of stabilised b-catenin in the placode to ensure pattern stability (Mou et al. 2006). Hair placode formation characterised by the thickening of the epithelium relies mostly on directional migration and intercalation processes (Ahtiainen et al. 2014), while proliferation ceases upon hair morphogenesis. These cell behaviours are coherent with the phenotype observed in mice treated with Fgf7, which induces of proliferation. In these animals, placodes do not form. During primary hair follicle formation, dotted arrays of Fgfs, Bmps and Wnt gene expression are observed prior to mesenchymal cell condensation. Change in cell behaviour is thus likely a response to prior molecular information (Glover et al. 2017), which is not the case in feather patterning (Ho et al. 2019). Good molecular candidates are Wnt and Eda, as overexpressing these molecules in inter-placode cells leads to the acquisition of placode cell characteristics, such as increased motility and decreased proliferation. Alternatively, cells migrating towards a placode may produce or induce positional cues, leading to dermal rearrangement combined with local changes in adherence to the substrate [START_REF] Biggs | Early Inductive Events in Ectodermal Appendage Morphogenesis[END_REF].

II.C.2.b. Patterning of feather follicles -Dynamic of emergence of the feather array:

As already mentioned, feathers arise in chicken in a medio-lateral morphogenetic wave, defining a precise temporal sequence [START_REF] Davidson | The Mechanism of Feather Pattern Development in the Chick. II. Control of the Sequence of Pattern Formation[END_REF], [START_REF] Chiang | Essential Role for Sonic Hedgehog during Hair Follicle Morphogenesis[END_REF], [START_REF] Lin | Molecular Signaling in Feather Morphogenesis[END_REF].

Cells are immature to form feather follicles until a wave of increased cell density and Eda signalling travels through the skin (Ho et al. 2019). Culturing ex vivo embryonic chicken skin from dissociated mesenchymal cells "resets" temporal regulation of pattern formation, follicles forming simultaneously [START_REF] Jiang | Integument Pattern Formation Involves Genetic and Epigenetic Controls: Feather Arrays Simulated by Digital Hormone Models[END_REF]). These results showed that a morphogenetic wave is not essential for pattern formation (Figure 19). However, the presence or absence of morphogenetic waves have been linked to local differences in feather follicles distribution. In ostrich, emu, and ex vivo reconstituted chicken explant, there is no morphogenetic wave of follicles formation and resulting in the formation of an irregular distribution of the feather across the skin (Ho et al. 2019). Therefore, the existence of patterning wave is essential for the precise timing and positioning of structure with a competent morphogenetic domain. Thus, patterns emergence surely relies on a combination of local and global event that act together to procure spatial and temporal difference to the tissue that then undergoes reproducible and robust morphogenesis (Inaba et al. 2019).

The precise and reproducible sequence of emergence of the feather array and its variation between birds represents a precious tool to dissect the mechanism of patterning responsible for its formation (see Results IV). The first couple of molecules potentially acting in a reaction-diffusion mechanism have been theoretically described by studying the process of feather primordia individualisation (i.e., the formation of separate dotted structures), in a mathematical model in which Shh and FGF-4 are activators and BMP-2 and BMP-4 are inhibitors (Jung et al. 1998). Shh is a master regulator of cell differentiation; it is crucial for the growth of feather follicles, in particular by maintaining dermal condensation and inducing primordia maturation [START_REF] Chiang | Essential Role for Sonic Hedgehog during Hair Follicle Morphogenesis[END_REF]). Shh has also been shown to promote cell proliferation in mammals and birds. Both condensation and proliferative capacity are key for later hair or feather morphogenesis [START_REF] Mckinnell | Sonic Hedgehog Functions by Localizing the Region of Proliferation in Early Developing Feather Buds[END_REF], during which Shh expression is again required for establishing periodic patterning in the filament epithelia and feather barbs, resulting in their branching pattern [START_REF] Widelitz | Molecular Biology of Feather Morphogenesis: A Testable Model for Evo-Devo Research[END_REF].

BMPs have been shown to mostly inhibit feather primordia development (Jung et al. 1998).

They are spatially restricted throughout primordium formation (e.g., BMP-4 is restricted to dermal condensations) [START_REF] Noramly | BMPs Mediate Lateral Inhibition at Successive Stages in Feather Tract Development[END_REF]. The study of a chicken strain displaying a lack of feather formation in the neck showed that this defect can be explain by an increase of Bmp expression in this region, confirming its inhibitory role on feather follicle development (Mou et al. 2011). BMPs also promotes cell movement through chemo-attractive activity or arrest of cell migration (Michon et al. 2008). Experiment in which coated beads were implanted on dorsal skin explants of chicken showed that perturbing Shh/FGF signalling affects BMP-4 and vice versa, evidencing these molecular pathways interact (Jung et al. 1998). Numerical simulations suggest this interaction between Shh/FGF and BMPs may correspond to a reactiondiffusion mechanism.

-Chemotactic model:

To explain primordia's individualisation, other self-organising models based on chemotactic properties of skin cells have been developed by Michon and colleagues based on molecular signalling from BMP proteins. As mentioned above, BMP proteins tend to prevent feather formation (Jung et al. 1998). They are expressed first within the epidermis and later in placodes (e.g., BMP-2), dermal condensations (e.g., BMP-4), or only in the epidermis [START_REF] Scaal | BMPs Induce Dermal Markers and Ectopic Feather Tracts[END_REF]), (M. P. [START_REF] Harris | Bmp7 Mediates Early Signaling Events during Induction of Chick Epidermal Organs[END_REF], a spatial restriction shown to trigger chemotactic response from mesenchymal cells. For example, high concentrations of BMP-7 attract feather cell progenitors. In the mathematical model developed, BMP-7 is a constitutive activator promoting feather primordia fate by stimulating the migration of the mesenchymal cells via chemo-attraction. BMP-7 expression also triggers the secretion of its inhibitor Follistatin, which lowers its activity. BMP-2 is an inhibitor driving the arrest of mesenchymal cell migration. When applied to a medio-lateral mathematical wave, this model reproduces a rowby-row dynamics of feather pattern establishment, creating a dotted array. While no direct interaction between BMP-7 and BMP-2 has been found in vivo, the model predicts primordia individualisation defects observed when beads coated with BMP proteins are implanted in the developing skin ex vivo, (Michon et al. 2008).

It also fits several cell behaviours observed during the individualisation of primordia driven by a series of proteins that constitute good candidates for a role in chemo-attraction. The first is cell movement. In the chick embryo, the formation of dermal condensation has been shown to rely on cell migration (i.e., redistribution of cell from the dense dermis) rather than local differences of the proliferation rate [START_REF] Olivera-Martinez | The Different Steps of Skin Formation in Vertebrates[END_REF]. When cell movement is blocked, no feather placode forms (Ho et al. 2019). Cell movement depends on cell-cell or cell-ECM interaction, and is modulated by the secretion of chemo-attractive factors (see I).

However, time-lapse imaging of chicken dorsal skin explants showed that cells of the loose dermis move more rapidly than those of the dense dermis, perhaps because cells are freer to move due to less cell-cell interaction. The capacity to form individualised primordial may thus require optimal cell motility abilities, too few or too strong movement impeding condensation. I will further discuss this hypothesis in light of data I obtained during my PhD in coming sections.

Chemotactic activity may also be driven by molecules involved in the regulation of cell adherence or motion, such as Integrins [START_REF] Jiang | Mechanism of Skin Morphogenesis. I. Analyses with Antibodies to Adhesion Molecules Tenascin, N-CAM, and Integrin[END_REF], Rho family GTP-dependent kinases [START_REF] Raftopoulou | Cell Migration: Rho GTPases Lead the Way[END_REF]Hall 2004), (Etienne-Manneville and[START_REF] Hall | Rho GTPases in Cell Biology[END_REF] or Fibronectin [START_REF] Mauger | Immunofluorescent Localization of Collagen Types I and III, and of Fibronectin during Feather Morphogenesis in the Chick Embryo[END_REF], are expressed in dermal condensations and may be implicated in their formation and/or stabilisation. Perturbing their expression allows primordia formation but alters migration of dermal cells, and results in changes in the location, size and shape of primordia [START_REF] Michon | Dermal Condensation Formation in the Chick Embryo: Requirement for Integrin Engagement and Subsequent Stabilization by a Possible Notch/Integrin Interaction[END_REF]. These factors are thus potentially shaping variation in feather array geometry observed among bird species, hypothesis I will further discuss in next sections.

Finally, other potential actors fitting a chemotactic model may be involved in the acquisition and maintenance of cell adhesion. The stabilisation of dermal condensations has been shown to rely on the interaction between b1-integrin and the intra-cellular domain of Notch [START_REF] Weinmaster | A Homolog of Drosophila Notch Expressed during Mammalian Development[END_REF], (Favier et al. 2004), necessary to maintain cell adhesion. The latter is a key factor for the expression of morphogens such as BMP all involved in cutaneous appendage formation. Notch signalling is contact-dependent; its inhibition results in a loss of cell contact, but does not prevent primordium formation. Instead, it causes fusion of emerging primordia, a defect of individualisation that may reflect the requirement of Notch signalling in the establishment of sharp boundaries and the maintenance of the dermal condensation [START_REF] Michon | Dermal Condensation Formation in the Chick Embryo: Requirement for Integrin Engagement and Subsequent Stabilization by a Possible Notch/Integrin Interaction[END_REF].

-Mechano-chemical model:

Another explanation to primordia individualisation stems from the ability of, dermal cells to carry out aggregation through physical properties, allowing or not contraction or migration along a Collagen lattice [START_REF] Stuart | Embryonic Morphogenesis: Role of Fibrous Lattice in the Development of Feathers and Feather Patterns[END_REF], [START_REF] Oster | Mechanical Aspects of Mesenchymal Morphogenesis[END_REF], [START_REF] Bard | Traction and the Formation of Mesenchymal Condensations in Vivo[END_REF], [START_REF] Harris | Generation of Spatially Periodic Patterns by a Mechanical Instability: A Mechanical Alternative to the Turing Model[END_REF]. This was recently evidenced by culturing skin explants on substrates of different stiffness or inhibiting/promoting their contractile capacity via perturbations of Myosin II activity: these modifications led to changes in primordia spacing or size, respectively. In addition, feather primordia formation is concomitant to the activation of the Wnt signalling pathway, and b-catenin activation has been proposed to be mechanically triggered by dermal compaction (Shyer et al. 2017).

Based on the work described above, Ho and colleagues built an integrated model of reactiondiffusion-taxis. They theoretically predicted that Fgf and Bmp signalling act together to drive primordia individualisation. The role of BMP signalling has been described above. FGF signalling is also involved in feather follicle differentiation. Inhibiting Fgf signalling with antagonists prevents feather formation [START_REF] Mandler | FGF Signaling Is Required for Initiation of Feather Placode Development[END_REF], and inhibiting ERK signalling pathway (downstream of FGF signalling) shows this failure is due to a lack of cell movement (Lin et al. 2009). FGF-10 is expressed in the early mesenchyme and has been suggested to enhance proliferation in the dermis, conferring its capacity to form feather follicles [START_REF] Mandler | FGF Signaling Is Required for Initiation of Feather Placode Development[END_REF]. FGF-2, is thought to positively regulate dermal condensation via chemo-attraction [START_REF] Song | FGF-2 Signaling Is Sufficient to Induce Dermal Condensations during Feather Development[END_REF]. Finally, in both mice and chicken, FGF-20 is found in the epidermis before dermal condensation. In its absence, no dermal condensation is observed in mice, but placodes form normally [START_REF] Biggs | Early Inductive Events in Ectodermal Appendage Morphogenesis[END_REF]). In the chicken mutant Scaleless, devoid of feathers, loss-of-function of FGF-20 causes an absence of placodes, suggesting a broader role of this protein in feather primordia formation Upper panel shows a top view of the dermis behaviour. The lower panel shows a transverse view of the epidermis and the dermis. The first break of symmetry is the establishment of a cell density gradient in the dermis concomitant to a travelling wave of EDA signalling. Thus, leads to the production of FGF signalling inducing by its chemo-attractive capacity the formation of the dermal condensations which in turn have a positive effect on the production of FGF signalling. The condensations trigger the expression of the bmp signalling, an inhibitor of FGF signalling, regulating the size and the sharpness of the boundaries between dermal condensations. The cell density wave continues to spread and the process repeats until tract completion. The stabilisation of feather primordia pattern and further morphogenesis of feather are ensured by the mechano-transduction of the β-catenin into the nucleus of the epidermal cell and Notch signalling. [START_REF] Wells | Genome-Wide SNP Scan of Pooled DNA Reveals Nonsense Mutation in FGF20 in the Scaleless Line of Featherless Chickens[END_REF]. Conversely forced expression of FGF-20 in the loose dermis triggers primordia formation, highlighting its chemo-attractant property (Ho et al. 2019). The wave of Eda expression is thought to induce epidermal expression of FGF-20. Epithelial FGF expression is thought to attract mesenchymal cells and cause the formation of aggregates. In turn, cell aggregation reinforces FGF-20 epithelial expression through mechanical triggering via local epithelial compression. Concomitantly, BMP signalling inhibits FGF signalling and lowers its activator effect.

Together, studies revealed that feather patterning relies on a molecular and mechanical crosstalk.
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III-Approach

We saw that feather pattern formation involves tissue shape changes and various cell behaviours as well as molecular signalling. However, it is difficult to functionally uncouple their roles in the formation of feather primordia from their putative functions in controlling the spatial arrangement of the primordia. Moreover, patterning studies traditionally assumed a molecular basis for positional factors but recently also implicated cellular and mechano-chemical aspects:

in addition to integrating positional information, morphogenesis and inherently mechanical forces could also generate positional cues. However, for lack of basic histological information and knowledge of underlying patterning mechanisms, how morphogenetic events contribute to shape of the spatial arrangement of feather primordia remains unclear. 

RESULTS

IV-Patterning dynamics of the feather tract

IV.A. Context and summary

It has been shown that the development of the feather tract involves self-organising processes such as Turing "reaction-diffusion" or chemotaxis (see introduction (II.C.2.b)). Such processes rely on several factors (molecular, cellular, or tissue-level) that cumulate and cooperate temporally and spatially in the developing skin. In order to have insights on the precise roles of each parameter of the system during feather tract patterning, mathematical models can be useful. The accuracy of a model relies mostly on its ability to reproduce a pattern at a given developmental stage, but also the dynamics of its formation, as well as the experimentallyinduced or natural variation.

When I started my Ph.D., a fellow Ph.D student in mathematics, Richard Bailleul, sought to design a unified model of dorsal tract formation that could not only reproduce final patterns but also intrinsically generate its dynamics of emergence. He therefore designed a model in which he coupled both reaction-diffusion and chemotaxis frameworks. The aim of this model is to be used as a predictive tool: if the variation surveyed in vivo correlates with in silico experiments, it allows drawing hypotheses on the parameters involved in tract formation but also on the parameters involved in its variation across species.

To be able to draw such hypotheses, the first thing we did was to characterise the feather array and its dynamics of emergence in several species of birds. To do so, we performed in situ hybridisations for b-catenin, an early marker of feather primordia, in Galliformes (namely in chicken, quail, pheasant and partridge) as well as in ratites (emu), passerines (zebra finch), and penguins. The results of this survey showed that in Galliformes and the zebra finch, thin bands of b-catenin define the initial competent domains in which future feather primordia will form.

In these species, feather primordia arise in a row by row sequence that starts from the b-catenin expressing longitudinal domains and travels laterally throughout the dorsal skin. On the other hand, in emu and penguin, wide b-catenin expressing surfaces are established prior to the formation of feather primordia and several rows of feathers arise from these large domains. We then used these in vivo dynamics as foundations to implement our model and looked for the parameters that allow to reproduce final patterns and their timely sequence of emergence. This
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Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning PLoS Biol 17 (10): e3000448 (October 2019)

INTRODUCTION

The diverse shapes and motifs that adorn animals have been a long-standing interest of theoreticians and developmental biologists: how can patterns arise from homogeneous structures during the development of an organism in an often highly organised and reproducible manner? On the one hand, numerous modelling studies, frequently assuming a chemical basis for pattern-forming factors (for review [1,2]) but also recently integrating cellular and mechanochemical processes (for review [3,4]), led to the theorisation of self-organising dynamics to explain the emergence of many patterns. However, a single final pattern can often be reproduced by a variety of models [4,5]. In addition, each of these models (both in their equations and stationary solutions) potentially describes various developmental mechanisms.

Choosing and building models that not only accurately anticipate patterns but also guide relevant tests of in vivo patterning mechanisms thus often remains challenging. On the other hand, genetic screens and expression analyses of developmental factors -sometimes guided by modelling, have identified candidate molecules and cellular events putatively involved in pattern formation in vivo [1,2,6,7]. However, biological interpretation is often limited by the difficulty to link a given pattern to prior molecular gradients and/or cell behaviours occurring in the absence of spatial reference in the a priori naïve, un-patterned tissue.

The plumage pattern is one of the few emblematic systems in studies of pattern formation and evolution in which the modelling-experimentation gap has been successfully bridged [5,8]. In birds, feathers are implanted in so-called "tracts" (or pterylae) separated by glabrous areas. The spatial distribution of tracts at the scale of the whole body (i.e. macro-pattern) is broadly conserved, all birds having capital (head), humeral / alar (wings), dorsal, ventral, femoral / crural (legs) and caudal (tail) tracts [9,10]. However, their shape and size, as well as the geometrical arrangement of feathers within tracts (i.e., micro-pattern) vary between bird groups (as formerly studied in the zoological field of pterylography; [11,12]). Work performed in the domestic chicken Gallus gallus showed that the patterning of feather tracts involves surface dynamics occurring in the developing skin tissue. In this species, the early mesodermal layer first directs the formation of competent epidermal areas (or feather fields). Within each feather field, longitudinal rows of feather follicles individualise in a medial-to-lateral "wave" of differentiation to form a regular dotted pattern, which later becomes distorted to give rise to a reproducible geometry in which each feather is surrounded by an elongated hexagonal array of neighbours [10] (Fig 1A). Feather arrangement is thus a complex yet ordered motif that results from the timely orchestration of patterning events in the developing skin including (1) local individualisation of shapes (here, follicles) from an initially homogeneous feather field, and (2) the directional and gradual progression of this differentiation process.

Efforts to understand plumage patterning have largely focused on the control of feather follicle individualisation. Computer simulations of self-organising models (e.g., reaction-diffusion, chemotaxis, alone or in combination), can give rise to regularly spaced dots reminiscent of the chicken feather motif [13,14] (or other cutaneous structures in Vertebrates [15,16]), which suggests that the formation of feather follicle arrays results from a self-organisation of the developing skin. The nature of self-organising positional factors raises much interest, as recent studies have evidenced a coupling between molecular and mechanically driven, cellular dynamics. Several candidate proteins of the BMP, FGF and Wnt signalling pathways have been identified based on their local expression and diffusive properties, and/or because perturbing their expression/activity modifies the local arrangement and differentiation of feather follicles [13,14,17,18]. Such molecular activity may rely on spontaneous changes in cellular organisation: the nuclear translocation of ß-catenin in epidermal cells (an event marking early stages of feather follicle differentiation [19]) is caused by a local aggregation of dermal cells as the result of their contractile properties [20]. Conversely, cellular dynamics can also depend on molecular activity: FGF signalling drives dermis aggregation, consequentially compressing the epidermis, which in turn intensifies FGF expression in a positive feedback loop [21].

However, neither self-organising models nor the abovementioned molecular/cellular processes explain the directional and progressive aspects of plumage pattern formation. Consistent with the medio-lateral appearance of feather rows, the differentiation of the skin tissue is characterised by a dorso-ventral gradient of cell density [9]. This gradient has been shown to precede a wave of Eda signalling that sets the cell density threshold required for the occurrence of feather follicle individualisation [21]. However, the mechanisms that trigger such a signalling wave are not known. In addition, the events that mediate its propagation within the feather field, and control the orientation and temporal dynamics of this process such that it creates a stepwise sequence of longitudinal row formation, have not been identified. Thus, to what extent the control of patterning in time shapes the organisation of the avian skin in space and constrains its evolution remains an unresolved question.

Here, we tackled this challenge by performing an extended survey of tract pattern formation in Galliformes, passerines, ratites, and penguins, thereby identifying common and varying attributes of its temporal emergence. We built a mathematical model that intrinsically reproduces both these dynamics and their variation. We achieved so by combining parameters of reaction-diffusion and chemotaxis with logistic cell proliferation; when applied on initial conditions measured in the naïve skin tissue of each species, our unified model recapitulated species-specific patterning dynamics without forcing onto an extrinsic mathematical wave. We then verified predictions by showing in and ex vivo that the two key elements driving spatiotemporal dynamics are an early symmetry breaking event occurring prior to follicle individualisation and oriented along the antero-posterior axis, and the non-homogeneous proliferation of cells, behaving as predicted by the logistic source and created by the limited capacity of the tissue to support cell density. These phenomena trigger the progressive appearance of discrete longitudinal domains in a travelling wave. The area of each segment, modulated by the pre-pattern, accommodates the self-organisation of a given number of follicles, which gives rise to the row-by-row patterning sequence in species with sharp-enough initial conditions. By characterising skin architecture through time we demonstrated that a lateral transfer of increased cell density dictates the directional propagation of longitudinal segments. Finally, we showed that colchicine-based inhibition of cell proliferation on cultured skin explants slows down patterning in line with model simulations, demonstrating that cell proliferation sets the overall duration of tract completion.

RESULTS

Dorsal feather tracts vary in macro-and micro-pattern between birds

To facilitate the identification of events involved in the temporal control of plumage pattern formation we first described common points and differences in its final organisation by performing a comparative survey of completed dorsal tracts. The domestic chicken historically served as model: consistent with previous work [9] we observed that when completed (at E11) its dorsal tract covers ~77% of the skin surface and displays an orderly arrangement in which adjacent longitudinal rows (i.e., feather rows; fr) contain a reproducible number of feather follicles (F=25 as quantified between wings and tail in medial rows) and form "chevrons" along the dorso-ventral axis. For comparison, we chose two close relatives in the Galliformes bird order (which is part of the monophyletic group Galleoanserae), namely the Japanese quail Coturnix japonica and the common pheasant Phasianus colchicus for which we previously described feather distribution [22]. In Galliformes, overall tract size (~75 and 72% of dorsum surface, respectively), shape, and geometry are conserved, while the number of feathers per row is species-specific: F=17 in the quail (except in fr#1 known to develop later where F=10 [17]) and F=23 in the pheasant. By contrast, we found that in the emu Dromaius novaehollandiae, which is a flightless ratite of the derived monophyletic group of Paleognathes, feathers are arranged across the whole dorsum in a dense and irregular pattern (F~60, as quantified along lines drawn from wings to tail). Because Galleoanserae and Paleognathes represent two ancient, species-poor branches of the bird phylogeny, we extended our survey to include two species of Neoaves, third and major avian taxon comprising 95% of all living bird species [23].

In the zebra finch Taeniopygia guttata, a passerine bird in which tracts had been previously thoroughly described [10], the dorsal tract encompasses a relatively thinner skin region (~38% of the dorsum surface) compared to Galliformes. It displays a different shape with an enlargement at the level of hind limbs (so-called "saddle"), with fewer and shorter rows that are less strictly arranged (9<F<18 in the medial rows). Finally, in the Gentoo penguin Pygoscelis papua, which is an aquatic Neoaves bird devoid of flight abilities -much like the emu, we found that feathers densely cover the whole dorsal region (F~50; Fig 1B). Together, these observations show that independently of dorsum size, both the macro-pattern (relative tract surface and shape) and the micro-pattern (number and geometry of feather follicles) vary Results 92 between species. Drastically opposite plumage patterns within taxons (such as for the Neoaves zebra finch and Gentoo penguin) suggest that variation relies on changes in otherwise broadly conserved mechanisms.

Spatio-temporal dynamics of tract formation vary between species

To link variation in tract patterns to temporal dynamics of their emergence we characterised the spatial organisation of dorsal feather fields prior to, and during, the appearance of feather follicles. To do so we chose to assess the expression of ß-catenin, which marks differentiating follicles [19], but also whose signalling acts upstream of FGF (which plays a role in feather follicle individualisation) and the receptor of Eda (i.e., EDAR, which marks the travelling wave of follicle differentiation [21]). To avoid bias caused by visually assessing -potentially speciesspecific gene expression to determine the presence/absence of a forming follicle, we developed an automatic algorithm complementing manual counts that consistently sorts and quantifies the number of follicles in microscopy images of each species (S1 Fig) . We found that in all Galliformes and in the zebra finch, ß-catenin initially forms one visible medial (B1) and two lateral (B2) longitudinal bands, in which follicle individualisation gradually takes place, starting at the posterior end of the band and progressing anteriorly. Adjacent feather rows form according to the same steps and sequentially, in a row-by-row wave that travels ventrally and stops at the limit of the feather field, with most follicles in a given row having formed prior to the appearance of the next ß-catenin expressing band. Additional feather rows also fill up the dorsal-most space between B2 bands. Follicles reach the limit of the tract in ~2/3 days, irrespective of the duration of the whole development (varying from 14 days in the zebra finch to 16-22 days in Galliformes). Thus in these four bird species, tract patterning is characterised by broadly conserved medial-to-lateral bi-directionality, sequence (i.e., row-by-row dynamics and individualisation prior to next row) and duration. These spatio-temporal attributes may therefore be controlled by shared developmental mechanisms. We however observed subtle variation in the initial ß-catenin pattern: while lateral bands B2 are similar in all species, the medial band B1 extends from the inter-limb region to the tail in the chicken while in the Japanese quail it is reduced to the posterior region, in the common pheasant it is diffuse and in the zebra finch it is fused to lateral bands B2, forming a Y-shape. This profile defined the species-specific location of first-individualising follicles, suggesting a link between the spatial organisation of the feather field prior to the onset of the differentiation wave and the timely dynamics of its progression.

Results
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In contrast with the first four species, ß-catenin expression initially marks the whole dorsal region except its central part in the emu. Within this primary ß-catenin expressing surface, follicle individualisation occurs randomly in space and time over the course of ~1 day (emus develop in 60 days). Similarly, in Gentoo penguins, ß-catenin marks large regions of the dorsal feather field: first detected in two thick lateral bands, it rapidly switches to the complementary central region, and later covers the whole tract. It thereby defines two successive early patterning surfaces, throughout which follicle individualisation rapidly takes place (Gentoo penguins develop in 35 days). Contrary to the emu, penguin follicles readily appear in a highly regular pattern, forming a unique squared geometry (Fig 2). This difference aside, follicle patterning occurs in both flightless species through dynamics that are neither directional nor have the clear, slower-paced row-by-row sequence seen in Galliformes and the zebra finch, and in a comparably shorter duration. This may be due to entirely different patterning mechanisms specific to ratites and penguins, or to drastic changes in dynamics of tract establishment that occur independently of follicle individualisation.

A unified mathematical model reproduces both shared and varying directionality, sequentiality and duration of tract formation

To guide the identification of events controlling the timely emergence of tract patterns, we built a model that intrinsically generates both the shared and varying attributes of directionality, sequence and duration we observed in the different species. This model combines several spatio-temporal phenomena, mathematically described as partial differential equations and previously shown to generate spatial dotted arrays.

We first included reaction-diffusion models, first theorised by Alan Turing [24] and involving the diffusion of at least one local self-activating factor 𝑢 and its longer-range inhibitor 𝑣 [24][25][26][27]. Such models have been widely used to explain the establishment of natural patterns and the effect of several candidate pathways such as FGF and BMP signalling [1,2]. We simulated a range of reaction-diffusion equations for various interaction functions 𝑓 and 𝑔 on homogeneous surfaces:

𝜕 ' 𝑢 = 𝐷 * ∆𝑢 + 𝑓(𝑢, 𝑣) 𝜕 ' 𝑣 = 𝐷 0 ∆𝑣 + 𝑔(𝑢, 𝑣)
Consistent with previous studies, we found that when initiated on small random fluctuations, such models can generate dotted patterns, but do not reproduce directionality or row-by-row sequence observed experimentally (S2A Fig) . Other self-organisation models create motifs by combining locally evolving cell density 𝑛 (according to a proliferation rate 𝑝) with chemotaxis, the process of cell migration in response to a chemo-attractant 𝑢 generated by the cells (at a rate 𝛼 * ), and also subject to diffusion (diffusivity 𝐷 * ) and degradation (rate 𝛿 * ) [28]:

𝜕 ' 𝑛 = 𝐷 5 ∆𝑛 -𝛻. (𝜅𝑛𝛻𝑢) + 𝑝(𝑛) 𝜕 ' 𝑢 = 𝐷 * ∆𝑢 + 𝛼 * 𝑛 -𝛿 * 𝑢
Such models are appealing to explain feather tract formation because they can represent epidermal/dermal interactions and the gradient of cell density occurring during the differentiation of the feather field [28,29], two processes tightly linked to the presence of a travelling wave [21]. However, although chemotaxis models are sufficient to produce dotted arrays [28], they too failed to intrinsically produce directionality or sequentiality in spot formation (S2B Fig) . Because we observed that ß-catenin initially forms medial bands in Galliformes and the zebra finch, we then ran simulations of self-organising models on frames containing a longitudinal line. We found that in this case, models produce repeated longitudinal bands within which spots individualise simultaneously (i.e., without row-by-row sequence), mimicking tract formation observed in skin areas of the emu and the Gentoo penguin initially marked by ß-catenin (S3 Fig) . Thus, pattern directionality can be generated by combining selforganisation with spatial heterogeneities oriented along the medial axis and present in the skin prior to follicle individualisation.

However, such combination is not sufficient to produce the row-by-row pattern sequence seen in Galliformes and the zebra finch, which argues for the involvement of other events orchestrating the dynamics of tract establishment in these species. Temporal sequences of pattern formation have been obtained when chemotaxis driven cellular distribution and/or reaction-diffusion were applied to mathematical, medial-to-lateral priming waves: condensed structures then form in a chicken-like sequence of directionality and speed related to the properties of the wave [13,14,21]. Similar modelling in other study systems (e.g., sensory organs in Drosophila) also yielded sequential patterning [30]. We thus aimed at producing sequentiality to follicle individualisation using similar models but devoid of extrinsic forcing.

To do so, we described the evolution of local cell density 𝑛(𝑡, 𝑥) according to two mechanisms.

First, cell density changes due to diffusion, and chemotaxis towards instantaneous concentrations of an activator chemo-attractant 𝑢(𝑥, 𝑡) depending on both its autocatalytic production by cells and the concentration of its repressor 𝑣(𝑥, 𝑡). Second, cell density is modulated by intrinsic logistic proliferation accounting for a division rate 𝛼 5 at low cell population levels and a carrying capacity of the tissue 𝛽 5 , density above which proliferation stops. This term is inspired from a widely studied mathematical framework that serves as a classical tool to generate spreading events in theoretical studies of population behaviour and infectious diseases propagation [31], and efficiently captures temporal dynamics of cell migration in vitro [32]. The resulting unified model thus contains three partial differential equations as follows:

𝜕 ' 𝑛 = 𝐷 5 ∆𝑛 -𝛻. (𝜅𝑛𝛻𝑢) + 𝛼 5 𝑛 =1 - 𝑛 𝛽 5 ? 𝜕 ' 𝑢 = 𝐷 * ∆𝑢 + @ A 5 (BCD* E ) (F A E C* E )(BC0) -𝛿 * 𝑢 (1) 
𝜕 ' 𝑣 = 𝐷 0 ∆𝑣 + 𝛼 0 𝑛𝑢 G -𝛿 0 𝑣 𝐷 5 , 𝐷 * and 𝐷 0 parameterise the diffusion of cells, attractor and repressor, respectively, while 𝜅 in S text). Because we showed that initial axial conditions provide directionality to pattern formation, we next added species-specific spatial heterogeneities to numeric simulation frames by adapting their sizes to that of tract size/shape in each bird (Fig 3A) and building geometrical initial conditions corresponding to the initial expression pattern of ß-catenin in each species.

To achieve the latter, we used for Galliformes and the zebra finch three Gaussian equations restricted along the axes so that their peaks correspond to the measured central location of B1 and B2 ß-catenin bands:

𝑛 I (𝑥, 𝑦) = 𝑚 + 𝑎𝑒 NO P Q E (𝑦 < 𝑦 S ) + 𝑎(𝑒 NO T (QNQ T ) E + 𝑒 NO T (QCQ T ) E )(𝑦 > 𝑦 V ) (2) 
For emus and Gentoo penguins, we respectively used one (as shown below) or two (see Material and Methods) elliptic surfaces ℰ to approximate the shape of initial areas marked with ß-catenin

(Fig 3B): 𝑛 I (𝑥, 𝑦) = (𝑚 + 𝑎)𝟏 ℰ (𝑥, 𝑦) + m𝟏 ℰ Z (𝑥, 𝑦) + 𝑎𝟏 ℰ Z (𝑥, 𝑦)(𝑒 NO ℰ (QN[) E + 𝑒 NO ℰ (QC[) E ) (3) 
In these equations, 𝑥 and 𝑦 are variable coordinates, 𝑥 V , 𝑦 S and 𝑦 V correspond to measures 

Symmetry breaking triggers directional patterning from initial conditions

To characterise the pre-pattern, we generated model-based predictions by varying parameters defining Gaussian peaks (corresponding to longitudinal bands or areas in vivo) and their surrounding environment (corresponding to the feather field). We used simulations with Japanese quail-like initial conditions, which are the simplest profile of primary bands, or emu and Gentoo penguin-like initial conditions, which are definite areas. We found in all cases that varying a, parameter representing the amount of causal factor in longitudinal bands or areas, does not affect the final pattern nor its dynamics of formation (except slightly with emu-like conditions at the highest a value; S5 optimal density provides patterning competence to the feather field [21] and suggests that pattern differences in these species can be due to comparably lower amounts of cellular/molecular factors in the feather field environment surrounding initial conditions.

Initial conditions control the patterning sequence

To understand what controls the timely sequence of patterning, we assessed the role of selforganising events (as they have been previously involved in intrinsic properties of patterning waves [13,14]). To do so, we varied all self-organisation parameters on fixed Japanese quaillike initial conditions. We observed changes in the size and spacing of dots when, all parameters otherwise equal, we modified the activator or repressor diffusion 𝐷 * or 𝐷 0 (S6 that self-organisation controls follicle size and spacing consistent with previous findings [5,14,33], but have no impact on the onset of the row-by-row wave nor are responsible for its sequential aspect. Interestingly, simulations defined by species-specific frames and ß-catenin profiles yielded a number of dots per row similar to that observed for follicles in Galliformes and the zebra finch and lower to that of the emu and the Gentoo penguin (compare with Fig 2 and3). An appealing explanation is that parameters of self-organising events that control the individualisation of follicles in vivo are constrained by parameters defining the pre-pattern.

We next tested the role of initial conditions: we performed complementary simulations where self-organisation parameters are all maintained but the width of Japanese quail-like primary longitudinal bands containing causal factors is modified. We found that when we increased peak width (by decreasing s), several dot rows could form simultaneously within the herein produced surface, mimicking patterning in the emu and the Gentoo penguin, while a decrease (by increasing s) did not modify the resulting pattern or its sequential formation (Fig 5A). We therefore hypothesised that follicle individualisation occurs within discrete competent domains whose area is set by initial conditions and hosts the formation of a definite number of rows.

Consistent with this model based prediction, we found that in the Japanese quail the mesoderm and follicle marker Twist-2 [34], though unlikely to contribute to the induction of patterning as it is expressed throughout the feather field prior to the "trigger stage" (i. We found that prior to the trigger stage (Stage 0), cell density is slightly higher in the medial part of the dorsum and gradually decreases ventrally, reflecting the previously evidenced gradient [9], but not correlating spatially with observed and simulated Japanese-quail initial conditions (which contrary to the domestic chicken, are positioned laterally to the medial axis).

However at the trigger stage (Stage 1), cell density peaks where ß-catenin expression appears 

Cell proliferation controls patterning propagation and the duration of tract formation

To understand the mechanisms controlling lateral propagation of competent domains, we tested the effect of cell proliferation because (1) our unified model intrinsically generates gradual propagation through a logistic proliferation term, and ( 2) the timely appearance of surfaces with self-organising capacity involves increased cell density. We first simulated the logistic term In light of this observation, we hypothesised that changes in the rate of cell proliferation are also involved earlier than follicle individualisation, in the propagation of the triggered patterning wave. We first assessed proliferation at the trigger stage (Stage 1) in the Japanese quail (in which patterning is sequential and lasts 3 days). We found that prior to follicle 
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A framework to identify pre-existing positional information

A next challenge will be to pinpoint the nature of the initial symmetry-breaking event, which creates a spatial configuration of the skin surface we modelled by initial conditions n0 in our unified model. Our work thus sets the stage for the identification of such molecular or cellular factors. First, it provides testable hypotheses on their origin (i.e., axial landmarks, such as the neural tube, notochord or somite) and hence, their nature: good candidates may comprise neural crest cells, whose migratory paths trigger tissue differentiation [35], or Wnt proteins, which diffuse from the neural tube and somites [36] and activate the expression of ß-catenin [21].

Second, it informs on the profile of causal factors. By varying parameters of the Gaussian peaks defining initial conditions in simulation surfaces, we showed that minor differences in the amount of causal factors between the peaks and their surrounding environment are sufficient to launch the patterning wave, provided they are distributed in a sharp-enough spatial profile.

Consistent with this view, in the emu and the Gentoo penguin, shallow initial conditions or high basal levels of causal factors do not sufficiently mark symmetry breaking (consistent with the observation that ß-catenin is expressed throughout the dorsum surface in these species), and even regions away from the peaks have the ability to self-organise, which results in larger competent areas and a loss of patterning directionality and sequentiality.

Of note, the factors producing initial symmetry breaking may be identical to those contributing to the acquisition of patterning competence. Local differences in cell density for example, may on the one hand constitute initial spatial heterogeneities triggering patterning, consistent with patterning propagation through the spatial restriction of increased cell density. On the other hand, they may also procure patterning competence, consistent with the observation that emulike simulations better match the delay in follicle formation observed in the central ß-cateninnegative region when m is decreased, and with work from Ho and colleagues showing that follicles form when cell density is above a threshold set by Eda signalling [21].

Cell proliferation modulates temporal dynamics in the skin

We demonstrated that cell proliferation mediates the lateral propagation of the patterning process to control its overall duration. This temporal attribute is comparable between

Galliformes and the zebra finch irrespective of the duration of the whole development, and despite variation in the relative size of their tracts. The rate of cell proliferation may thus act as a constraint to the speed of the patterning process and thus, create variation in the extent of the plumage pattern in the skin of species with different initial conditions. This raises the possibility that proliferation is a mechanism through which the tract pattern is maintained and evolves.

These hypotheses are consistent with the observation that even minor changes in cell proliferation rates through colchicine-mediated inhibition strongly impact temporal patterning 

On the evolution of tracts and the unique case of penguins

The plumage pattern is characterised by featherless areas that separate tracts and are thought to allow steric space necessary for flight movements [9]. In line with this hypothesis, we showed that feathers cover the whole dorsal skin in a dense pattern in both flightless emus and Gentoo penguins, while distinctive tracts are observed in closer flying relatives in their respective groups (i.e., the zebra finch for Neoaves and the tinamou for Paleognathes [21]) as well as in Galliformes (which fly except adult individuals of domestic breeds of chicken and Japanese quail that have the same tract pattern [22] but are devoid of flight abilities due to increase in body weight [38]). The absence of a tract pattern may thus be linked to the loss of flight ability, having evolved repeatedly, and/or through co-evolution with changes in wing morphology [39].

Interestingly we observed surfaces initially devoid of ß-catenin expression in both emu and Gentoo penguin embryos. While in the first, it is limited to the central region which gradually becomes ß-catenin-positive, in the second it is also absent from lateral-most regions, forming two surfaces that can be viewed as deformed or wider Galliformes/zebra finch-like initial conditions. These observations suggest that the tract pattern is an ancestral character, at least to the Neoaves taxon. Reconstructing the evolutionary history of tract pattern formation and flight loss will however necessitate a more comprehensive survey of tract patterns that includes other flying and non-flying species in all three avian taxa. In addition the absence of tracts could be linked to other functions in Gentoo penguins such as thermoregulation or water resistance due to adaptation to primary aquatic life and extreme environment, similar to the thickening of their bones or drastic changes in the shape of their feathers. Formal testing of the causal link between tract presence and flight ability would require in depth, phylogenetic wide, functional ecological studies.

Differences in initial ß-catenin surfaces also suggest that similarities in both final plumage patterns and ecologies (i.e., absence of flying ability) have evolved through modifications of distinct developmental mechanisms in emus and Gentoo penguins, consistent with the observation that other pattern attributes vary between these species, such as pattern geometry, which is irregular in emus and the most regular of all observed species with a strict squared geometry in Gentoo penguins. Extending the phenotypic survey to other aquatic Neoaves will allow deciphering whether this geometry is a unique feature of penguins. In addition, while the pattern of the emu may occur simply through delay of pattern-forming competence [21], the extreme Gentoo penguin geometry likely involves new or additional patterning mechanisms, such that other self-organising events and/or changes in the mechanical properties of the developing skin tissue. It will thus be crucial to further explore the mechanisms of follicle individualisation in these emblematic birds.

MATERIALS AND METHODS

Ethics statement

All animal work was performed in compliance with regulations for animal use and specimen collection of the French Government and the European Council. Zebra finch breeding colony welfare is guaranteed through regular care and visits; the breeding facility is approved by dissected. Flat skins were prepared as described previously [22]. Specimens were fixed in 4% formaldehyde, conditioned and sent back to the laboratory in the case of Gentoo penguins, and imaged.

Expression analyses

In situ hybridisation experiments were performed in each species (n is provided in S1 Table ) as described previously [40] 

Modelling

All simulations were performed using FreeFem++ [START_REF] Hecht | New development in FreeFem++[END_REF] software (specifically designed to compute numerical solutions of partial differential equations) with no flux (Neumann) boundary conditions (i.e., cells or molecules are free to diffuse outside of the tract). Spatial and temporal discretisation parameters were chosen as a compromise between accuracy and efficiency (𝑛 Q between 120 and 160, 𝑑𝑡 between 0.01 and 0.1).

Size of simulations frames

For comparison of pattern dynamics relative to tract size, the width (ls) and length (Ls) of simulation frames has been set for each species according to developmental landmarks: we measured widths (i.e., l, in mm, distance between wings) and lengths (i.e., L, in mm, distance between tails and a medial point between wings; Fig 3A ,S3 Table and S5 Data). We then adjusted coordinates for the domestic chicken so that the numbers of feather rows (i.e., fr=8)

and of feathers per row (F=25) coincide in vivo and in silico. This allowed defining a 0.45 coefficient between L and Ls and a 0.7 coefficient between l and ls, which were reported to all other species. For better Figure readability, simulations were then rescaled to the same dimensions on all plots.

Initial conditions

Initial conditions for domestic chicken, Japanese quail, common pheasant and zebra finch species were implemented with equation (2) using parameters shown in S4 Table . For the emu, the primary competence domain was approximated by an elliptic surface where 𝟏 ℰ is the indicator function and 𝑧 = 1.5d1 -

(eNf) E g E
parametrises the ellipse (equation (3)). For the Gentoo penguin, the primary competence area was defined as the surface between the two ellipses

Q E I.h E + (eNi.f) E g E = 1
and

Q E B.f E + (eNf.i) E j E = 1.
Same initial conditions are implemented on the three variables n, u and v in each case.

Reaction-diffusion models

We tested a large number of reaction-diffusion models (RD1-RD5) as shown in S5 Table. 

Chemotaxis models

We tested a large number of chemotaxis models such as described in [29] Simulations 

Unified model

All reference parameters are shown in S6 Table and were largely based on those used in a previous study of chicken-like plumage pattern formation [13]. In the case of the zebra finch, we added a "competence zone" defined by limiting reaction terms within an elliptic surface.

We performed a stability analysis as described in S Text.

Skin explants

Skin regions corresponding to putative dorsal tracts were dissected from E6 Japanese quail embryos and placed dermal side down on culture insert membranes (12-wells format, Falcon #353103) over 800 µL DMEM supplemented with 2% FCS and 2% Penicillin/Streptomycin. Stock solutions of Colchicine (50mg/mL in EtOH; Sigma #C9754) were diluted to various concentrations (0,00125 -40 mg/mL) in the culture medium to identify the highest non-lethal dose (0,2mg/mL; S2 Table ). Pulse treatments were achieved by washing 0,2mg/mL Colchicine out in successive medium baths after 30 minutes (n=12), 90 minutes (n=7), or 3 hours (n=10), as opposed to untreated, control explants (n=9). Skin explants were incubated at 37°C with a 5% CO2 atmosphere (Thermo Scientific Midi 40); medium was changed every two days. BrdU assays were performed in explants treated during 30 minutes and cultured to reach Stage 2 or 3.

Immuno-histological stains and quantifications

Embryonic specimens were embedded in gelatin/sucrose, sectioned using a CM 3050S cryostat (Leica), treated with HCl 2N for 20 minutes (for BrdU stains), rinsed and stained using a rat Results 108 primary antibody directed against BrdU (Abcam; 1:200) or ß-catenin (Abcam; 1/100) and Goat anti-rat Alexa 488 or Goat anti-rabbit Alexa 568 secondary antibodies (Abcam; 1:500). Cell nuclei were revealed using DAPI (Southern Biotech). Slides were mounted in Fluoromount 

Imaging

Flat skins and whole embryos were imaged using an AF-S Micro NIKKOR 60-mm f/2.8G ED macro-lens equipped with a D5300 camera (Nikon) and a MZ FLIII stereomicroscope (Leica) equipped with a DFC 450C camera (Leica). Confocal images were obtained using an inverted SP5 microscope (Leica) with a 40X immersed oil objective.

as well as the Falkland Islands Government for landowner and collection permits for the collection of Gentoo penguin specimens, and N. Quenech'Du and the Collège de France imaging facility for help with image processing and analysis. 
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V-Local geometry of the feather array V.A. Context and summary

Feather primordia are implanted in typical geometries which vary between birds in primordia size, spacing and pattern regularity. The formation of such patterns relies on differential responses of the cells of the naïve skin to chemical and mechanical positional cues, thereby allowing the regionalisation of the skin into domains within which feather primordia emerge through self-organising mechanisms. Several potential molecular (e.g., BMPs signalling, FGF signalling) or mechanical (e.g., cell contractility, tissue stiffness) candidates have been identified as activators or inhibitors to drive such processes. Therefore, feather patterning surely relies on the integration of all these positional cues. However, little is known on the processes responsible for the variation in their local arrangement. Here, we precisely characterised the local geometry of the early feather array and its dynamics of emergence in Galliformes, ratites, passerines and penguins. Our comparative approach, based on the description of the feather pattern according to competent domains, brings insights on the regularity of the motif formed.

We showed that variation in the amplitude of dermal cell anisotropy correlates with variation in the regularity of the pattern formed. Moreover, we showed using ex vivo perturbations of skin architecture that when Latrunculin A, an inhibitor of actin filament polymerisation, impaired dermal cell anisotropy without perturbing cell movement (at the concentration used) it in turn results in the emergence of an irregular feather primordia array in both sequential and non-sequential species. This experiment revealed that dermal cell anisotropy is necessary for the formation of a regular pattern and therefore could be seen a readout of the competent state of the tissue to form a regular pattern. These results showed that dermal cell anisotropy, and to a larger extend tissue morphology, constrain the cell response to the self-organising process and therefore participate to shape the variation of the geometry of the feather array observed in nature.

V.B. Article 2

Cell anisotropy predicts self-organising feather pattern regularity in birds Abstract

During pattern formation, morphogenetic events provide a response of the naïve tissue to chemical and mechanical positional cues. To what extent these processes shape pattern establishment and contribute to natural variation remains unclear. We studied cell dynamics occurring during the emergence of feather array geometries in birds, which involves a gradual regionalisation of the skin in competent domains within which feather primordia individualise through self-organisation. We identified highly dynamic modifications of local cell density, movement, and shape occurring during primordia emergence in the Japanese quail. Using interspecies comparison in poultry, finch, emu, ostrich and penguin embryos, followed by perturbation of skin architecture ex vivo, we showed that oriented anisotropy of dermal cells prior to primordia formation controls the regularity of the final array. Our results provide key insights into the cellular basis of self-organisation and demonstrate that initial tissue morphology constrains pattern attributes, uncovering a morphogenetic mechanism contributing to pattern evolution.

Main text

Tissues and organs acquire their shape through morphogenetic events broadly conserved in embryos of animals, such as epithelial-to-mesenchymal transition, local cell aggregation, or coordinated movement. Morphogenetic processes operate from the scale of the cell to that of the whole organism, repeating and/or combining in space and time throughout embryogenesis.

They characterise the cellular response to factors providing positional or functional identity, and have been thoroughly described in a breadth of invertebrate and vertebrate systems. Many pattern-forming studies took advantage of geometries deriving from the vertebrate mesoderm (e.g., dotted arrays of nascent hair/feather follicles, gut invaginations, ossification patterns). At the onset of their formation, mesenchymal cells typically condense, phenomenon observed across developing surfaces and during timely controlled waves. Condensation is due to localised proliferation [START_REF] Giffin | The Forgotten Skeletogenic Condensations: A Comparison of Early Skeletal Development Amongst Vertebrates[END_REF], [START_REF] Hall | All for One and One for All: Condensations and the Initiation of Skeletal Development[END_REF], directional migration (Biggs et al. 2018), and/or cytoskeleton-induced shape changes [START_REF] Mammoto | Mechanosensitive Mechanisms in Transcriptional Regulation[END_REF].

Upstream of morphogenetic events, positional cues are often assumed to be signalling molecules. However, it was recently suggested that morphogenetic events can also generate positional information in developing tissues: work in drosophila and model vertebrates linked cell dynamics occurring before (or concomitantly to) molecular signalling to the spatial arrangement of basic characters such as lines, squares, or hexagons in patterns key to organ function (i.e., arrays, tessellation, stripes, etc). In the case of mesoderm derivatives, cell dynamics have been shown to activate the expression of genes controlling cell fate (Ray and Chapman 2015), [START_REF] Mcbeath | Cell Shape, Cytoskeletal Tension, and RhoA Regulate Stem Cell Lineage Commitment[END_REF]), and modulate the activity of cytoskeleton molecules creating further tissue shape modifications [START_REF] Hughes | Engineered Tissue Folding by Mechanical Compaction of the Mesenchyme[END_REF], (Mammoto, Mammoto, and Ingber 2012), [START_REF] Biggs | Mechanical Forces in the Skin: Roles in Tissue Architecture, Stability, and Function[END_REF]. A current challenge is to uncover how morphogenetic mechanisms govern not only the formation of characters but also their spatial arrangement, thus potentially shaping the formation and the evolution of functional biological patterns.

To address this question we studied the formation of the feather follicle array that develops in competent areas (or tracts) in the avian skin (Clench 1970), [START_REF] Nitzsch | Pterylography[END_REF], (Neguer and Manceau 2017). Feather follicles form through local condensations of dermal cells underneath thicker epidermal "placodes", forming a so-called feather primordium. In the Japanese quail, primordia emerge sequentially, in a morphogenetic wave. The tract surface gradually divides in thin segments marked by ß-catenin expression (naïve stage ns). Within the medial-most segment, ß-catenin restricts to dotted-shapes, marking primordia individualisation in this patterning space (i.e., first follicle stage 1fs). New rows are juxtaposed laterally to the previous ones in a bilateral "row-by-row" sequence [START_REF] Bailleul | Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning[END_REF], (Ho et al. 2019), (Chang et al. 2004). When 3 to 4 rows have formed, ß-catenin protein translocates in the nucleus in the 1 rst and 2 nd rows (i.e., stage nbcat), which initiates a genetic program of feather production (Noramly, Freeman, and Morgan 1999), (Shyer et al. 2017). The wave travels ventrally, completing the tract, and resulting in the formation of a hexagonal array of primordia (Figure 1A). To disentangle processes involved in the acquisition of this geometry from those linked to the sequential progression of the wave, we quantified attributes of the nascent primordia pattern at stages defined by b-catenin expression within the first longitudinal segment. We outlined manually nascent primordia using DAPI, which stains cell nuclei, and phalloïdin, which marks peripheral actin, and found that primordia progressively grow in size (mean surface ~0,04 mm 2 at 1fs vs. ~0,06 mm 2 at nbcat) and space out (mean spacing=0,2 mm at 1fs vs 0,23 mm at nbcat) while maintaining regular arrangement within the first segment, as shown by low spacing variability (S.D+/-25µm; Figure 1B). Theoretical work previously linked the individualisation of primordia to self-organising mechanisms such as reaction-diffusion and chemotaxis (Painter et al. 2012), (Michon et al. 2008), [START_REF] Bailleul | Symmetry Breaking in the Embryonic Skin Triggers a Directional and Sequential Front of Competence during Plumage Patterning[END_REF], and both molecular cues -including members of the BMP, FGF or Wnt signalling pathways, and morphogenetic properties of the developing skin (e.g., logistic cell proliferation, tissue stiffness) have been suggested to underlie these patterning strategies in vivo (Mou et al. 2011), (Painter et al. 2012), (Michon et al. 2008), (Chang et al. 2004), (Shyer et al. 2017), [START_REF] Bailleul | Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning[END_REF], (Ho et al. 2019). However, cell dynamics occurring during primordia array emergence remained poorly described, and thus, how morphogenetic events shape the geometry of the array was not known. We first studied the evolution of local cell density, as previous work showed it increases progressively in ßcatenin expressing segments, marking the lateral progression of the morphogenetic wave, and likely the acquisition of primordia-forming competence. The latter would be attained when cell density reaches a threshold whose value depends on proliferation and on the presence of Eda signalling [START_REF] Bailleul | Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning[END_REF], (Ho et al. 2019). Consistent with previous reports we found that in both the dermis and the epidermis -distinguished using b-catenin that marks only epidermal cells, cell density increases at stage ns within the first segment expressing b-catenin, compared to the neighbouring lateral region. At stage 1fs, cell density remained stable within nascent primordia but decreased in the inter-primordia region. At stage nbcat, it started to increase within primordia in the dermis, remaining stable in the epidermis, marking the onset of dermal condensation. It continued to decrease in the inter-primordia region in both skin layers (Supplementary Figure 1). Thus, primordia individualisation involves dynamic modifications of local cell densities in both skin layers. These changes were unlikely to be caused by proliferation, previously shown to cease within differentiating primordia [START_REF] Bailleul | Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning[END_REF]. We thus also analysed the shape and orientation of skin cells. We quantified their amplitude of elongation and angles (i.e., cell anisotropy) with the midline of the embryo tissues also stained with phalloïdin, which marks peripheral actin [START_REF] Durande | Fast Determination of Coarse-Grained Cell Anisotropy and Size in Epithelial Tissue Images Using Fourier Transform[END_REF]. At stage ns, cells of the first segment were elongated and oriented preferentially along the antero-posterior axis compared to those of the lateral area, which were rounder. Thus, the first segment can be distinguished from un-patterned regions prior to primordia appearance both by epidermal/dermal anisotropy and increase in density. From stage 1fs, anisotropy of dermal cells, and to a lesser extent, of epidermal cells, decreased continuously within nascent primordia. In the inter-primordia region, anisotropy transiently increased at stage 1fs before decreasing at stage nbcat. Thus, early primordia emergence involves dynamic changes in cell anisotropy (Figure 1B and Supplementary Figure 2). Because changes in cell shape have been repeatedly linked to movement, we used live imaging to visualise and quantify cell movement in both skin layers during early steps of primordia individualisation. 12 hour-long time-lapse movies encompassing the first segment and neighbouring un-patterned region at x25 magnification were performed on dorsal skin explants prepared from membrane-GFP transgenic quail embryos prior to primordia emergence at E6 (Supplementary movies 1 and 2). Importantly, skin explants do not expand in size, but form primordia with timely dynamics identical to in vivo conditions. Resulting primordia size and regularity ex vivo were comparable to control embryos, however spacing was slightly lower (Figure 1D). This is consistent with prior work

showing that modification of culture substrate properties affects primordia spacing, and suggests that tissue growth influences this pattern attribute. We applied to movies custom-made image analysis software for anisotropy detection [START_REF] Durande | Fast Determination of Coarse-Grained Cell Anisotropy and Size in Epithelial Tissue Images Using Fourier Transform[END_REF]) and found that detecting mean values of cell anisotropy amplitude in a continuous fashion the dermis and the epidermis provides sufficient criterion to automatically distinguish the un-patterned region (UR) from putative primordia (P) or inter-primordia (IP) regions (Supplementary Figure 3). We used inflection point of cell anisotropy amplitude in the primordia as reference time point tref for movie synchronisation and comparison. Analysing the dynamic evolution of cell anisotropy in three software-defined areas of identical size within UR, P, and IP confirmed results obtained in fixed tissues and showed that anisotropy is higher in the competent segment compared to the un-patterned region 6 hours before primordia emergence at tref, while dermal cell anisotropy progressively drops in the presumptive primordia region 2 hours before tref. We analysed global cell movement using particle image velocimetry analysis (PIV) in the three areas. Dermal cell movement had an average speed of ~10µm/hour, value consistent to previous observation in the chicken embryo (Figure 1E; Ho et al. 2019). Epidermal cell movement was overall slower (~5µm/hour; Supplementary Figure 5). In the dermis, movement remained stable within software defined areas, but was significantly lower in the un-patterned region compared to the other two. In the epidermis, cell movement is significantly higher in P region, consistent to previous observation in mouse placode (Ahtiainen et al. 2014). Divergence analyses in each area indicated that tissue compaction occurs in the dermis a few hours after tref in the putative primordia region but not in the un-patterned and inter-primordia region, nor in any region of the epidermis, thereby marking dermal condensation (Supplementary Figure 4 and5). These results showed that primordia emergence involves cell movement but does not require a change in its speed. Together, analyses reveal that several dermal cell dynamics concur during primordia individualisation, causing an increase in anisotropy and decrease in density of dermal cells (and to a lesser extent, of epidermal cells) in the inter-primordia region.

To decipher whether one or all of these cell behaviours contribute to pattern establishment it is necessary to untangle their putative roles on the production of pattern attributes from their function on primordia differentiation, which direct functional perturbation does not allow as it potentially affects both. We thus undertook a predictive correlative approach taking advantage of natural variation. We first compared final and emerging pattern attributes between bird species. In the domestic chicken, an historical model of skin pattern formation closely-related to the Japanese quail in the Galloanserae avian group (i.e, poultry birds, ducks, geese), and in the zebra finch Taeniopygia guttata, a passerine songbird in the species-rich group Neoaves, primordia also emerge sequentially in a row-by-row wave [START_REF] Bailleul | Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning[END_REF]. In these species at stage 1fs, feather primordia were smaller (mean size ~0,018 mm 2 ) and denser (mean spacing~ 0,170mm) than those of the Japanese quail (0,031 mm 2 and 0,200 mm). These differences remained in the resulting pattern at stage nbcat (mean size=0,026 and 0,029 vs. 0,060 mm 2 , mean spacing=0,180 vs. 0,231 mm). Thus, variation in primordia spacing and size, visible from earliest stages, can occur between species that are closely related, and/or display identical patterning dynamics. In contrast, primordia were regularly distributed along the first-formed of the midline (stage ns). ß-catenin progressively becomes spatially restricted to budding shapes distributed in wavy oblique lines typical of primordia individualisation in these species. These structures arise in a spatially random and visibly simultaneous fashion and we considered the stage of their emergence homologous to 1fs (Supplementary Figure 6). At this stage, primordia were larger in the ostrich (mean size =0,05mm 2 ) than in the emu (0,04mm 2 ), and initial spacing was equivalent (mean spacing=0,231mm and 0,250mm, respectively). At stage nbcat relative primordia size dramatically reduced in the emu, becoming similar to the chicken/finch (mean size=0,02, 0,03 and 0,03mm 2 , respectively), while remaining stable in the ostrich, (0,04mm 2 ).

Similarly, spacing decreased in the emu, whose pattern became much denser (mean spacing=0,13mm) than the other species (0,18mm in chicken/finch, 0,23mm in quail and in ostrich). Thus, despite similar initial primordia spacing and size, dynamics differed between Paleognathae, resulting in markedly different geometries varying as greatly as between avian groups. However, in both species, primordia distribution arose and remained irregular: as measured by Voronoï diagrams where the centre of each primordia is reported to its closest neighbours (Supplementary Figure 7), <50% primordia at stage 1fs and nbcat had six neighbours (hexagonal arrangement is considered most regular; Hales et al. 2001). Finally, in the Gentoo penguin Pygoscelis papua, flightless Neoaves bird, ß-catenin expression defines first two bilateral then one central areas, before restricting extremely rapidly in small (mean size=0,.008mm 2 ) and densely distributed (mean spacing=0,10mm) primordial, readily forming a strikingly regular pattern (85% of primordia had six neighbours) throughout the skin surface -such that the presence of a sequential wave remains unclear. At stage nßcat, primordia had grown (0,02mm 2 ) and spaced out (0,13mm) but regularity was stable (89%), the penguin pattern forming a unique tight and regular mesh (Figure 2). These results suggest there is no direct causal link loss of flying abilities and pattern irregularity, contrary to previous hypotheses (Ho et al. 2019). Together, primordia size, spacing and regularity varied in an independent manner between avian species, each displaying not only unique typical combination of pattern attributes but also specific dynamics of pattern emergence. Neither dynamics nor final outcomes may be predicted by initial morphologies of nascent primordia or profiles of ß-catenin expression.

We thus compared early cell behaviours in all species. We found that at stage ns, 1fs and nbcat, cell density values are species-specific, ranking from overall high to low, without correlation with the position in the phylogeny nor timely dynamics of pattern emergence, and with an order differing between skin layers. Thus, and consistent with previous observation, the thresholds above which (i) primordia form and (ii) b-catenin translocates in the nucleus are not common to all birds (Ho et al. 2019, Shyer et al. 2017). However, values at stage nbcat approximately corresponded to final primordia size and spacing, reflecting tissue arrangement once the pattern has formed. Trajectories of cell density evolution also varied (e.g., while dermal density similarly dropped early in inter-primordia regions and increased late within primordia in penguins and quails, it first increased in the other species -to a greater extent in the primordia than in the inter-primordia region; similarly, in the epidermis cell density increased within primordia in all species but either remained stable or decreased in the inter-primordia space).

Thus, prior to or during primordia emergence, cell densities did not correlate with pattern variation (Supplementary Figure 8). We next compared the amount and timely evolution of skin cell anisotropy. In the epidermis, neither dynamic not final anisotropy values correlated with pattern attributes: prior to primordia emergence, cells were anisotropic along the anteroposterior axis in the zebra finch, ostrich and quail, and isotropic in the domestic chicken, emu and Gentoo penguin (Supplementary Figure 9), and during primordia formation, all species displayed anisotropic cell orientation along the antero-posterior axis, irrespective of specific spacing, size, or regularity of nascent primordia. Comparing anisotropy in the dermis however provided significant insights. At stage ns, it was higher in the competent segment compared to the un-patterned region in the domestic chicken and the zebra finch, similarly to the quail. This is unlikely however to reflect the acquisition of primordia-forming competence, as in emus and ostriches, dermal cells were also not initially anisotropic. However, this observation allowed correlating initial anisotropy amplitude with dynamics of pattern regularity acquisition: in addition to the emu and ostrich, which form irregular arrays, anisotropy values were initially lower in the chicken (i.e., values at stage ns were similar to those of the un-patterned region in the quail and finch), species in which the pattern arises in an irregular fashion (Supplementary Figure 10). In addition, dermal cells displayed strongest initial anisotropy values in the penguin, species with the most extreme regular pattern. Strikingly, penguin cells oriented orthogonally to those of other species, along the dorso-ventral axis (Figure 3). This difference may reflect an entirely different patterning mechanism or an active means to create extreme regularity while compensating the lack (or highest speed) of patterning wave in this species. At stage 1fs, cell anisotropy amplitude followed the same dynamics in all species, dermal cell anisotropy decreasing within primordia and increasing between primordia (Figure 3 and Supplemental Figure 11). At stage nβcat, dermal cell anisotropy amplitude again correlated with final pattern regularity (from 0,.22 to 0,.44 in species with regular patterns, species namely quail, chicken, zebra finch, and penguin, and from 0,.09 to 0,.11 in species with irregular arrays, the emu and the ostrich). Together, this comparative approach suggests that the amplitude of anisotropy of dermal cells before primordia emergence does not impact their final size or spacing, but plays a role in the regularity of their arrangement.

To test this hypothesis, we aimed at perturbing cell shape in the dermis prior to pattern emergence. As mentioned above, culturing skin explants of Japanese quail ex vivo impaired growth and decreased spacing but did not modify local cell densities or amplitude of initial anisotropy, nor did it affect final pattern regularity. We also compared ex vivo and in vivo conditions in the domestic chicken and the emu, species with transient or stable irregularity, and did not observe differences in pattern other than decreased spacing in the domestic chicken (Supplementary Figure 16). However, in skin explants of penguins, in which dermal cells display strong anisotropy orthogonal to those of the epidermis in vivo, anisotropy amplitude was significantly lower and strikingly, dermal cells did not orient orthogonally but also displaying antero-posterior directionality (Figure 4A-C). Thus, penguin dermal cell shape acquisition and/or maintenance require signalling or morphogenetic factors external to the skin.

Skin growth, ceasing in explants, is likely crucial. The resulting penguin pattern displayed two major differences with in vivo conditions: primordia were smaller, and their arrangement more irregular, consistent with a role for early anisotropy in proper pattern attribute establishment.

To disentangle effects on primordia size and regularity, we further explored the role of anisotropy by administrated Latrunculin A, drug known to inhibit actin polymerisation [START_REF] Coué | Inhibition of Actin Polymerization by Latrunculin A[END_REF], to the medium of Japanese quail explants from a naïve stage. Treatment was performed continuously in a dose-dependent fashion or provided only during 2 hours upon explant preparation. We found that under both low-dose and pulse experimental conditions, Latrunculin A does not affect local cell density (Supplementary Figure 13). However, we observed lower anisotropy amplitude values compared to control conditions on fixed tissue at all stages and throughout time-lapse movies (Figure 4D, Supplementary video 3 and 4). In addition, a PIV analysis on previously defined UR, P and IP areas showed that low-dose treatment does not alter the speed or directionality of dermal cell movements in the competent segment (~10µm/h), while that of the un-patterned region and epidermal cells increases (~5µm/h). Thus, low-dose Latrunculin A treatment modifies cell shape by reducing anisotropy without impairing movement (in contrast with high doses previously reported to block cell movement (Ahtiainen et al. 2014), (Ho et al. 2019); here cells likely release interaction abilities, which results in freer displacement; Figure 4D Supplementary Figure 15). Primordia rows emerged in treated explants through timely row-by-row sequence similar to control ex vivo and in vivo conditions, confirming that anisotropy does not control patterning sequentiality.

However, within the first row, primordia individualized from transient elliptic shapes or small intercalary structures that fuse to form primordia, in dynamics resembling those observed in emu and ostrich embryos (Figure 4D, Supplementary video 3). This shows reducing anisotropy impairs dynamics of primordia individualisation. Consistent with hypothesis, divergence analyses in movies indicated that treated explants undergo lower compaction in the primordia region (Supplementary Figure 14). When the first row is completed, its primordia display size and spacing identical to control conditions, but lower regularity in arrangement (Figure 4E).

Together observations strongly suggest initial anisotropy governs final pattern regularity by controlling primordia separation. To confirm this result, we studied pattern attributes in treated explants of other species with identical low-doses of Latrunculin A. In the domestic chicken, which normally has lower initial anisotropy than the Japanese quail, treating explants with Latrunculin A caused lower regularity as expected, as well as higher and more variable primordia size than in control conditions. This is consistent with a dose-effect of drug treatment on primordium individualisation. In the emu, cells are normally not anisotropic, and the pattern expectedly remained unchanged upon treatment. In the Gentoo penguin, whose in vivo strong anisotropy is oriented antero-posteriorly in the epidermis and dorso-ventrally in the dermis, becoming lower and antero-posterior in both layers ex vivo, Latrunculin A treatment did not worsen pattern regularity and reverted primordia size to values comparable to in vivo conditions (Figure 4C Supplementary Figure S16). This suggests that in this species, dermal dorso-ventral anisotropy compensates effects of antero-posterior anisotropy to maintain primordia size.

Together, these results demonstrate that early antero-posterior anisotropy , seen in all species, controls participates to the establishment of the regularity of the feather array.

Our study identifies morphogenetic events underlying the self-organisation of the primordia array: local evolution of cell density, shape, and movement preclude their individualisation and differentiation into feather follicles. Taking advantage of natural variation between avian species -and thus, gradation in the extent and timely evolution of cell behaviours, we predicted that the acquisition of early dermal anisotropy controls the regularity of the final pattern. By inhibiting anisotropy, we demonstrated that this effect on pattern is due to a control of primordia individualisation, the stronger the initial antero-posterior anisotropy the more efficient and/or rapid the splitting of the patterning surface in dotted shapes. The value of cell anisotropy amplitude thus predicts the capacity of the skin to give rise to properly arranged feather primordia at a specific developmental time.

The mechanisms generating antero-posterior anisotropy may be linked to axial initial conditions corresponding to (yet unknown) positional factors that trigger the patterning wave controlling its longitudinal directionality and its timely progression row-by-row sequences emerge when initial conditions have a sharp enough profile [START_REF] Bailleul | Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning[END_REF]. Supporting this hypothesis, emus, ostriches and Gentoo penguins do not undergo a patterning wave and in the first two, anisotropy is weak or absent and in the third, we observed unique dorso-ventral dermal anisotropy, which may be an evolutionary novelty, mechanism compensating the loss of anteroposterior directionality of anisotropy to produce a regular feather array in this species.

Anisotropy may act upstream or be a consequence of the acquisition of competence to form follicles within segment/areas. This process involves combined evolutions of cell proliferation (causing increased cell density) and Eda signalling. In this case, overall lower cell density observed in Paleognathae may cause freer cell movement that impairs or delays competence acquisition in response to molecular signalling [START_REF] Bailleul | Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning[END_REF], Ho et al. 2019). The unique case of the Gentoo penguin allows us suggesting a complementary hypothesis: early anisotropy may generate mechanical forces, and/or be caused by mechanical forces (in this case, due to prior molecular signalling or skin tissue growth). For example, anisotropy may be linked to contractility forces in the developing skin tissue: previous work indeed showed that an increase in dermal contractility reduces primordia size (Shyer et al. 2017), consistent with the effect of explant retraction in penguins (and the increase in primordia size in Latrunculin-treated explants, in which we observed lower tissue compaction within primordia). Future work shall test the role of tissue mechanics in feather array establishment. 

Materials and Methods

All

Embryo sampling and flat skin preparation

Skin explants and drug treatments

Dorsal skin region were dissected from E6 Japanese quail, E6. days with drugs (quail n=9, chicken n=9), 3 days (emu n=5, penguin n=2), one day (quail n=9), after a drugs pulse for 2 days (quail n=3), one day (quail n=6) or without drugs for 2 days (quail n= 9, chicken n=4), 3 days (emu n=5, penguin n=2) or 1 day (quail n=9).

Fixed tissue Imaging

Flat skins and whole embryos were imaged using an AF-S Micro NIKKOR 60-mm f/2.8G ED macro-lens equipped with a D5300 camera (Nikon) and an MZ FLIII stereomicroscope (Leica) equipped with a DFC 450C camera (Leica). Confocal images were obtained using an inverted SP5 microscope (Leica) with a 10X dry or 40X immersed oil objective.

Time-lapse imaging

Dissected dorsal skin region from E6 mb-GFP quail (furnished by the laboratory of J. Gros, Pasteur institute) were placed dermal side down on a Millipore-nitrocellulose filters (Sigma # HABP04700) and cultured side down in a Lumox dish (⌀ 50mm, Sarstedt #11008) containing 5 ml of DMEM supplemented with 2% FCS and 2% Penicillin/Streptomycin with or without 0.00625mM/ml Latrunculin A, at 37°C, 5% CO2. Time-lapse images were acquired with a SPINNING DISK-W1 (Zeiss) with a 25X immersed oil objective, imaged every 5 minutes for

Quantification of cell anisotropy and movements

Coarse-grained cell anisotropy was measured using a Fourier-transform-based image analysis program [START_REF] Durande | Fast Determination of Coarse-Grained Cell Anisotropy and Size in Epithelial Tissue Images Using Fourier Transform[END_REF]) (available on GitHub (mdurande [2019] 2019) ), within squares of size 256 x 256 pixels and with 50% overlap on skin explant images. For analyses on fixed tissues, the program saves the amplitudes and angles of cell anisotropy, and the regions of interest (ROI;

inside primordia, inter-primordia) were defined manually as groups of 2x2 interrogation windows. This size has been chosen because it is the maximal size possible for the interprimordia region in penguin at stage 1fs, and therefore is a limiting size factor to conduct the analysis with regions of interest of the same size in each species. The average value of anisotropy inside these boxes was then computed. For time-lapse analyses, each movie was first analysed individually. For the generation of the heatmap of anisotropy the program saves the average value of cell anisotropy amplitude for each interrogation window over the whole movie. The value of the anisotropy amplitude therefore allows the definition of three ROIs (naïve, inter-primordia and primordia which are defined as groups of 3x3 interrogation windows).Then, the evolution of cell anisotropy amplitude was plotted for the three ROIs in each movie and all curves were smoothed using a moving average over 30 frames (=2h30min).

Individual movies were then all timed together according to a reference point tref that corresponds to the time when Bud ROI plots drop most sharply (i.e., for each individual movie, the smoothed curve for the evolution of cell anisotropy amplitude in the Bud ROI was interpolated with 20 evenly spaced query points using the Matlab function "interp1", and tref was detected as the point where the interpolated curve's derivative was minimal). This allowed to compute and plot the average dynamics shown in Fig. 2 In the same movies, cell movements were analysed using Matlab's particle image velocimetry (PIV) analysis program, MatPIV. The same reference points tref and averaging methods as for coarse-grained cell anisotropy were used, but ROIs were enlarged to 3x3 interrogations windows for better result robustness. The vector field resulting from the MatPIV program was used to quantify global movement of cells (by computing vector norms) and divergent/convergent behaviours (using the "divergence" function) within ROIs.

Quantification of pattern attributes

To assess the density of the follicle array at stages nβcat and 1fs in non-sequential species (emu, ostrich, penguin), we counted the number of follicles present in squares of 1 mm 2 . At stage 1fs in sequential species, the number of follicles was determined in boxes of 0.3x1 mm 2 . The density value was normalized for each case in follicles per mm 2 . The value of the average spacing was then obtained by taking the inverse of the density, which gave the effective surface, took by a primordium. Assuming that a primordium can be assimilated as a disk, the effective ray of the disk is therefore obtained by taking the square of the effective surface divided by pi.

Quantifications were performed at stage 1fs on 8 quails, 4 chicken, 5 zebra finches, 5 emus, 4 For drug assays, spacing and regularity have been quantified at stage nβcat, with drug on quail n=9, chicken n=9, 3 emu n=5, penguin n=2, after a drug pulse quail n=3, and controls quail n= 9, chicken n=4, emu n=5, penguin n=2 and at stage 1fs with drug quail n=9, after drug pulse quail n=6 and control quails n=8. Size quantification has been realised of respectively the same number of specimen per species and conditions, and 5 to 10 primordia per specimen were measured.

Quantification of cell density

In the epidermis and the dermis, nuclei present in the different regions of interest were counted in squares of a focal plan of 100*100µm. For every region of interest, 3 squares distributed along the antero-posterior axis were taken from 3 different specimen per species and counted.

The same quantifications have been used in quails for all drugs conditions, each time on 3squares distributed along the antero-posterior axis out of 3 skin explants.

Expression analyses

In situ hybridisation experiments were performed in each species as described previously [START_REF] Henrique | Expression of a Delta Homologue in Prospective Neurons in the Chick[END_REF] 

Immunohistological stains

Embryonic flat skin specimens were fixed in 4% formaldehyde overnight at 4°C, rinsed and stained using a β-catenin (Abcam ab2365; 1:100) and goat anti-rabbit Alexa 488 secondary antibodies (Abcam 11008; 1:500), a phalloïdin probes couples with Alexa 546 (Abcam A22283; 7:200). Cell nuclei were revealed using DAPI (Southern Biotech). Slides were mounted in Fluoromount (Southern Biotech) prior to imaging.

Statistical analysis

Numerical data are represented as the mean ± either the standard deviation and compared by a one-way Anova test computed using Graph Pad Prism software. For the analysis of the dynamics of the amplitude of the anisotropy collected after time-lapse experiments, Kolmogorov-Smirnov tests were used after gathering values of cell anisotropy amplitude ROI per ROI, separately in the three time windows tref-6h < t < tref-2h (before primordia emergence), tref-2h < t < tref+2h (around primordia emergence) and tref+2h < t < tref+6h (after primordia emergence) and were performed on MatLab. 

LEGENDS OF FIGURES

VI-Discussion

In this section, I discuss the main results of my Ph.D. In the first part, I discuss the relevance of our unified mathematical model to study feather patterning dynamics. Second, I discuss the nature of processes through which cell anisotropy may control the emergence of a regular feather array. Third, I speculate on the origin and nature of factors that may cause cell anisotropy. Finally, I discuss the results I obtained from an evolutionary perspective.

VI.A. Tract patterning

VI.A.1. Modelling and predictions

Our unified mathematical model based on self-organisation through reaction-diffusion, chemotaxis and logistic cell proliferation reproduces the dynamics of emergence and the final states of the feather primordia array observed in vivo in several species. This provided predictions on the patterning mechanisms acting in vivo. First, our modelling work suggests that the patterning of feather primordia involves prior regionalisation of the skin into competent domains (i.e. cells have reached a responsive threshold and are in a competent state to respond to the activator and inhibitor signals from the environment; (Ho et al. 2019), (Inaba, Harn, and Chuong 2019)). Second, our model predicts that when these initial competent areas acquire sharp-enough spatial profiles (from restriction of a causal factor, be it cellular or molecular), a travelling wave of patterning emerges, resulting in the sequential acquisition of the feather array. Pattern initiation occurs upon a certain density threshold of competent cells, of which we found evidence in vivo, as a gradient of cell density progresses throughout the dorsum as new rows of feather primordia are specified. We showed that this density threshold upon which feather patterning is initiated is species-dependent (article 2). It is thus likely that a global patterning event controls the cell density/competence threshold.

Ho and colleagues showed that Eda signalling contributes to setting the threshold, as its inhibition lowers the density threshold upon which the pattern forms. Eda is expressed in a medio-lateral wave that follows the wave of cell density and precedes the formation of new feather primordia rows (Ho et al. 2019). Inhibition of cell proliferation, which reduces overall cell density, restricts the extent of the dorsal patterned region to five rows instead of eight, but does not affect the wave of Eda expression. This shows that mesenchymal cell density does not control the molecular wave. Conversely, surveying different species showed that feather patterning takes place even in species that do not undergo cell density or Eda signalling waves (e.g., ostrich and emu). Therefore, patterning can occur without a wave.

Both our model and the work of Ho and colleagues suggest that the presence or absence of a patterning wave instead modulates local feather pattern geometry. For instance, our model links differences in pattern geometry to changes in the width of initial competent domains within which self-organisation drives primordia individualisation. On the one hand, thin competent segments offer space for only one feather row to form, creating a timely refinement of space.

On the other hand, wider competent domains allow simultaneous formation of several feather rows. In this case, pattern geometries vary from highly ordered in the penguin to disorganised in the emu. Similarly, Ho and colleagues linked forming motifs regularity to the presence or absence of Eda signalling wave. However, in these models, the initial profiles of neither ßcatenin expression, nor cell density or the absence/presence of wave could explain the extreme regularity seen in penguin feather primordia arrangement, suggesting that other mechanisms should be considered.

VI.A.2. Nature of the competence threshold

The nature of factors that cause cells of a tissue to acquire "competence" or induce precise local geometry of a pattern cannot be predicted by our mathematical model, as the threshold value is manually set, and numerical simulations do not reproduce differences observed between the emu and the penguin pattern (primordia regularity). Even though increasing the value of the parameter describing cell competence (m in the model) leads to more regular structures, the model does accurately reproduce the arrangement seen in the penguin. While this suggests that the penguin skin is overall "more competent" than the emu skin at the onset of primordia formation, the nature of this supposedly higher cell competence remains to be determined. Cell competence could indeed be provided by a concentration of morphogen and/or the sensitivity of their receptors, the composition of the ECM, or any factor potentially governing morphogenetic processes of primordia individualisation or molecular signalling within the developing skin tissue [START_REF] Inaba | Turing Patterning with and without a Global Wave[END_REF].

-Perspectives:

Investigating factors providing cell competence is limited both by technical challenges and much like all patterning mechanisms, the difficulty to choose and empirically test candidate factors. The modelling work I contributed to during my PhD showed how predictive theoretical frameworks used in a restrictive fashion through the use of developmental dynamics and natural variation can guide the design of empirical tests. Many factors at play during primordia patterning that were not implemented in the initial mathematical framework may thus be assessed theoretically prior to in vivo tests. For example, an appealing research direction is to incorporate an explicit dependence of existing parameters of our model, such as cell density or molecular diffusion coefficient, to potentially influencing mechanical parameters, such as tissue stiffness.

VI.B. Anisotropy as mechanical constrain

Anisotropy may act as geometrical constraint spatially limiting self-organisation, thereby controlling the establishment of a regular pattern. For example, during gastrulation in drosophila, anisotropic cells are present along a narrow epithelial furrow, and it has been shown that this acts as geometrical and mechanical cue further constraining tissue morphogenesis [START_REF] Chanet | Actomyosin Meshwork Mechanosensing Enables Tissue Shape to Orient Cell Force[END_REF]. I discuss below which tissue properties may be linked to cell anisotropy and influence the production of regular pattern attributes.

VI.B.1 Contractile properties

In domestic chicken dorsal skin explants treated with a drug activating myosin II (Calyculin A; [START_REF] Chartier | Calyculin-A Increases the Level of Protein Phosphorylation and Changes the Shape of 3T3 Fibroblasts[END_REF], which is a major driver of contractile properties in developing tissues, cellular contractility is significantly increased, and smaller aggregates form (Shyer et al. 2017).

Myosin II has greater affinity for stretched actin filaments [START_REF] Uyeda | Stretching Actin Filaments within Cells Enhances Their Affinity for the Myosin II Motor Domain[END_REF]) that regulate cell shape. Anisotropic cells (i.e., as the result of stretching in a given direction) may thus have higher Myosin II activity and consequently be more contractile. A tissue where most cells are anisotropic could therefore have higher contractile properties.

In our study, perturbing dermal cell anisotropy prior to the emergence of primordia impairs tissue compaction, probably causing the transient formation of elliptic primordia. This result suggests a link between cell anisotropy and cell contractility. However, defect in compaction is obtained using Latrunculin A, a drug that disturb actin polymerisation. Thus, while cell shape is impaired, we cannot exclude the possibility that Latrunculin A impairs chemical signalling and/or other cell/tissue properties such as rigidity and tension.

With regard to my main hypothesis that cell contractility is linked to future pattern regularity:

the more cells are contractile, the more "individualised" primordia are, the sharper and/or rapid the patterning dynamics, and the more regular the final dotted array. To illustrate the hypothesis, I will take example on a species displaying regular pattern, the Gentoo penguin and a species displaying irregular pattern, the emu. In the penguin, dermal cells are strongly anisotropic along the dorso-ventral axis prior to the emergence of the pattern. I suggest this is an upstream "preparation" of the dermis essential to confer higher contractile capacity to the tissue. When molecular effectors of the self-organising system acting downstream of anisotropy are expressed/active, high contractility of the tissue makes cells responsive to self-organisation signals and rapid individualisation of condensed structures sharply defined in space, a prerequisite for regular pattern formation. On the contrary, in the emu where there is no such cell anisotropy, tissue's contractile properties would be lower and cells would not be able to respond to molecular signalling fast enough, leading to the formation of elliptic follicles (i.e. structures that are not separating efficiently enough), and consequently, an irregular array.

-Perspectives:

To test the effect of contractility on pattern attributes, a first interesting experiment would be to increase contractility in emu explants using treatment with Calyculin A and observe the resulting cells dynamics throughout primordia emergence and the geometry of the feather array.

I obtained preliminary results on emu dorsal skin explants suggesting that this treatment produces larger and irregular primordia, a surprising opposite effect to that seen in the chicken, in which smaller primordia form (Shyer et al. 2017). I can speculate that increasing cell contractility stabilises dermal aggregates faster. In the emu, primordia at their emergence are bigger and arise in a wavy shape (see article 2; Figure 2), an increase of the cellular contractility could therefore stabilise this pattern. In the chicken, primordia formation relies on the formation of micro aggregates first that later stabilise when they are big enough (Baker, Schnell, and Maini 2009), (F. Michon et al. 2008), (Ho et al. 2019). This hypothesis is consistent with the pattern seen in the penguin at stage 1fs, in which higher cell contractility may cause quicker stabilisation leading to the formation of very small primordia. This preliminary result also suggests that the regularity of the pattern does not directly depend on cellular contractility, as in the emu, increase in contractility does not improve pattern regularity. This may be because the lack of oriented cell anisotropy in this species is not compensated. Cell anisotropy could thus be observed upstream of contractile activity in the feather array patterning process.

Conversely, the anisotropy and the contractility of the tissue could be two separate properties of the tissue and not act on each other as we did not demonstrate a proper link between that in our study (see above).

A second potential test is to force cell anisotropy in the emu by using homemade apparatus in which traction is exerted on skin explants cultured on collagen gels, creating tension forces in the tissue. I currently adapt the system designed to study the smooth muscle network underlying the skin in the domestic chicken in the laboratory of Cheng-Ming Chuong (USC), [START_REF] Wu | Self-Assembly of Biological Networks via Adaptive Patterning Revealed by Avian Intradermal Muscle Network Formation[END_REF]. I obtained preliminary results suggesting that cell anisotropy orients along the direction of applied tension. I plan to use this experimental design to test whether forcing cell anisotropy in the emu causes a regularisation of its pattern. In a near future, we can also imagine combining this system with Latrunculin A or Calyculin A treatments to clarify the link between cell contractility and cell anisotropy.

VI.B.2 Stiffness

The stiffness of the skin tissue and its environment has been involved in variation of spacing (Shyer et al. 2017): culturing chicken skin explants on polyacrylamide gels of progressive concentrations, which increases substrate stiffness, forms gradually sparser primordia pattern.

Stiffness is provided by the actomyosin network through changes in mechanical properties including elasticity and visco-elasticity [START_REF] Salbreux | Actin Cortex Mechanics and Cellular Morphogenesis[END_REF]. It may thus impact morphogenetic processes. For example, it has been shown that tissue stiffness has a direct impact on cell movement [START_REF] Yeung | Effects of Substrate Stiffness on Cell Morphology, Cytoskeletal Structure, and Adhesion[END_REF]). An appealing hypothesis is thus that cell anisotropy, governed by the actomyosin network, confers different stiffness to the tissue, and that this induces further changes in cell movement directly impacting pattern attributes formation. Too stiff substrates would not allow sufficient cell movement necessary for the emergence of feather primordia through local condensation. Conversely, in too soft substrates cell movement may be too rapid to allow stabilisation of dermal aggregates. Anisotropy, by participating to tissue stiffness, would thus influence cell movement. We can hypothesise that slower cell movement gives more time to cells to integrate positional cues leading to a regular array. This hypothesis is consistent with time-lapse experiments in which I observed a tendency of dermal cell movement to increase in explants treated with Latrunculin A, which reduces cell anisotropy. Anisotropy would thus synchronise the cellular response to molecular phenomena, a coordination role lead to regular feather array.

Of note, besides cell anisotropy tissue stiffness can also depend on tissue thickness. During convergent extension of the mesoderm at the onset of gastrulation in Xenopus laevis, mesoderm stiffness increases together with cell density and tissue thickness underneath the neural crest.

This triggers the migration of the neural crest cells [START_REF] Barriga | Tissue Stiffening Coordinates Morphogenesis by Triggering Collective Cell Migration in Vivo[END_REF]. Tissue thickness and cell proliferation parameters may thus constitute good read-outs predicting pattern attributes.

Preliminary results I obtained show that the thickness of the dermis varies between species, and correlates with the regularity of the motif formed in non-sequential species (Figure 21).

Combination of tissue thickness and cell anisotropy could explain variation in primordia size and spacing that are not impacted by changes in cell anisotropy alone.

VI.B.3. Molecular signalling

Changes in cell anisotropy, and thus mechanical properties of the tissue as described above, can cause modifications of biochemical signalling, such as modifications of diffusion properties of molecules or of ECM composition [START_REF] Storm | Nonlinear Elasticity in Biological Gels[END_REF], [START_REF] Kasza | The Cell as a Material[END_REF]), [START_REF] Zhou | Actomyosin Stiffens the Vertebrate Embryo during Crucial Stages of Elongation and Neural Tube Closure[END_REF], [START_REF] Chanet | Mechanical Force Sensing in Tissues[END_REF]. In competent segment/areas of developing tracts, anisotropy may thus create preferential diffusion axis crucial for pattern regularity. This point of view is consistent with recent studies showing that tissue anisotropy, observed in various biological systems, drives pattern orientation (e.g., orientation of pigmented stripes in zebrafish, or of striped expression profiles necessary for digit specification (Tom W. Hiscock and Megason 2015). Consistent with this hypothesis, I observed that sensitivity to mechano-sensing mechanisms differs between bird species: the cell density necessary for b-catenin mechanotranslocation is species-specific. Anisotropy may thus also influence mechano-sensation.

-Perspectives:

To test this hypothesis, it would be interesting to study the expression of molecules involved in morphogenetic processes in species with difference in pattern (including regularity). For example, Integrins, involved in cell-ECM junctions, are involved in the formation of the feather array where they slow-down cell migration: inhibiting Integrins activity using drugs ex vivo does not impede primordia formation but modifies their location, size and shape. Cell adhesion is key to maintain the expression of various genes, such as BMP-2, Wnt-7a, and FGF-10, all involved in skin appendage formation [START_REF] Michon | Dermal Condensation Formation in the Chick Embryo: Requirement for Integrin Engagement and Subsequent Stabilization by a Possible Notch/Integrin Interaction[END_REF]. I expect an increase of cell adhesion proteins quantity and sharper expression of patterning genes in species with a regular pattern, such as the penguin, compared to species with irregular patterns, such as emus and ostriches, where I expect smaller amounts of cell adhesion protein and less sharp/delayed expression of patterning genes. Of note, mechano-sensation changes may also act upstream of anisotropy (see next section).

VI.C. Anisotropy as instructive signal triggering selforganisation

I showed that variation in the amplitude of dermal cell anisotropy can be used as read-out of the competent state of cells/tissue to form regular patterns, as seen in the Japanese quail, the zebra finch and the penguin. I showed that when Latrunculin A, an inhibitor of actin filament polymerisation, impairs cell anisotropy and tissue compaction without perturbing cell movement (at 0.0625µM/ml), it causes irregular patterning in both sequential and nonsequential species. From these observations, I can hypothesise that cell shape as a read-out of the mechanical forces [START_REF] Chanet | Mechanical Force Sensing in Tissues[END_REF] could be an interesting candidate to ensure the temporal regulation of the self-organising process acting downstream.

By decreasing the amplitude of cell anisotropy, and to a larger extent mechanical forces acting in the tissue (e.g., contractility), we can modify the cell response to self-organising events that control primordia individualisation, leading to changes in the patterned phenotype. Here, I can draw a parallel with Wolpert's instructive theory in which cells adopt specific cell fates according to the amount of morphogen concentration they receive: cell anisotropy can be seen as mechanism instructing the development of the tract tissue in space and time. The "amount" of anisotropic cells (morphogen in Wolpert's theory) present in the tissue predetermines the regularity of the resulting pattern (cell fate). This hypothesis is supported by our modelling work where the penguin's pattern can be reproduced by increasing the "amount of competent cells" in the system.

VI.C.1. Anisotropy as spatio-temporal coordinator

Temporality is an important aspect to consider. The acquisition of a given pattern likely depends of a precise timely interaction between all factors at stake. In the chicken, cells are not anisotropic prior to pattern acquisition in the first competent segment, where it first emerges as irregular. At stage 1fs, dermal cells become anisotropic and the pattern regularises. By treating a quail dorsal skin explant during 2 hours with Latrunculin A leads to the emergence of an irregular motif at stage 1fs that regularises at stage nbcat. Continuous treatment completely impedes pattern regularisation. Modifying cell anisotropy only during a short time window was thus sufficient to "transform" quail temporal dynamics into that of a chicken, showing the amount of time during which cell anisotropy is present impacts pattern regularity. Thus, dermal cell anisotropy, similarly to the patterning wave, can potentiate and coordinate cells such that they undergo regular feather primordia patterning.

-Perspectives:

Precisely characterising the temporal window during which cell anisotropy matters may be assessed by performing Latrunculin A pulse experiments with different duration and at different developmental stages. This will shed light on mechanisms of anisotropy action, and together with expression analyses for genes of the BMP and FGF family in the developing tracts of species with irregular pattern or irregular pattern, such as the emu and the penguin, will uncover how it interacts with molecular factors involved in the establishment of the feather array (Michon et al. 2008), (Jung et al. 1998), (Ho et al. 2019).

VI.C.2. Anisotropy as coordinator of dermis-epidermis interaction

Mechanical interaction between different cell types is key to many morphogenetic processes.

Once dermal cell anisotropy is established it likely interferes with mechanical properties of the skin tissue. In my manuscript and the discussion below, I mainly discuss the role of the dermal layer in this interaction, as it drives the local arrangement of primordia (Sengel 1976), (Shyer et al. 2017), (Ho et al. 2019), but feather primordia emergence relies on a complex cross-talk between the epidermal and dermal layers and it would also be interesting to investigate the role of the interaction between these two layers. An epithelial layer can form spontaneous patterns resembling placode arrays [START_REF] Oster | Mechanical Aspects of Mesenchymal Morphogenesis[END_REF], (Oster and Alberch 1982) if the tissue is submitted to mechanical tension, force similar to the one exerted by the underlying proliferating dermis in vivo. The pattern of epithelial placodes therefore matches the one of dermal condensations. Early dermal cell anisotropy can thus influence epidermal signalling, such as FGF signalling, and cause the formation of well-defined primordia because epidermal and dermal mechanical and chemical actors are expressed in the exact same temporal and spatial patterns, resulting in this case on a regular feather array. Thus, cell anisotropy could coordinate the different inhibitors and activators acting not only inside a single tissue but among two different interacting tissues. One of the major limitations of my finding obtained by using Latrunculin A is that it impaired both skin layer, therefore we could not conclude that only dermal cell anisotropy is involved in patterned regularity it could be a combination of the dermal and epidermal cells interaction. To show a direct impact of the dermal cell anisotropy, dermal explant can be cultured with or without Latrunculin A and the effect on the anisotropy and the pattern could be analysed.

VI.D. Intrinsic mechanical properties of the tissue

VI.D.1. Overall tension

The investigation of cell anisotropy in penguin explants showed that ex vivo conditions disrupt both amplitude and directionality of cell anisotropy. An appealing hypothesis is that these defects are due to changes in overall tissue tension, force per se modified when the skin is separated from its growing substrate. This force is transmitted by cell-cell or cell-ECM adhesion complexes. In the case of cell-ECM interaction, focal adhesions, large macromolecular complex assemblies, mediate cell response to signalling events. Focal adhesions can be present in different concentrations and sizes amongst the developing tissue [START_REF] Riveline | Focal Contacts as Mechanosensors: Externally Applied Local Mechanical Force Induces Growth of Focal Contacts by an MDia1-Dependent and ROCK-Independent Mechanism[END_REF]. Tension or stretching of the tissue modulates the concentration of several factors involved in focal adhesions (e.g., Talin, Vinculin) and expose cryptic-binding sites for cytoskeletal proteins, resulting in an increase of cell-ECM adhesion. This connects isolated cells and changes physical properties including viscosity or stiffness [START_REF] Chanet | Mechanical Force Sensing in Tissues[END_REF].

I discussed above how these may be linked to anisotropy and explain pattern attributes.

-Perspectives:

To test the role of tension on the acquisition of early anisotropy and the resulting skin pattern, I plan to use the apparatus described in VI.B.1., [START_REF] Wu | Self-Assembly of Biological Networks via Adaptive Patterning Revealed by Avian Intradermal Muscle Network Formation[END_REF]) in several species. For example, it will be interesting to apply external tension to penguin skin explants orthogonally to the medio-lateral axis and observe whether we can recover dorso-ventral anisotropy (and consequent pattern regularity) lost upon culture conditions in this species. I also noticed that penguin dermal cells seem closely attached to one another. It will be interesting to investigate the composition of the ECM in this species and compare it to that of other species, in which attachment appears looser. Similar experiments can be performed in emus, creating anisotropy where it normally does not exist, with tension applied along the dorso-ventral axis, thereby mimicking penguin conditions. Together these experiments will inform us on the role of tension in the establishment of early cell anisotropy. Comparing species will shed light on how this mechanical force shapes natural pattern diversity in vivo.

VI.D.2. Local tension

In regular sequential species (Japanese quail and Zebra finch), anisotropic cells are spatially restricted to competent segments and ex vivo culture perturbs neither anisotropy nor resulting arrangement of feather primordia. In these species, anisotropy may thus result from local differences in tissue tension rather than overall tissue tension. Oster and Murray formulated similar theory: their theoretical work suggests that a "pre-stress" in the tissue (i.e., local difference of tension induced by differential adhesion) causes faster formation of dermal condensations in the direction of tension lines, which results in local differences in cell anisotropy [START_REF] Oster | Mechanical Aspects of Mesenchymal Morphogenesis[END_REF]). In our system, cell anisotropy could rely on local differences in the ratio of adhesion proteins that lead to changes in the mechanical and diffusion properties of the tissue, forming a preferential axis of diffusion or migration in the tissue.

VI.D.3. Instructive sources

Early cell anisotropy can be instructed by upstream molecular signalling emanating from an external source. Early embryonic structures such as the neural tube or somites have been shown to provide directionality to colour domains (Haupaix et al. 2018; see annex II), and axial initial conditions trigger the initiation of the directional feather patterning wave [START_REF] Bailleul | Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning[END_REF] see Article 1). Axial embryonic tissues could thus constitute the embryonic origin of signals providing anisotropy. Choosing candidate molecular cues can be guided by prior work in these embryonic tissues. For instance, Wnt proteins are expressed in an antero-posterior gradient in the neural tube; they activate β-catenin and act upstream of FGF. These gradients could thus explain antero-posterior anisotropy. During early chick myogenesis, Wnt11 produced in the somite acts as directional cue orienting the elongation of myocytes (Jérôme [START_REF] Gros | WNT11 Acts as a Directional Cue to Organize the Elongation of Early Muscle Fibres[END_REF]. Such candidate could explain antero-posterior anisotropy.

-Perspectives:

Hetero-specific grafting experiments allow tracking the embryonic origin of signalling sources.

Performing these lineage experiments between species displaying different directionalities in their anisotropy could bring insight on the origin of cell anisotropy.

For instance, in the case of antero-posterior anisotropy, directionality may be provided by antero-posterior directionality of the neural tube. Grafting the neural tube of a quail (a sequential regular species displaying antero-posterior cell anisotropy prior to pattern emergence) into a chicken host (a sequential irregular species without early cell anisotropy) and analysing resulting anisotropy at stage ns in the grafted area will indicate whether the donor neural tube controls this cell dynamics. Analysing the resulting pattern will link early embryonic origin of anisotropy to the final pattern outcome.

During my PhD, I performed preliminary lineage experiments to test the role of somites, which give rise to the dorsal dermis, and controls the spatial arrangement of feathers across the dorsum (Sengel 1976). Dermal cell anisotropy being a criterion in feather array variation, it was possible it was controlled by factors emanating from somites. These factors may not only have a molecular basis, but also a mechanical origin (see above): somites may possess and transmit intrinsic mechanical properties that shape the final pattern. This idea stemmed from observing penguin explants, in which amplitude and directionality of cell anisotropy was impaired, showing sources external to the skin generate and/or maintain strong cell anisotropy. I reasoned that hetero-specific grafting experiments of somites would decipher whether signals emanating from the somites control anisotropy or not (in this case, positional factors could originate from the neural tube, the lateral plate mesoderm, or external mechanical properties such as caused by growth and/or embryo shape). I thus grafted somites of penguins (regular species displaying dorso-ventral anisotropy) or ostriches (irregular species with isotropic dermal cells) into quail donors (regular species with antero-posterior dermal anisotropy). I collected chimeras 15 days after transplantation, which corresponds to stages nβcat in control donor embryos, and analysed the size and density of feather primordia at the level of the graft in the host. Preliminary observations suggest that these pattern attributes have donor characteristics, and emerge with a donor-like temporal dynamics.

Transferring the timing of emergence is consistent with previous work I contributed to, in which grafting zebra-finch somites into a chicken host, or quail somites into a pheasant host, conserved donor dynamics of pattern formation (see annex I and II). Because of a small number of feather primordia in the grafted area, I could not decipher whether the regularity of the penguin feather array was transferred. However, the cell anisotropy is not maintained. Together, and while they require confirmation, my results suggest the somite provide cues to control several attributes of pattern formation. Further experiments will be required to quantify each attribute, thereby determining which require somite information, and study dynamics of pattern emergence with imaging experiments I use, thereby shedding light on cell dynamics controlled by the somite (Figure 22). Strikingly, in the penguin-quail and ostrich-quail chimeras I obtained, skin thickness was also typical of the donor. As discussed above, tissue thickness is specified early, before the acquisition of the feather pattern, tightly linked to cell density and proliferation rates in the dermis. Its control is thus likely encoded prior to somite and lateral plate mesoderm formation.

Taken together, these preliminary results suggest that tissue thickness, timing of feather emergence, and local feather array, all depending on the capacity of skin cells to proliferate and form feather follicles, are controlled by early embryonic landmarks from which dermal cells originate. A fine characterisation of proliferation rate, tissue thickness, somite and lateral plate mesoderm structure, and molecular expression in different species will be necessary to complement lineage experiments and identify actors of pattern formation and evolution.

VI.E. Ecological and evolutionary implications

The field of evolutionary developmental biology (evo-devo) relies on the study of the developmental processes in different organisms to infer ancestral relationships and understand how development shapes morphological evolution. The approach I followed in the laboratory is could be coined "devo-evo": I used inter-species comparison of developmental dynamics to find varying and common attributes, and correlate those with tissue/cell dynamics in order to tool, results per se comparative results allow drawing hypotheses on the ecological role of pattern differences between chosen bird groups and more generally, developmental constrains to pattern evolution.

VI.E.1. Tract pattern and flight ability

In flying species, feathers are arranged in tracts supposedly because featherless areas offer steric space necessary for flapping wing movement with appropriate amplitude (Sengel 1976).

Gathering data on tract distribution in enough bird groups will be necessary to establish a strong correlation with flight abilities. It seems that the presence of spatially restricted initial conditions and the presence of featherless area correlate with the flying abilities. However, combining observations in Paleognathae and penguins showed there is no correlation between local regularity of the pattern and flight abilities contrary to previously suggested (Ho et al. 2019). Differences between emus and penguins also suggest that loss of flight evolved through distinct developmental changes. This is likely due to differences in environmental constraints.

Interestingly, the ostrich and the emu, two non-flying birds with irregular feather arrays, also display different patterning dynamics. In both species, neither cell anisotropy nor a wave of Eda expression is present. However, in the ostrich, primordia emerge inside tract-like areas that merge during development, while in emus, primordia form in lateral-to-ventral waves throughout (Ho et al. 2019). I also observed that feather primordia of the emu do stop proliferating, contrary to those of other species. These observations suggest that even within Paleognathae the primordia pattern forms through different mechanism. While few species are found in this group, they share fairly distant common ancestors (e.g., the emu and the ostrich are 70-80 million years apart), and may have loss flight abilities independently, consistent with observing strikingly different patterning dynamics [START_REF] Maderspacher | Evolution: Flight of the Ratites[END_REF].

In addition to the presence of featherless areas, flight function has also been linked to body/wing size, feather morphology, and presence or absence of hollow bones, and it remains unknown whether defects in one of these morphological attributes is sufficient to explain flight loss.

Reconstructing the evolutionary history of flight loss will necessitate broader description of feather pattern in other flying and non-flying species.

VI.E.2. Regularity of feather pattern, thermo-regulation, and water resistance

During my PhD, I studied three different flightless birds. The ostrich and the emu display both irregular patterns and dwell in bush lands and desert regions. Irregular feather arrangement (combined with highly modified morphology, as feathers are short and flexible, devoid of barbules and proper rachis) [START_REF] Chang | The Making of a Flight Feather: Bio-Architectural Principles and Adaptation[END_REF]) may constitute an adaptation for thermoregulation. On the contrary, the penguin displays a regular pattern and is an aquatic animal. It inhabiting various environments, from tropical and dry Galapagos Islands to cold and windy Antarctica. Dense and regular configuration of the penguin feather pattern had not been previously observed, and my PhD work showed it is an extreme morphological difference with other bird species. This unique pattern may thus play an important role in thermal regulation and water resistance. Here too, pattern is combined with modification in feather morphology: penguin feathers are short and barbs/barbules attach to a thickened and flattened rachis. Each feather is connected to an erector pili muscle, which allows creating an air layer around the penguin body upon water entry: micro-bubbles are released through feather movement, which reduces drag, creating so-called "bubble boost" for landing on sea ice. Trapping of air bubbles also serves thermo-regulation purposes (Davis 2003). It is thus likely that in addition to acting as water protection barrier, the extreme density and regularity of the penguin pattern contributes to air imprisonment, and thus, to both animal mobility and thermo-regulation.

VI.E.3. Colour pattern and its evolution

Besides feather pattern, skin pattern in bird is also composed of colour patterns. Colour patterns display several functions such as camouflages, sexual mating, intra or inter-species communication. The colour pattern of birds often evolved as the bird grows older such as its function. For example, the striped pattern found in juvenile of the galliforms, which nest on the ground is thought to procure camouflage (Cott 1940). While, in adult this striped pattern is replaced by other colour patterns and are thought to be involved in sexual selection in pheasents rather than camouflage (Matteos 1998). While the embryonic basis of striped pattern fomation in galliform has been elucidate (see annex III), (Inaba et al. 2019), no developmental evidence has been reported concerning the adult one. However, most birds exhibit a specific colour on a specific region, such as the head, back, wing, and tail. This surely implies that a long-range patterning mechanism enables the specification of each domain across the whole body during embryonic development. Studies of colour patterns in crows and finches (see introduction and annex I), [START_REF] Poelstra | Transcriptomics of Colour Patterning and Coloration Shifts in Crows[END_REF] show that cryptic embryonic colour domains foreshow the different adult colour domain, that are later "paint" in different colours. Thus, the acquisition of the colour pattern in adult galliform may relys on the same kind of mechanisms and that the acquisition of different colour patterns through the bird's life, result from the combiniation of several intermediate patterns generate during embryonic development. Therefore, different ecological functions of the adult colour pattern could be acquired thanks to the presence of a given embryonic pattern that do not insure such an ecological function at that time. Studying pattern formation during embryonic development could bring insights on the different behaviour observed.

Annex I Contribution to the study

During my Ph.D., I contributed to a study that surveyed large colour domains in ~forty species of finches in the Estrildidae family of passerine songbirds. The study initiates by a fellow postdoctoral researcher attempts to identify key gene regulator of the large colour domains and their embryonic origin. Conversed colour domain has been identified in these different species and has been associated with a set of markers using RNA seq experiment. The results of the experiment showed that few expression profiles vary despite extensive differences in final color patterns in finches. Variation in colouration occurs mostly within commonly located units, together forming a common "paintbox" established early during embryogenesis.

I contributed to the designed and performed hetero-specific grafting experiments of several embryonic tissues in order to identify the origin of signals controlling the formation of ventral colour domains. We showed that ventral colour pattern is instructed by signals emanating from the lateral plate mesoderm which controls both the molecular identity of ventral colour domains along the antero-posterior axis and the position of the dorso-ventral colour boundaries inside the ventral tract.

Mis en forme : Anglais (G.B.)

Cryptic spatial modularity shapes color pattern diversity in Estrildid finches

Abstract: The coat of most animals is compartmentalised in regions carrying diverse appendages, pigment patterns and hues. Variation is not boundless: some of these domains are broadly conserved in their position or attributes. Many have been linked to key adaptive functions, yet for lack of high levels of compartmentalisation in model systems how they emerge in the embryonic skin remains unclear. Here we identified common skin regions by surveying color pattern variation in 40 species of passerine finches. We linked shared positions and attributes to the spatial restriction of genetic markers during embryonic skin development using RNA sequencing and expression analyses in the zebra finch, and through comparative analysis in 5 species, showed that few expression profiles vary despite extensive differences in final color patterns. Together, these results showed that variation in coloration occurs within commonly located units established early during embryogenesis. Finally, using hetero-specific graft we showed that the ventral color pattern is (like the feather pattern) instructed by signals emanating from the lateral plate mesoderm.

Main Text:

Embryonic development follows a spatio-temporal hierarchy of pattern-forming events, from the early establishment of body axes to the fine-tuned positioning of cellular boundaries within differentiated tissues. This guarantees the stability of forms and motifs in given taxa (Wolpert, 1969). The evolution of morphological characters thus largely relies on the alteration or cooption of broadly conserved modular units, which include gene networks, molecular pathways, cell lineages, morphogenetic fields, or whole organs. A major biological challenge is to identify developmental modules and understand to what extent they constrain morphological diversity, thereby shaping the evolution of organisms.

To tackle this question, one of the preferred approaches has been to pinpoint the genetic basis of visible modifications in homologous characters between populations or species. Studies often took advantage of easily tractable traits spatially organised at large scale across organs or the whole body, such as the arrangement of segments, appendages (e.g., bristles), ommatidia, or wing veins in insects, or of mesoderm derivatives (e.g., skeletal elements, skin appendages) in vertebrates. Comparative expression analyses of candidate genes and forward genetics linked dozens of pathways, genes, and causal mutations to trait evolution, revealing general principles governing morphological change, such as the importance of mutational "hotspots" or cisregulatory mutations. However in vivo functional experimentation in natural populations can be challenging, particularly in vertebrates, and most studies remain limited to few varying species or to late-acting mechanisms. An alternative approach has been to functionally dissect core developmental mechanisms in genetic model systems such as drosophila or mice, and this allowed describing the action and interaction of numerous genes, signalling pathways, and cellular processes in the formation of appendages and pattern attributes. However, lack of variation has no correlative resolution power, which is necessary to identify events causing evolutionary change. As a consequence, how developmental mechanisms constrain phenotypic evolution remains a mystery. We reasoned that early embryonic origin of adaptive traits can be inferred by identifying conserved attributes of these traits through observation of natural variation at a large enough phylogenetic scale. To implement this method we used avian color pattern, visual display crucial for fitness with extreme apparent variation.

Bird's coloration ranges from homogenous to compartmented in large areas or in periodically repeated geometries, a diversity observed even within groups. Across the avian phylogeny, hues span the entire visible spectrum, created by pigment types (e.g., black eumelanin or yellow phaeomelanin, carotenoids, porphyrins) and their spatial arrangement at nano-scale. In addition, pigments differentially distribute along individual feathers, creating within-feather motifs.

While both color and within-feather motifs can evolve rapidly (e.g., seedeaters), vast continents of hues are not used in a majority of species, and periodic patterns are mostly melanin-based, suggesting that developmental constraints limit the diversity of color pattern attributes. In the embryo, melanin pigment producing cells (melanocytes) are specified from cranial and trunk neural crest cells that migrate ventrally in the embryonic dermis. Upon reaching their location in areas forming feather follicle arrays (i.e., feather tracts; [START_REF] Sengel | Morphogenesis of the Skin[END_REF], melanocytes relocate in epidermal rings at the basis of follicles and later, deposit pigments along growing feathers.

Timely regulation of their activity by the pigmentation gene agouti creates motifs along individual feathers (Inaba et al., 2019) and across tract surface: in game birds, periodic colored stripes are marked by a species-specific pre-pattern of agouti expression prior to tract emergence. The width of medial-most stripes is controlled by local interactions between melanocytes in an agouti dose-dependent manner, while their position is instructed by early signals from the somite, a transient embryonic structure giving rise to the dorsal dermis (Haupaix et al., 2018;Inaba et al., 2019). These results showed that embryonic precursor tissues can provide reference landmarks to color domains, suggesting conservation /constrains. However, because these landmarks are not studied in a comparative context, to what extent they govern the overall direction and position of color pattern elements remains unclear.

Here we surveyed color pattern in ~forty species of finches of the Estrildidae family of passerine songbirds, widely studied in population genetics and displaying extreme apparent color variation. We described the distribution of pigments in the adult plumage on dorsal and ventral flat skin preparations of 38 Estrildid finch species, covering most frequently encountered genus in the family (Supplementary Figure 1). We limited our analyses to tracts as we found that in all species, sparsely distributed down-like feathers located outside of tracts were grey and white (Supplementary Figure 2). We created "reference maps" for tract feathers in the chest and trunk regions in which, contrary to the head, follicles are arranged in typical chevrons with conserved numbers along the antero-posterior axis. These tracts may be divided in a dorsal part composed of thin anterior and posterior regions and a central enlarged "saddle", and a ventral part composed of an anterior region, and two bilateral under-wing and posterior regions (Figure 1A;Clench, 1970). At each specific feather position on reference maps we recorded feather types according to distal coloration (due to eumelanin or phaeomelanin, vivid yellow-red carotenoid-based hues, blue-green-purple iridescence, and spotted, scaled, barred, or mottled periodic motifs; Gluckman and Mundi, 2016), all feathers having a proximal grey basis (Supplementary Figure 3). We found that feathers of a given type never intermingle but instead occupy well-defined areas of tracts, though gradients of carotenoid pigments and/or the same periodic motif may occur. Thus, color domains are distinctive and can be defined by boundaries (Figure 1B and Supplementary Figure 4). Most boundaries were sharp while some formed gradients of melanin, carotenoid, or within-feathers patterns, but in both cases, were highly reproducible between individuals of the same species as shown by records of their precise position along chevron feathers in the tract (Supplementary Figure 5). In males of zebra finch Taeniopygia guttata for example, the longitudinal boundary separating the flank from the ventral-most domain (f-vv) was consistently located on the fourth chevron feather (f4), which displayed a split pattern, its dorsal half orange and ventral half beige (Supplementary Figure 5). This reproducible position was also observed in females and juvenile individuals (Supplementary Figure 6). Thus, patterning mechanisms create distinct and reproducibly located color compartments within tracts of Estrildid finches that occur independently of sexual dimorphism and age. To uncover common pattern attributes, we compiled the position/orientation and coloration of all domains defined above. We found that all species display at least three distinct domains, including differences between the dorsum and the ventrum. Dorsal tracts were largely homogeneous, boundaries mostly found posteriorly to the saddle (60,5% of species; Supplementary Figure 4), while the ventrum was subdivided for all but one species (E. paelii; Figure 1B). In both regions, domain boundaries showed spatial recurrences in overall location (e.g., 23 species display f-vv boundaries) and orientation, as a vast majority followed tract axes (i.e., longitudinal or transverse), oblique boundaries being observed only in the ventrum of 6 species. This suggests color boundaries are established by structures oriented along the body plan. Strikingly, boundaries forming gradients were transverse and oblique while longitudinal boundaries were sharp. Thus, and consistent with differences in the dorsal and ventral frequencies and orientation of visible boundaries, the nature of patterning signals may differ along antero-posterior and dorso-ventral tract axes.

Together, results allowed creating a reference map of all color domains separated by recurring boundaries, composed of at least three compartments in the dorsal tract (i.e., anterior da, saddle ds, and tail dt; Figure 1C) and four in the ventral tract (chest c, flank f, ventral-most vv, and ventral posterior vp).

We compiled the occurrence of hues and within-feather motifs in each of these conserved domains. Dorsal da, ds and dt regions often displayed brown-grey coloration (31 species), but sometimes also carotenoid-based hues (16 species, 7 of which in ds and dt), iridescence (9 species, 7 of which in da), and periodic motifs (9 species, 5 of which in ds and dt). The flank f and chest c regions were those most often periodically ornate (20 and 11 species, respectively), and displayed darkest pheaomelanin or carotenoid-based colorations (29 species), though all other hues were also observed. The ventral regions vv and vp displayed for 24 species lighter whitish-to-beige coloration, a typical pattern in vertebrates (Cott, 1940), but also carotenoidbased colors (5 species) and for a handful, dark or iridescent coloration (e.g., N. phaeton phaeton, E. picta and E. paelii). Thus, while there were noticeable trends, all color domains displayed a great diversity of hues and within-feather motifs, suggesting coloration is controlled independently of the acquisition of position/orientation. Together, this survey evidences that variation in coloration occurs within commonly located units, suggesting their formation is conserved between Estrildidae.

To test this hypothesis, we compared dynamics of color domain emergence in juvenile individuals of three species that vary in the position of the f-vv boundary. In the zebra finch, at P8, pigmented feathers first became visible, and at that stage, the f-vv boundary was located on f4 similar to the adult. In the owl finch Taeniopygia bichenovii, closest related to the zebra finch, the f-vv boundary locates on f1 both in juvenile and adult individuals. Thus color boundaries may vary in position between equivalent domains, resulting from variation in a common pattern forming event, or alternatively, produced by distinct positional sources.

Strikingly, in the Gouldian finch Estrildae gouldiae, the f-vv boundary is absent in the adult who displays three transverse boundaries, but is present earlier at P8, locating on f4 identically to the zebra finch (Figure 2A). Thus color boundaries may form even when later color domains are not visible, which suggests all birds establish a common pre-pattern of color domains during skin development. To identify presumptive regions of the embryonic skin corresponding to conserved domains, we described dynamics of tract formation using stains for ß-catenin transcripts that mark developing feather follicles, or primordia, (Noramly et al., 1999) in the zebra and owl finch. We found that dynamics of tract formation are strictly identical in both species consistent with the observation that feather numbers and spatial arrangement are largely conserved in passerine birds (Clench, 1970). Specifically, dorsal primordia first create two rows extending from neck to tail and fused posteriorly, forming a Y shape, at E6. Nascent follicles then sequentially appear row by row in a dorso-ventral wave that takes place from E7 to E9 (Figure 2B and Supplementary Figure 7;[START_REF] Sengel | Morphogenesis of the Skin[END_REF][START_REF] Bailleul | Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning[END_REF]. The completed tract comprises 3 follicle rows in da and dt domains and 6 in the saddle ds. Both this timely sequence and its antero-posterior orientation do not spatially correlate with most dorsal color boundaries, which are transverse, suggesting dorsal tract and color domains form through distinct developmental mechanisms. In the ventral tract, dynamics differ: 3-to-4 primordia first individualise at E6 from a droplet-shaped ß-catenin-positive area in the under-wing region, forming a small row that rapidly extends anteriorly and posteriorly through the addition of neighbouring primordia. Concomitantly, first-forming primordia become flanked medially and laterally by new rows appearing in a sequential dynamic similar to that observed in the dorsum.

The same phenomenon takes place in two other regions, lateral to the leg and in the chest at E7 and E7.5, respectively. At E9, the three follicle-forming regions fuse to form the single, continuous surface of the ventral tract (Figure 2C and Supplementary Figure 7). These presumptive regions correspond to the conserved c, f/vv and vp domains, and the orientation/location of fusion zones correlates with some ventral color domain boundaries (e.g., transverse c-f boundaries locate in the zone where chest and under-wing regions fuse, and f-vv boundaries are parallel to the line of fusion between under-wing and posterior surfaces; Figure 2C). This suggests a common nature of signals patterning ventral tract and color domains.

To identify molecular markers of conserved color domains, we performed genomic analyses in embryos of the zebra finch, whose genome is sequenced and annotated [START_REF] Agate | Neural, not gonadal, origin of brain sex differences in a gynandromorphic finch[END_REF]. We micro-dissected embryonic skin regions corresponding to future da, ds, dt, c, f, vv, and vp in male embryos just prior to tract emergence at E5.5, extracted total RNA, and performed RNAseq experiments (Figure 2B and see methods). We analysed transcripts levels in all combinations of domains in pairs and compiled results along body axes. Among 18 207 genes annotated in the zebra finch, we found that more than 2080 genes had significant differential expression between two dissected regions (Fold-change ≥ 1.5; P-value ≤ 0.05). The largest number of differentially expressed genes and highest fold-changes were observed when we compared dorsal and ventral domains (i.e., da vs c, ds vs f, ds vs vv, etc). This result was expected as the skin displays an age gradient characterised by dorso-ventral differences in tissue thickness and composition. Consistent with this, analyses using KEGG pathway database showed an enrichment of regulated genes involved in the regulation of actin cytoskeleton, focal adhesion, extra-cellular matrix-to-receptor interaction, cell adhesion, and tight junctions (Supplementary Figure 8). In addition, we observed an enrichment of genes involved in melanogenesis (Supplementary Figure 8), including known melanocyte markers Tyr, Tyrp1, Dct, Kit, and Kitl which are up-regulated in dorsal domains (Figure 3A and Supplementary Figure 9), likely due to earlier or higher activity of pigment cells in these darkly pigmented regions. Conversely, the pigmentation gene agouti, which displays one of the highest foldchanges, is upregulated in ventral domains (Figure 3A and Supplementary Figure 9) in agreement with previous studies in rodents (Manceau et al., 2011, Candille et al., 2003). KEGG pathway analyses also evidenced differential expression of several genes belonging to the Wnt signalling pathway, involved in the formation of skin appendages (e.g., Wif1, Lef1, or Frz6), and members of the TGF-ß pathway (e.g., Bmp4 and Bmp7, which control local feather patterning). To identify markers of one or few color domains, we retained only genes with a strong fold-change (at least 2.5-fold change) and discarded those up-regulated either in the dorsum or in the ventrum in more than two combinations, despite some showing strong foldchanges (e.g., Zic1, Zic3, Zic4, Foxb1 in the dorsum, Crabp1, Hand2 in the ventrum) as we could not distinguish whether they reflected dorso-ventral domain identity or the age gradient in dermis differentiation. Overall, differences in expression levels along the dorso-ventral axis pointed to a high number of homeobox factors (e.g. Hoxa6,Osr2,Pitx2,Shox and Tbx18), some of them known to control the establishment of tissue boundaries during development (Figure 3A and Supplementary Figure 9). Using the same methodology, we compiled expression profiles along the antero-posterior axis (i.e., da vs ds, c vs f, c vs vv, etc). We found less differentially regulated genes with weaker fold-changes than in the dorso-ventral axis, and KEGG pathways analyses identified less pigmentation and cell adhesion genes (Supplementary Figure 10). Interestingly, the latter did not reflect an antero-posterior gradient of skin differentiation but instead differences in tissue composition of the ds region. The pigmentation gene Agouti was upregulated in the ventral-most domain vv (Supplementary Figure 11). Overall, the most striking trend was the recurrence of homeobox genes (e.g., Shox, Tbx5, Tbx18, Six2, Irx1), several being differentially expressed between dorsal and between ventral regions (e.g., Hoxa2, -a3, -a4 are up regulated in da and c, Hoxa7, -a9, -c9, Pitx2, Osr2 in ds and f/vv, and Msx2, Hoxa11 in dt and vp), reflecting antero-posterior identity of skin regions. Thus, despite the lack of visible color differences between skin regions along the antero-posterior axis in the adult zebra finch, profiling results provide a number of candidates potentially marking distinct embryonic skin regions that are later cryptic. Strikingly, when we combined results along both body axes, we found only three genes profiles marking a single putative domain, namely Alx4 and Isl1 in vp and Tbx18 in f. This observation suggests that the spatial restriction of hues or within-feather motifs to given domains results from a combinatory network of patterning genes.

We cloned 60 candidate genes from the RNA-seq experiments (Supplementary Table 1) and screened their qualitative expression profiles at E5.5 using in situ hybridisation experiments in the zebra finch embryo. Among these candidates, 37 had spatially-restricted expression patterns (Figure 3 C-D and Supplementary Figure 12 and13). In the dorsum, several genes of the Hox family were expressed in staggered domains along the head-to-tail axis: Hoxa4 and Hoxc6 were restricted to the neck and part of the da domain, Hoxa7 to a segment extending from wings to legs corresponding to ds and Hoxa10 to a posterior region encompassing dt. The presumptive region of the saddle was also marked by gradients of transcripts of transcription factors Pitx2, Alx1, and Ptchd1 and of the anti-angiogenic factor Ism1. The posterior domain dt was specifically stained by the expression of the homeobox gene Irx1 (Figure 3C). Thus, several candidates marked spatially defined dorsal regions, most profiles overlapping between two putative domains. In the ventrum, the pigmentation gene agouti was strongly expressed in a longitudinal area covering the future vv domain and a region directly ventral to the tract (Figure 3D and Supplementary Figure 14). Previous work in rodents showed that agouti interacts with dorsally restricted Tbx15 to control the location of the dorso-ventral color boundary [START_REF] Candille | Dorsoventral patterning of the mouse coat by Tbx15[END_REF]. Though it did not show up in RNA seq results, we thus assessed Tbx15 expression and found it is expressed directly dorsal to the forming tract in a pattern complementary to agouti. The boundary between Tbx15 and agouti transcript domains precisely marks the location of the future f-vv boundary, suggesting their interaction also controls the position of the dorso-ventral color boundary in birds (Supplementary Figure 15). The future f-vv boundary is also visualised with the dorsal limit of expression of Pitx2 in the vv domain, or the ventral limit of Tbx18 in the adjacent f domain. Other candidates occupied restricted regions along the antero-posterior axis and together marked the location of future transverse boundaries: the anterior-most is defined by combined expression patterns of Msx2 or Hoxa4 in the c domain and of Osr2 in the neighbouring under-wing area, while the posterior-most is marked by combined expression of Irx1 and Six2 expression respectively in vp and vv regions (Figure 3D and Supplementary Figure 14). Finally, several genes marked large parts of putative domains.

For example, Hoxa4, Ptchd1 and Hoxa10 respectively locate in the da, ds and dt domains, and Msx2, Tbx15, Six2 and Irx1 mark the c, f, vv and vp domains. Together, qualitative expression analyses confirmed quantitative RNA-seq data and showed that while few genes pre-pattern color domains alone, a limited number of markers having sharp enough profiles and that stain adjacent color domains without overlap can be combined to demarcate future domains and their boundaries. This dataset provides a molecular map of common domains in the zebra finch embryonic skin.

To identify which markers vary between species according to color pattern differences, we performed inter-species comparison of genes whose profile displayed spatial restriction in the zebra finch embryo. We focused on the ventrum as boundaries in this region vary more and display both transverse and longitudinal orientations. Besides the zebra finch, we studied the owl finch, whose f-vv boundary is shifted upwards, the Gouldian finch, which has a sharp c-vv boundary, the Long-tailed finch Poephila acuticauda which has a distinctive vp domain, and the Painted finch Emblema picta, which has a dark ventrum. Strikingly, despite correlating with color boundaries of the zebra finch, most transcript profiles of candidate genes did not vary spatially. This suggests that variation in the position and orientation of color boundaries is not caused by changes in a single gene, but relies on the combinatory action of patterning genes in space and/or time. Only 3 gene profiles differed between species, namely agouti, Six2, and Pitx2. Compared to the zebra finch, agouti expression was shifted dorsally in the owl finch, corresponding to the f-vv boundary (Figure 4 and Supplementary Figure 16). In the Painted finch, agouti was not detected, consistent with its dark ventral coloration, and in the Gouldian and Long-tailed finch, agouti narrowed down posteriorly, consistently with the position of their transverse color boundaries. The expression profiles of Pitx2 and Six2 varied in shape and extent but without correlation with inter-species differences in color domains. Thus, overall candidate gene expression is largely conserved in the developing skin. Together with results from the phenotypic survey, they suggest that a common "paint box" is established prior to pigment or feather follicle appearance, compartmentalising a set of conserved tract and color domains in the skin in all Estrildidae despite variation in their extent or coloration. The establishment of this shared paint box may rely on early developmental landmarks controlling its position to segment the skin of passerine birds.

To identify the putative embryonic origin of the ventral color pattern, we focused on the most commonly observed f-vv boundary, sharply defined both by differences in agouti expression and pigment distribution (i.e., on f1 or f4 respectively in the owl and zebra finch). To do so, we transplanted developing zebra finch tissues, themselves oriented according to body axes and otherwise known to provide positional information to neighbouring organs, into domestic chicken Gallus gallus hosts (finch eggs being too fragile for manipulated embryos to sustain long-term grafting; Figure 5A). At E5.5, agouti was strongly expressed in the ventral region of both birds, and detected in the dorsum of the chicken but not the finch, consistent with previous works in juvenile poultry birds (Figure 5 and Supplementary Figure 17; Haupaix et al., 2018, Inaba et al., 2019). We grafted somites, giving rise to dermal cells and instructing the position of dorsal agouti expression and colored stripes (Haupaix et al., 2018). We found that 4 days after transplanting trunk-level epithelial somites, the expression of agouti was absent in those of the grafted area while present in those of the host, consistent with previous reports. His pattern was identical in the ventrum between grafted and un-grafted sides, showing somites do not instruct the position of the f-vv boundary (Figure 5A). Similarly, when we transplanted halves of trunk-level zebra finch neural tube, chicken-like expression of agouti was maintained on the grafted side both in the ventrum and in somites, showing that the neural tube does not control the establishment of the f-vv boundary. Conversely, 4 days after transplanting the lateral plate mesoderm collected at trunk/wing level, tissue giving rise to the ventral dermis and involved in the positioning of forelimbs along the antero-posterior axis, ventral agouti expression was markedly shifted dorsally, identical to that of control zebra finch embryos (Figure 5A). Thus, the lateral plate mesoderm governs the ventral position of species-specific agouti expression. To assess the effect of the lateral plate mesoderm on pigment distribution in the nascent plumage, we performed long-term grafting experiments using Indonesian Ayam Cemani chicken as hosts: these birds are entirely black due to hyperpigmentation of the skin, feathers, beak, bones, and internal organs. Just before hatching at E21 (i.e., 18 days after transplantation), chimeras displayed small, pigment-less wings on grafted sides, similar to those of control zebra finches at the same stage and consistent with previous lineage studies (see above). In grafted regions, tracts had zebra finch-like follicle geometries and widths and comprised two color domains (darkly pigmented in the flank and lighter ventrally), separated by a boundary located on f4 (i.e., corresponding to the f-vv boundary in control zebra finch embryos; Figure 5B). This result shows that the lateral plate mesoderm governs the formation of the ventral tract and the position of the longitudinal color boundary along the dorso-ventral axis. To test the effect of the lateral plate mesoderm on antero-posterior domain identity, we assessed the expression of Six2, normally present at wing level and marking the vv domain, 4 days after transplantation (Figure 5C). We observed an ectopic, β-catenin-stained feather tract, showing that tracts and color domains share a common embryonic origin, and ectopic posterior expression of Six2, demonstrating that the lateral plate mesoderm is sufficient to drive the expression of molecular markers along dorso-ventral and antero-posterior axes, acting as positional source providing identity to ventral skin domains.

MATERIAL AND METHOD

Animals and embryo collection

Male and female finches (Taeniopygia guttata, Taeniopygia bichenovii, Erythrura gouldiae, Emblema picta, Peophila acuticauda), obtained from pet stores or local suppliers, were maintained by breeding pairs in the animal facility at the Collège de France in a temperature (24°C) controlled room. Animals were exposed to a 12:12 light:dark cycle, and provided ad libitum access to drinking water (supplemented with vitamines), seed, gravel, and cuttlebone.

Their diets were also supplemented weekly with bread-egg mixture.

Fertilized eggs were collected every day from breeding pairs and incubated at 37°C in a humidified incubator (Brinsea ova-easy 190). Embryos at several stages of development were dissected in PBS, fixed in 4% formaldehyde, deshydrated in EtOH 100% and stored at -20°C until processing. Embryos were staged according to Murray et al. (2013).

Specimen sampling and pattern analyses

Adult birds of the Estrildid family were obtained from breeders and stored at -20°C prior to processing. Flat skins were obtained from frozen carcasses through an incision along the A/P body axis and by separating the skin tissue from the body. Skins were then stretched flat, dry for 1 week, and imaged using an AF-S Micro NIKKOR 60mm f/2.8G ED macro-lens equipped with a D5300 camera (Nikkon).

Maps of dorsal and ventral tracts were obtained by ( 1) plucking out all feathers (using forceps) which revealed their position along longitudinal row from the neck to the tail, and (2) recording color/feather type at each position.

In situ hybridization

In situ hybridization experiments were performed as previously described [START_REF] Henrique | Expression of a Delta Homologue in Prospective Neurons in the Chick[END_REF]. Anti-sense ribo-probes were synthesized from linearized plasmids containing fragment of zebra finch's coding sequences for genes cloned by PCR, listed in Table 1. The probe for Tbx5 was gifts from J. Gros (Institut Pasteur, Paris).

For double in situ hybridizations, ribo-probes were labelled with digoxigenin (DIG) or fluorescein RNA-labeling mix (Roche) and sequentially revealed with anti-digoxigenin or anti-Fluorescein alkaline phosphatase antibodies (both 1:2000, Roche) and NBT/BCIP (Promega) and Fast Red (Abcam) substrates.

Embryos were then embedded in gelatin/sucrose. Tissues were sectioned at 25 µM thickness using a CM 3050S cryostat and thaw-mounted onto Superfrost Plus microscope slides (ThermoFisher Scientific). After washing, sections were mounted in fluoromount (Southern Biotech). Images were captured using a BX53 microscope (Olympus).

RNA extraction and sequencing

For isolation of total RNA, the embryonic skin domains were dissected out quickly on ice at stage E5.5 (at that stage we can use the small droplet-shaped feather placode in the under-wing region as a marker to distinguish vv from f), kept in RNA stabilization solution (RNAlater; Qiagen) and stored at -80°C until RNA extraction was performed.

For sex identification in embryos, heads were kept in ATL buffer and stored at -80°C until processing. Total DNA was extracted using the Dneasy blood and tissue kit (Qiagen) following the manufacturer's protocol and sex was determined by PCR using sex-specific primers allowing discrimination between the products from the Z and W chromosomes on a gel (Primers:

CHD-W-For: GGGTTTTGACTGACTAACTGATT; CHD-W-Rev:

GTTCAAAGCTACATGAATAAACA; CHD-Z-For: GTGTAGTCCGCTGCTTTTGG; CHD-Z-Rev: GTTCGTGGTCTTCCACGTTT).

Total RNA was extracted (from skin of male embryos) using the RNeasy micro kit (Qiagen), with on-column DNAsing to remove contaminating genomic DNA, following the manufacturer's protocol. Final elution volume was 14 µL. RNA quality was assessed on a Bioanalyzer. RNA of sufficient quality (RIN > 7) was then used to generate cDNA libraries.

cDNA libraries and RNA sequencing Library preparation and Illumina sequencing were performed at the Ecole Normale Superieure genomic core facility (Paris, France). 10 ng of total RNA were amplified and converted to cDNA using SMART-Seq v4 Ultra Low Input RNA kit Code de champ modifié enriched if fold enrichment ≥ 2.0, uncorrected p-value ≤ 0.05 and minimum number of regulated genes in pathway/term ≥ 2.0. Analysis was performed three times: using all regulated genes, using up-regulated genes and using down-regulated genes only. Union of these three analyses was made to provide a single list of results.

Microsurgical procedures

Fertilized chick eggs (Gallus gallus, EARL Les Bruyères, France) were incubated at 37°C until the embryos reached HH14 (21-22 somites) according the Hamburger and Hamilton (Hamburger and Hamilton, 1951). Microsurgery was performed in ovo as previously described.

To visualize the embryos, India ink (Pelikan) in PBS's solution (1/30) was injected between the embryonic tissues and the vitelline layer.

Four adjacent somites (18 to 21), neural tube halves (taken between the levels of the 18th and 21th somites) or lateral plate mesoderm (taken between the 16th and the 20th somites) of a zebra finch donor embryo were transplanted in place of the matched tissues of a chicken host embryo of the same stage (HH14). For ectopic grafts, the lateral plate mesoderm was taken between the levels of the 14th and 17th somites and transplanted posteriorly between the 18th and 21th somites of the chicken host. After an additional 4 days incubation period, embryos were fixed for whole-mount in situ hybridization. For long term grafting experiments, chimeras were incubated 18 additional days after transplantation, deheaded and stored in PBS at 4°C

prior to pattern analysis. In situ hybridization for agouti, pitx2 and six2 in the ventral embryo of five species at stage E5.5 show that, compare to the zebra finch, agouti expression is shifted dorsally in the owl finch, corresponding to the f-vv boundary. In the Painted finch, agouti is not detected, consistent with the dark coloration of the ventrum. In the Gouldian and Long-tailed finches, agouti narrows down posteriorly, consistently with the position of their transverse color boundaries.

LEGENDS OF FIGURES

The expression profiles of pitx2 and six2 also vary in shape and extent between species, but these changes do not visibly correlate with inter-species differences in color domains. Scale bars: 500 µm. 

Annex II

Contribution to the study:

When I arrived in Ph.D., a fellow post-doctoral researcher, had initiated a study aiming to determine the origin of coloured-stripped patterning in juvenile Galliforme birds. Juveniles of this group display a periodic yellow and black stripes pattern. The width and number of the yellow stripes vary between birds and rely on an agouti pre-pattern that foreshadows the position of the future yellow domains. A functional approach was conducted in mutant quails with low or high levels of agouti showed that agouti controls the width of the stripes in a dose dependent manner.

To assess the embryonic origin of the signals responsible for the spatial expression of agouti and consequently for the positioning of the yellow stripe, I helped designed and performed hetero-specific grafting experiments of early embryonic structures, namely the neural tube and the somite between quails and pheasants. The results of these experiments showed that signal emanating from the somites instructs agouti expression and consequently the position of yellow stripes.

Bird's periodic coloration forms through a pre-pattern of somite origin * Correspondence to: marie.manceau@college-de-france.fr

Abstract:

The periodic stripes and spots that often adorn animal's coats have been largely

viewed as self-organizing patterns, forming through dynamics such as Turing's reactiondiffusion within the developing skin. Whether pre-existing positional information also contributes to the periodicity and orientation of these patterns has however remained unclear.

Here, we use natural variation in colored stripes of juvenile Galliform birds to show that stripes form in a two-step process: autonomous signaling from the somite sets stripe position by forming a composite pre-pattern marked by the expression profile of agouti. The latter regulates stripe width through a dose-dependent control of local pigment production. These results reveal that early developmental landmarks can shape periodic patterns upstream of late local dynamics, and thus constrain their evolution.

Many vertebrates display intricate color patterns characterized by a periodic arrangement of pigments in stripes or spots (1). This spatial organization has been recently shown to involve genes whose embryonic expression profile forms a pre-pattern preceding the adult pattern (e.g., the developmental expression of the pigmentation genes edn3b and alx3 foreshadow striped patterns in the fur of cats and African striped mice, respectively (2,3)). A long-standing challenge has been to uncover the pattern-forming events acting upstream of pre-patterns to create discrete compartments in the developing skin. Computer simulations of stochastic dynamics such as Turing's reaction-diffusion reproduce periodic motifs that resemble those observed in the wild, suggesting that color self-organizes in the skin tissue (for review 4). This hypothesis is supported by a handful of empirical studies. In the zebra fish, longitudinal stripes form through interaction (depolarization-repulsion ( 5)) of pigment cells sequentially aggregating locally, forming inter-stripes, then expanding and compacting within stripe regions (6,7). In striped cats, the amino-peptidase taqpep creates periodicity by establishing an edn3bexpressing pre-pattern (2). Changes in cell behaviors or in the biological parameters of molecular players (e.g., clearance rate, diffusivity) may contribute to natural variation in periodic patterns, consistent with theoretical predictions: modifying corresponding parameters of simulations gives rise to a vast array of patterns ( 4). Most periodic color patterns however display specific orientation/periodicity and are highly reproducible within species, suggesting that their formation is not entirely relying on stochastic events. Here, we ask whether early developmental landmarks provide pre-existing spatial reference to periodic patterns.

Stripes vary in number and width but have comparable positions relative to the dorsal midline

Documenting phenotype variation constitutes a promising framework to predict such spatial landmarks, comparably to mathematical modeling strategies (8,9). We surveyed variation in the transient striped pattern visible along the dorsum of juvenile birds of the Galliform group.

In flat skin specimens for ten species chosen for their representative varying patterns (Table S1), we compared feather types according to pigmentation along barbs (i.e., primary branches:

we distinguished black [b; entirely eumelanic] and yellow [y; with a pheomelanin band and black base and tip] types; Fig. S1). This allowed us to identify a common stripe sequence, symmetrical over the dorsal midline, and extending from the wing to the tail: the central-most stripe is black (cb) -sometimes containing a few central yellow feathers (cy), and is flanked by two lateral yellow stripes (ly). The latter can be ventrally bordered by lateral black stripes (lb)

and additional lateral yellow stripes (ly2; Fig. 1A). We observed that the number of stripes often increased with dorsum size, showing that variation in color pattern does not result solely from scaling. The position of each stripe relative to dorsum size varied between species (Fig. S2). In comparison, absolute distances between the dorsal midline and the center of medial-most stripes (i.e., cb and ly) were comparable, suggesting these stripes are positioned early, prior to dorsal skin expansion (Fig. 1B). The width of each stripe also varied between species. To detail this variation we compared stripe boundaries relative to feather tracts, which are feather-covered individuals), and no visible cy stripe (Fig. 3B). These changes in ly stripe width result from a decrease in the duration of the yellow pulse: compared to wild-type quails, feathers of RB -/- quails switch back to eumelanin production earlier (consequently producing less y feathers containing smaller yellow bands; Fig. 3C). Conversely, quails of the Fawn mutant strain (Fa -/-

) are homozygous for a duplication at agouti responsible for an increase in its expression levels (17,18). In Fa -/-birds, the spatial pattern of agouti remains unchanged (Fig. S8) but ly (rows 1 rst /2 nd -6 th ) and cy stripes are wider, with y feathers displaying longer yellow bands due to a delayed switch to eumelanin production (i.e., increase in the duration of the yellow pulse; Fig. 3B,C). These loss/gain-of-function experiments show a novel role for agouti: at given positions (i.e., expressing bands), this gene regulates stripe width through a dose-dependent control of the duration of the yellow pulse. Agouti is a peptide diffusing in a paracrine manner; its localized expression may thus create a signaling gradient to which dermal cells respond according to their position: certain thresholds of agouti levels trigger yellow production to locally fine-tune the border of yellow stripes and modulate the length of the yellow band (consistent with the latter being increased in feathers at the center of ly stripes compared to those at the edge; Fig. S1). This raises the appealing possibility that striped pattern evolution is governed by differential regulation of agouti expression levels.

The somitic mesoderm controls localized agouti expression and yellow stripe position

Contrary to stripe width, the position of stripes is conserved between species: this suggests that early developmental landmarks establish agouti's composite pre-pattern. We studied the earliest visible expression of agouti in the embryonic skin in all five species and found it comparably located in the dermis above the neural tube (A2; Fig. S9) and the dorso-medial part of differentiating somites (A1; Fig. 4A). Previous quail-chick grafting experiments showed that both neural tube and somites contribute to the skin lineage. Feather follicle cells originate from the somite dermomyotome and their spatial distribution is mesoderm-dependent (13,19).

Conversely, pigment-producing cells (melanocytes) derive from the neural crest (20,21), but despite evidence that their differentiation responds to cues from the feather papillae (22), how they govern color patterning remained unclear as grafted strains were homogeneously colored (and quail melanocytes produced black pigments in the host). We thus performed somite and neural tube transplantations from C.japonica donors into P.colchicus hosts (as both species display a typical striped pattern; Fig. 4B). 3 days after transplanting the right half of C.japonica neural tube (prior to major migration of neural crest) in place of that of P.colchicus at the equivalent stage, no expression of agouti (normally visible in C.japonica but not P.colchicus embryos at that stage; Fig. S7) was detected in the dermis of chimeras. C.japonica cells (stained with the specific QCPN marker) were observed in the developing neural tube, dermis, and epidermis. The same was true 11 days after grafting (i.e., E14, when coloration is visible in lateral stripes); at that stage some QCPN + co-expressed the melanocyte marker trp1 (Fig. S10).

In these chimeras, the grafted and un-grafted part of the skin displayed similar color (and feather) patterns (Fig. S11). This demonstrates that despite generating melanocytes producing black pigments by default (20,21), the neural tube does not spatially control the expression of agouti expression or the activity of melanocytes (and thus, the position of yellow-producing domains). Conversely, 3 days after replacing the undifferentiated somites of P.colchicus located below wing level by those of C.japonica, QCPN + cells invaded the whole dermal compartment and we observed strong expression of agouti in the grafted dermis in position of the A1 band (Fig. 4B). 11 days after transplantation, QCPN + cells did not express Trp1 (Fig. S12). Growing feathers of the grafted side were longer than those of the un-grafted side, spatially organized according to C.japonica's dorsal tract (Fig. S11 and consistent with previous work ( 13)), and displayed the color pattern seen below wing level in C.japonica (note that it differs from leg level, see Fig. 2B). Specifically, lb feathers were present in the lateral part of the tract and yellow pigments were produced in feather rows 2 nd -4 th , thereby reducing the width of the ly stripe in the grafted side compared to the un-grafted side (Fig. 4C). Thus, the localized expression of agouti and production of yellow pigments (and therefore, the striped coloration pattern) are autonomously instructed by the somitic mesoderm.

Discussion

Results from this study show that the striped pattern is achieved in a two-step mechanism. The somite procures positional information creating specific compartments in the dermis at precise locations (controlling the position of agouti-expressing bands and consequently yellow stripes).

This pre-pattern is then refined according to expression levels of agouti (temporally controlling pigment-type production and consequently the width of each stripe). These results raise the possibility that most natural patterns -including periodic designs, rely on (and are constrained by) a stepwise organization of space that combines late, local events producing periodicity and early positional sources ensuring reproducibility key to fitness and proper directionality (in this case, longitudinal stripes depend on information from axial structures). Our work thus opens new avenues in light of current theoretical models: simulations of Turing's reaction-diffusion (and other self-organizing systems) can be framed using initial conditions corresponding to developmental landmarks. Extending empirical work on other natural patterns will better define such initial conditions and thus shed light on developmental constraints to color pattern evolution.

Materials and methods

Specimen sampling

Previously euthanized specimens of 1-3 day old hatchlings (for 10 species of Galliform birds; Supplementary Table S1) and fertilized eggs (for C.japonica, A.rufa, P.perdix, P.colchicus and S.reevesii) were obtained from authorized local breeders (Ferme de Chanteloup, Caringa, Mr.

Bouly de Lesdain, Les Bois de Vaux) and stored at -20°C prior to processing. After egg incubation in Brinsea ova-easy 190 incubators, embryos at various stages of development were dissected in PBS and fixed in 4% formaldehyde.

Stripe pattern analyses

Flat skin specimens were prepared from frozen carcasses through an incision of the skin along the ventral midline and cautious separation of the scalp from body muscles. Dissected skins were stretched flat, left to dry for 1 week, and imaged. Measures of distances between stripe boundaries were performed from the dorsal midline to the wings and legs (measures 1 and 2 in 1) plucking out all feathers (using forceps) which revealed their respective positions along longitudinal rows (i.e., feather rows, fr) from the neck to the tail, and

(2) recording color at each position (coded yellow when feathers displayed phaeomelanin and black when they only contained eumelanin).

Pigments, tracts, and feather spacing analyses

Embryonic flat skin specimens were obtained by performing longitudinal openings from neck to tail in embryos of C.japonica, A.rufa, P.perdix, P.colchicus and S.reevesii and separating the developing skin tissue from the body (using micro-scissors and forceps). Dissected skins were fixed in 4% formaldehyde and stored in 80% glycerol. Developing feathers were plucked, mounted on glass slides in fluoromount (Southern Biotech), imaged, and measured using Fiji software (23).

The "switch to y" measure corresponds to the distance (in mm) from the tip of the feather to the distal limit of the yellow band (C.japonica, E10, n=12; A.rufa, E13.5, n=12; P.perdix, E13.5, n=12; P.colchicus, E14, n=21; S.reevesii, E14, n=23; RB -/-, E10, n=22; Fa -/-, E10, n=18). The "switch to b" measure corresponds to the distance (in mm) from the tip of the feather to the distal limit of the black base (C.japonica, E11, n=32; A.rufa, E15, n=32; P.perdix, E15, n=7;

P.colchicus, E15, n=38; S.reevesii, E14.5, n=24; RB -/-, E10.5, n=14; Fa -/-, n=0, in this strain no eumelanin was seen before hatching). The "relative y band length" measure (in %) corresponds to the length of the yellow band normalized to the length of the whole, fully grown y feather from its base (0) to its tip (100), see schemes in Fig. 3 and Fig. S6 (C.japonica, E13, n=24;

A.rufa, E22, n=8; P.perdix, E22, n=6; P.colchicus, E22, n=19; S.reevesii, E22, n=8; RB -/-, E14, n=6; Fa -/-, E14, n=6).

Distance ratios were calculated between #fr1-2, fr2-3… to fr5-6 for three series along the feather row (see scheme in Fig. S11).

Expression analyses

In situ hybridization experiments were performed as previously decribed ( 24 

Hetero-specific grafting

Quail-pheasant grafting procedures were adapted from previous quail-chick grafting experiments (25): at HH13 in C.japonica, the 3 last formed somites (just posterior to the wing bud), or the right half of the neural tube alongside these somites, were ablated using glass microneedles and cleaned of potential additional neighboring tissue in PBS. Transplants were immediately transferred into HH13 P.colchicus hosts in which equivalent tissues had been previously removed (see schemes in Fig. 4 and Fig. S10). Grafted eggs were kept humid by adding ampicillin-containing PBS solution on the yolk surface, closed with tape, and re- patterns has been a culprit of evolutionary biologists, developmental biologists and mathematicians, who tackled this challenge for more than half a century. Their complementary methods led to two major patterning theories. In the first, positional information is provided by a source external to the pattern-forming tissue (1). This "instruction" mechanism has been first described in the drosophila embryo. In this system, body segments gradually form along the antero-posterior axis according to local concentrations of maternal Bicoid mRNA, which forms a gradient from its anterior source (2,3). Since this pioneering discovery many other molecules diffusing at long-range and inducing different fates in a dose-dependent manner -so-called morphogens, have been linked to the formation of a plethora of characters organised in patterns, both in invertebrates and in vertebrates (e.g., (4,5). Because morphogens emanate from early embryonic structures oriented along body axes, instructional patterning intuitively explains that many periodic patterns are reproducible and have conserved orientation within taxa. However, this patterning strategy does not provide simple mechanistic principles of establishment of more complex, periodic patterns. In the second, intrinsic instabilities within the un-patterned tissue spontaneously cause a "self-organisation" of emerging characters across a developing surface.

Self-organising dynamics have been first theorised in the Turing reaction-diffusion model, a partial differential equation (PDE) system which describes the dynamic interplay of at least two factors, a self-activating molecule which diffuses at long range and its short range inhibitor, produced as a response to the activator, which diffuses faster (6). Numerical simulations of reaction-diffusion dynamics reproduce periodic motifs such as stripes or spots (7)(8)(9), as well as large size domains under certain particular conditions (e.g., high diffusion of the inhibitor; (8,10). More recently, Turing-like models with only one molecular factor but integrating mechanical parameters, and other self-organising systems such as chemotaxis, which describes the movement of cells towards a chemo-attractant factor, have also been successful at producing periodic patterns in silico (11,12). Patterning through self-organisation is thus theoretically compatible with the periodic repetition of basic motifs. A breadth of empirical work indeed supports the existence of self-organising dynamics in biological systems: expression profiles of candidate molecules or cellular dynamics -including mechanical forces they exert on their substrate, potentially corresponding to parameters of Turing's equations, control the formation of periodically patterned organs such as turtle and shark scales, alligator teeth, feather follicles, or mammalian teeth, hair, and digits (13)(14)(15)(16)(17)(18). In addition, self-organising models are highly malleable as subtle changes in stochastic parameters may drastically impact final patterns (8), and this can explain how variation arises. However, high flexibility of self-organising systems hardly reconciles with the reproducibility and conserved orientation of most periodic patterns.

Long-opposed, instructional signalling and self-organisation both suffered from lack of experimental evidence due to the cumulative difficulties of (1) performing histological and genetic experiments in non-model organisms displaying ecologically-relevant patterns, and (2) associating candidate events occurring before spatial reference exists to final patterns.

Using natural variation in pattern formation studies

Scientists have always taken advantage of biodiversity to unveil the mathematical and physical laws of life or improve technology and medicine. Genetics and developmental biology in particular were born from observations of phenotypic variation, from Aristotle's first organismal classifications to Mendel's laws of inheritance. With the advent of modern molecular biology and the necessity to explore core developmental mechanisms in standardised model systems, studying natural populations gradually fell in desuetude besides ecological and environmental research. The current post-genomic era marked the return of trait variation as a tool for evo-devo and population genetics studies: many take advantage of morphological or behavioural differences between few species to identify the molecular bases of phenotypic evolution through forward genetics methods (i.e., GWAS or QTL analyses) or comparative expression analyses (19)(20)(21)(22)(23). The field of applied mathematics was also deeply influenced by biological diversity and its developmental origin, mathematical systems such as PDEs being prefered because they produce timely dynamics and are permissive to extensive variation through minimam parameter modification. In our laboratory, we work to standardise and extend the use of natural variation in developmental studies, combining large scale surveys and functional experimentation in non-model species for the study of pattern formation. Our method consists in identifying common and differing attributes of a pattern by surveying its variation between species, and correlating those to common and differing embryonic processes, which allows pinpointing candidate patterning events.

Periodic colour patterns, iconic systems for biologists and mathematicians.

Living examples of most mathematically defined periodic geometries (i.e., stripes, dotted arrays) can be found in the coat of mammals, birds, reptiles and fish. These motifs result from the differential distribution of pigments in discrete compartments across the skin surface or along cutaneous appendages (24). In birds and mammals, specialized pigment producing cells (melanocytes) synthesize black eumelanin and yellow phaeomelanin, basis of most visible motifs (25,26). Lineage studies showed that melanocytes are specified from the neural crest upon closure of the neural tube, and migrate ventrally in the dermis to reach their location (24,27). The presence of visible colour compartments may thus be due to different mechanisms, including differences in the type and amount of pigments produced, the duration of their production, a presence/absence of pigment-producing cells, or changes in their behaviour. At the time we designed our study, several pigmentation genes otherwise known to control pigment synthesis (e.g., agouti, Alx3, end3b) had been shown to display spatially restricted expression profiles in the embryonic skin such that they foreshadow future colour differences in the ventrum or of periodic stripes in the dorsum in rodents (28)(29)(30)(31). In the zebra fish Danio rerio however, longitudinal colored stripes were shown to arise from local changes in pigmentcell type interaction during skin differentiation, an attraction-repulsion mechanism akin to Turing dynamics, which does not necessitate prior pre-patterning of the tissue (32,33).

However, the spatial distribution of pigments is often visibly linked to anatomical landmarks in fish (34)(35)(36)(37), suggesting that pigment cell activity may be instructed by early sources. More generally, periodic patterns are often highly reproducible within species, displaying specific orientation/periodicity, which suggests their emergence could be tightly linked to pre-existing spatial references. Together, studies evidenced the key role of molecular and cellular events at play in the early embryonic skin, paving the way to link periodic colour patterns to early morphologies.

Agouti pre-patterns periodic stripes in poultry birds.

To tackle this challenge, we set to identify varying and common attributes in the transient, periodic striped pattern visible in many game birds. In this group (i.e., Galliformes) juveniles are typically characterised by dorsal longitudinal stripes displaying a black-yellow-black sequence. We surveyed 10 species by recording the colouration of all dorsal feathers and building reference maps of the striped pattern, which we found is highly reproducible within species. Quantifications showed that the number of stripes is proportional to dorsum size.

Relative to this factor, the width of each homologous stripe varied between species, but notably, the absolute position of medial-most stripes along the dorso-ventral axis was comparable (Figure 1). We linked stripe width to the timely production of yellow colouration at specific locations. We showed that variation in this attribute is not due to changes in feather growth or in the time at which they trigger yellow production, but rather to species-specific differences in the expression profile of the well-known pigmentation gene agouti. This gene is expressed in longitudinal bands that foreshadow medial-most stripes in each species, and analyses of the striped pattern in strains of Japanese quails (provided by D. Gourichon, INRA) in which the expression level of agouti is increased (in the Fawn strain) or decreased (in the Recessive Black strain) functionally demonstrated that it locally controls stripe width by adjusting the duration of the yellow-production pulse in a dose-dependent manner.

The Agouti pre-pattern is instructed by the somite A striking observation from our phenotypic survey was the conserved position of medial-most stripes, which prompted us to seek for an early developmental source of positional information controlling this attribute. To do so, we revisited the instrumental lineage technique that unveiled the embryonic origin of most developing organs and cell populations, namely quail-chick hetero-specific grafting (38). Here, we transplanted embryonic tissues from donor Japanese quails were into Common pheasant hosts (as the domestic chicken does not display stripes).

We found that after transplanting the neural tube (from which pigment-producing cells originate), the expression pattern of agouti and later, the colour pattern, were unchanged in chimeras. However, after grafting somites (from which dermal cells originate), chimeras locally displayed quail-like expression of agouti at the level of the graft in the developing skin of hosts, and at long-term, a typical donor striped colour pattern. These results showed that the somitic mesoderm autonomously instructs agouti expression and consequently the position of yellow stripes (Figure 2; 39,40).

Conclusion

Taken together, results showed that the striped pattern of juvenile game birds is produced in a two-step process. First, somites instruct positional information in the early developing dermis, which controls the establishment of agouti expression profile in a pre-pattern that foreshadows yellow stripes. Stripe position is conserved between birds, suggesting this early developmental reference constrains the extent of pattern evolution. Second, agouti locally controls yellow production in a dose-dependent manner, which defines stripe width. The latter varies between species, suggesting this developmental event, occurring later and thus potentially released from pleiotropic constrains, is the mechanism upon which evolution acts. Such sequential organisation of space combining early instructive foundation and late local mechanisms may shape the formation and evolution of many periodic patterns. 

Figure 1 :

 1 Abbreviations:α-MSH α-melanocyte-stimulating-hormone ASIP Agouti-signalling protein

Figure 2 :

 2 Figure 2: Haeckel's illustrations Romanes' 1892 copy of Haeckel's illustrations showing vertebrate embryos at different developmental stages. Depicting embryonic similarities at earliest stages and progressively acquiring specifications and differences. Species are arranged in columns, and the different stages in rows

Figure 3 :

 3 Figure 3: Gradient basedmodel and example of the Drosophila blastoderm segmentation (A)Illustration of the concept of instructional patterning. Differences in morphogen concentrations led to the establishment of different domains of cell specification in the tissue. (B) Example of instructional patterning in vivo. In the early drosophila embryo initial asymmetries along the anterior-posterior axis are caused by gradients of morphogens which directly regulate the expression of the gap genes depending on their concentration, creating different domains (different shades of orange). The different gap genes domains then provide the position information for the next level of segmentation, causing the expression of the segment polarity genes as a series of seven stripes. Adapted from Green and Sharpe 2015

Figure 4 :

 4 Figure 4:Turing "reaction-diffusion" model Illustration of the general self-organising reaction-diffusion system with an activator and an inhibitor (I) Small random molecular fluctuations will cause a slightly higher level of activator in some cells that will thus lead to the auto-enhance of these levels, pushing up the concentration. (II) Since the activator also enhances production of the inhibitor, levels of inhibitor will also rise at that point. (III) The inhibitor diffuses faster than the activator. Thus, at the position of the peak, inhibitor levels fail to accumulate sufficiently to repress the activator, whose positive feedback is able to stabilise, and the increase in inhibitor levels in neighbouring of the activator peak prevents levels of activator from growing, thus creating a zone on either side of the first peak where no new peaks can form. (IV) However, beyond these regions of "lateral inhibition" new peaks can form, so the whole system dynamically changes until a (V) regular array of peaks and valleys is formed across the whole tissue. Adapted fromGreen and Sharpe 2015 

Figure 5 :

 5 Figure 5: Schematic drawing showing the mathematical analysis of the reaction-diffusion system and the patterns generated by simulations associated with natural colour patterns. (A)Six stable states toward which the two-factor reaction-diffusion system can converge. (B) Two-dimensional patterns generated by the Turing model and examples of natural colour patterns that can fit the results of the simulations, respectively, puffer fish, cheetah, leopard and giraffe. Images from Wikipedia. Adapted fromKondo et al. 2010 
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 6 Figure 6: Examples of Turing or Turing-like system acting in vivo (A)Rugae in the mammalian palate are patterned according to a Turing model. On the left, a model where Fgf acts as the activator and Shh as the inhibitor (auto-activation of Fgf was hypothesised) From Marcon et al. 2012 On the right an image of the rugae pattern of an adult mouse. From Pantalacci et al. 2018. (B) Interaction network between the pigment cells of a zebrafish that create the striped pattern seen on the right (image from Wikipedia).The red arrow represents a long-range positive (enhancing) effect, whereas the blue line with the end bar represents a short-range negative (inhibitory) effect. A circuit of two negative interactions functions as a positive feedback. Adapted fromKondo et al. 2010 

Figure 7 :

 7 Figure 7: Mechanochemical model of pattern formation and example of epithelial buckling (A)Schematic representation of a mechanochemical model in which molecular and mechanical components act simultaneously, forming a feedback loop. (B) Symmetry breaking of a growing epithelium on an ECM, happening in two different feedback loops:Left (changes in tissue morphogenesis precede changes in cell fate specification: an initially flat epithelial of identical progenitors P1, undergo symmetry breaking (i.e., buckling) caused by differential growth or stresses compared to its surroundings causing tissue folding. Such deformations result in changes in tissue curvature, which can be actively sensed within the epithelium (e.g., via YAP and/or TAZ nuclear localization) or cause local modulation in the concentration of diffusing biochemical species (drawn in shades of orange) from passive geometrical effects. It results in a feedback loop inducing different cell fates (P1 and P2) in different regions of the epithelium, which themselves can subsequently affect local force production and further morphogenetic events. Right (changes in cell fate specification precede changes in tissue morphogenesis): in a layer containing pre-patterned domains of distinct cell types, both cell types will typically have different mechanical properties. Higher apical contractility and/or larger division rates in the P1 cells will cause local tissue bending, which can then be further refined via feedbacks on cell fate specification as outlined in the left panel.[START_REF] Hannezo | Mechanochemical Feedback Loops in Development and Disease[END_REF] 
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 8 Figure 8: Colour pattern variation in amniotes.The distribution of colour across the body can be divided in categories: homogeneous patterns (e.g., red squirrels and Gentoo penguins display dark dorsal and light ventral domains), or periodic designs that can be observed throughout the body (e.g., leopard spots and zebra stripes) or limited to a given domain (e.g., Reeve's pheasant scales and zebra finch stripes are located on their chests). FromNeguer and Manceau 2017 
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 910 Figure 9: Appendage histology and development (A)Scales primordia are constituted of an overall thick epidermis. Scales are evaginations of the epidermis that are directly rooted into the dermis. (B) Hair and feather primordia are constituted of a local thickening of the epidermis forming the epidermal placode located underneath a dermal condensation. (C) Feather are implanted in the dermis via an invagination of the epidermis called follicle. Feathers are composed of a quill (the proximal part (down) or attach together with barbicels in the distal part to form a rigid vane; the feather sheath originates from the epidermal collar at the basis of the feather follicle, which surrounds the dermal papillae. The feather is separated from the epidermal sheath by a follicular cavity. (D) Hair is composed of a basal bulb and a shaft (itself comprising a central medulla and an external cortex and is implanted into a hair follicle associated with an erector pili muscle and a sebaceous gland. Adapted from Neguer and Manceau 2017

Figure 11 :

 11 Figure 11: Feather dorsal tract variation. Dorsal preparations of embryonic skin in different species of birds show a wide variation of the tract size and width. Inside a tract the density of feather varies broadly. The African penguin displays a complete absence of apteria as shown by spatial maps of feather follicle distribution (red circles). Image from pixabay, feather map courtesy of Marie Manceau
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 12 Figure 12: Variation in the geometry of the feather array.At equivalent stages, density, size, and regularity of feather follicles (red dots) vary. Most often, feather follicles form a hexagon (yellow dotted line) as seen in the Japanese quail, the zebra finch and the African penguin. In some species, hexagonality is lost and the geometry random, as seen in the emu.

Figure 13 :

 13 Figure 13: Variation of the hair pattern in mammals.Upper panel shows the variation of density of the hair fur in elephant, where the hairs are very sparse and sea otter which the species with the densest fur. Middle panel, shows that hair orientation presents coordinated or can create various patterns such as whorls on the head of a horse. Lower panel, shows that in a single individual, depending on the part of the body, the length of appendage can vary, is illustrate here in the tail and hears of the squirrel. In nature, of hair can also be modify to form spine that intermingle with fur hair as seen in the porcupine. Images from pixabay

  Figure 13: Variation of the hair pattern in mammals.Upper panel shows the variation of density of the hair fur in elephant, where the hairs are very sparse and sea otter which the species with the densest fur. Middle panel, shows that hair orientation presents coordinated or can create various patterns such as whorls on the head of a horse. Lower panel, shows that in a single individual, depending on the part of the body, the length of appendage can vary, is illustrate here in the tail and hears of the squirrel. In nature, of hair can also be modify to form spine that intermingle with fur hair as seen in the porcupine. Images from pixabay
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 14 Figure 14: Embryonic origins of skin cells (A)The medial part of somites (the dermoyotome) which are a derivative of the mesoderm, gives rise to the dorsal dermal cells. The ectoderm gives rise to the epidermis and the pigment cells come from the neural crest cells. (B) The melanoblasts then migrate and mature to become melanocytes that are localised in the skin and within appendages.

Figure 15 :

 15 Figure 15: Molecular pathway involved during melanocytes differentiation and pigment synthesis. During melanocytes differentiation, c-Kit triggers the activation of the transcription factor Mitf causing the production of Trp-1 which stimulates their differentiation. In parallel, the hormone α-MSH is secreted and binds to Mc1-r expressed at the surface of the melanoblast and promotes also the production of Trp-1. Mature melanocytes then proceed to the melanin synthesis. The type of melanin (eumelanin or phaeomelanin) produced depends on the ligand binding Mc1-r. When α-MSH binds to it the black pigment (eumelanin) is produced. On the contrary, if its antagonist ASIP binds it, a switch is induced and the melanocytes produced the yellow pigment (phaeomelanin).

Figure 17 :

 17 Figure 17: Canonical Wnt pathwayThe canonical Wnt pathway leads to the activation of different genes mediated by the βcatenin. When a Wnt protein binds a Frizzled receptor, the latest phosphorylated and the Dishvelled protein is recruited, triggering the inhibition of the destruction complex of the βcatenin. The β-catenin therefore translocated into the nucleus where its interaction with the transcription factor TCF/LEF stabilises it and causes the transcription of target genes involved in numereous developmental processes, including hair/feather primordia fate specification programme. Dkks are a family of antagonist proteins of the Wnt signalling pathway, they inhibit it by binding to a co-receptor of Frizzled receptors.
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 18 Figure 18: Turing model for hair follicle specification. (A) A Turing model proposed Wnt as an activator and Dkk as an inhibitor. (B) Modelling prediction of the resulting pattern in the reference state or in presence of its inhibitor. (C) Top view of emerging follicles characterised by localised Wnt signalling, visualised by whole mount lacZ staining of skin. The density of guard hair follicles is reduced after Wnt signalling inhibition, as predicted by the model. Adapted from Sick et al 2006 and Marcon et al 2012
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 19 Figure19: Formation of the feather tract with or without a patterning wave In chicken in vivo, the high ordered feather array is formed sequentially from the midline to lateral region following morphogenetic waves (orange) that travel bilaterally until the all field (light blue) is cover by feathers (dark blue dots). In ostrich, emu and in in vitro reconstituted chicken skin, there is no morphogenetic wave causing the simultaneous formation of less regularly arranged feathers. Adapted fromInaba et al. 2019 
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 20 Figure 20: Schematic representation of the main molecular and cellular events occurring during the patterning of the feather array.Upper panel shows a top view of the dermis behaviour. The lower panel shows a transverse view of the epidermis and the dermis. The first break of symmetry is the establishment of a cell density gradient in the dermis concomitant to a travelling wave of EDA signalling. Thus, leads to the production of FGF signalling inducing by its chemo-attractive capacity the formation of the dermal condensations which in turn have a positive effect on the production of FGF signalling. The condensations trigger the expression of the bmp signalling, an inhibitor of FGF signalling, regulating the size and the sharpness of the boundaries between dermal condensations. The cell density wave continues to spread and the process repeats until tract completion. The stabilisation of feather primordia pattern and further morphogenesis of feather are ensured by the mechano-transduction of the β-catenin into the nucleus of the epidermal cell and Notch signalling.

  As mentioned above functional and imaging experimentation in model systems provide key technical means for developmental biologists to study the molecular and morphogenetic regulation of feather array patterning. During my PhD I combined these techniques with surveys of natural variation of the feather array. It allows to correlate feather pattern attributes with common and varying morphogenetic dynamics occurring during pattern formation, thereby pinpointing candidate-patterning events. During my Ph. D, I first worked closely with a PhD student in applied mathematics who designed a unified model reproducing tract patterning dynamics (see Results IV), performing a bulk of the empirical tests of predictions. This work pinpointed the importance of the evolution of cell dynamics during primordia individualisation that occurs within specific competent spaces. However, predictions on the nature of the cell dynamics remain ambiguous. To shed light of the cellular dynamics occurring during feather array formation, I take advantage of the natural variation in the local arrangement of feather primordia. I showed that within competent domains feather primordia geometry is defined by their size, spacing and regularity, and varies extensively among birds. I then characterised cellular dynamics occurring during feather pattern formation. It allows me to link natural variation in geometrical attributes of the feather array to local changes in cell behaviour occurring in competent areas. I identified several cell behaviours involved in the production of these attributes, which I tested empirically (see Results V).

  accounts for the sensitivity to chemotaxis, 𝛼 * (𝛼 0 ) is the production rate of the attractor (repressor) by the cells, 𝛽 * and 𝜔 respectively quantify the saturation threshold and autocatalysis sensitivity of the activator, and 𝛿 * (𝛿 0 ) is the degradation rate.We first performed a stability analysis of the model around spatially uniform solutions and theoretically identified pattern-forming instabilities (S4A Fig and S Text), recovered when simulating the system from small random initial conditions (i.e., without axial initial conditions). As expected it allowed the formation of regularly spaced dots that appear throughout the simulation surface in a timely fashion (S4B Fig).Interestingly, the stability analysis showed that all elements of the model take part in pattern formation. In particular, reaction-diffusion or chemotaxis terms are crucial to pattern formation (see equations 7 and 10

  relative to body landmarks that position the medial (P1) and lateral (P2) peaks, 𝟏 ℰ and 𝟏 ℰ Z are indicator functions that define inner and outer regions of elliptic surfaces ℰ, and 𝑧(𝑦) is a variable value parametrising the elliptic curve (see Material and Methods). The amplitude and sharpness of peaks and elliptic areas, respectively, are represented by a, 𝑠 S , 𝑠 V and 𝑠 ℰ and m represents a minimal density throughout the simulation frame(Fig 3C). We found that simulations of the model with a unique set of reference parameters chosen from the stability analysis for their pattern-forming abilities (S4 Fig), and conserved minimal density but speciesspecific peak conditions, allow the formation of individualised dots in a bi-directional and typical row-by-row sequence as well as in the dorsal space between initial lines, requiring similar times of simulation Ts to stabilise in a final pattern for Galliformes and the zebra finch (Ts = 700/800), and in a spatially random and faster manner in the emu and the Gentoo penguin (Ts =200/150; Fig3D and E). Thus, combining self-organisation (which controls follicle individualisation) and logistic proliferation with a species-specific spatial organisation of the yet un-patterned skin (as marked by the expression of ß-catenin) accurately anticipates patterning directionality, sequence, and overall duration. Together, the incremental building of a unified model reproduced shared and varying spatio-temporal attributes of tract pattern emergence, allowing us to predict that they rely on a pre-pattern upon which spontaneous, mechanisms act to produce individualised follicles.

  Fig). Thus, patterning occurs independently of the initial amount of cells and/or molecules responsible for follicle differentiation within bands. It is however impacted by the amount of factors outside of peaks, described here by m: with Results 97 Japanese quail-like conditions, proper row-by-row sequence is lost when m reaches a high threshold. Strikingly however, we found that sequential patterning occurs with low m values (close to m=0; Fig 4A). Thus, conserving low minimal density of cellular/molecular factors outside of domains spatially restricted along the medial axis is an initial symmetry breakingevent that endows only the regions within these domains with the capacity to form patterns (neighbouring regions having close to basal density unable to generate patterns). Even when small, this break in symmetry acts as a trigger, sufficient to launch the medial-to-lateral patterning wave in which cells near longitudinal peaks progressively transmit the patternforming capacity to neighbouring regions. By contrast, we found that with emu and Gentoo penguin-like conditions, dots form without clear sequence within initial surfaces independently of m values, suggesting that it is the profile of initial conditions rather than their amplitude that controls pattern sequentiality. In these cases however m influences the duration of tract completion: lowering m with emu or Gentoo penguin-like initial conditions delays pattern formation in central regions not primarily defined by ß-catenin expression, more accurately reproducing in vivo dynamics(Fig 4B and C). This is consistent with recent work showing that

  Fig), or the degradation rate 𝛿 * , 𝛿 0 (S9 Fig). All tested values preserved row-by-row dynamics of dot emergence -except for the most extreme. The latter often caused an absence of individualisation, in all cases matching exactly patterning criteria resulting from the stability analysis, even when two parameters are modified (S6-9 Fig). Thus together, simulations suggest

  Fig).We found that prior to the trigger stage (Stage 0), cell density is slightly higher in the

  (i.e., at the level of the putative first row), dropping sharply at the boundary with the lateral, ßcatenin-negative environment. During the formation of the first row (fr#3 and the posterior part of fr#2; Stage 2), the amplitude of the peak increases, marking the differentiation of a follicle, as a second region of comparable area with increased cell density appears laterally. The latter also increases and becomes flanked by a third area during the formation of the second row (fr#4; Stage 3; Fig 5C and S1 Data). Thus, cell density gradually increases locally, defining successive longitudinal domains that form one follicle row. Together, simulations and experimental data indicate that a traveling front of longitudinal surfaces defined by causal factors propagates such that follicles individualise with or without row-by-row sequence: the latter occurs as domains have a sharp enough spatial profile that self-organising parameters, controlling follicle size and spacing within the domain, authorise the formation of only one feather follicle at a time.

5 F

 5 `a on a longitudinal line, and found that it gradually produces ringed shaped structures distributed in a dotted pattern, predicting a cessation of proliferation when density reaches a high threshold(Fig 6A). To validate this prediction we performed BrdU incorporation experiments on skin tissues in the Japanese quail during the formation of the first formed row (Stage 2). We observed for both epidermal and dermal layers a decrease in proliferation at the centre of follicles, where condensation cause higher cell density, and an increase of proliferation in their periphery, where cell density is lower(Fig 6B). Linear regression on quantifications of the proliferation rate (i.e, percentage of BrdU + /DAPI + cells in surface units of a grid applied to the whole skin surface; see Material and Methods) demonstrated that it gradually drops with increased cell density(Student's T test; p=2,8.10 -11 ). Proliferation stops when the latter reaches a high threshold. When two follicle rows have formed (Stage 3), proliferation again becomes visibly homogeneous(Fig 6C and S2 Data). Thus, the logistic term accurately predicts in vivo cell behaviour during follicle differentiation -to our knowledge a unique empirical validation of this classic mathematical tool.

  Fig and S4 Data) while the spatial distribution of proliferative cells and the formation of individualised follicles remained unchanged compared to control embryos at Stage 2. Linear regression analysis showed that colchicine affects the rate of proliferation while the tissue maintains a similar carrying capacity, such as predicted by the logistic source with decreased 𝛼 5 (Student's T test; p= 2,9.10 -5 ; Fig 6C). We found that the speed of row formation reduced with longer colchicine pulses (identically to predictions of simulations of the unified model with decreased 𝛼 5 ; Fig 6D). As a result, six days after treatment, tracts were not complete compared to control experiments (Fig 6E). Together, these results show that the proliferation rate of skin cells mediates the timely propagation of the patterning wave and thus, the duration of tract completion. DISCUSSION The pre-pattern spatially restricts self-organisation Altogether, simulations and experimental data allow us to propose a scenario in which in Galliformes and the zebra finch the tract becomes compartmentalised prior to the individualisation of follicular shapes in periodically arranged, oriented surfaces possessing patterning competence. These longitudinal segments appear in a medial-to-lateral travelling front triggered by a pre-pattern: in vivo factors are initially spatially restricted such that they create symmetry breaking in the surface field, likely constraining pattern directionality. The propagation of the travelling front is achieved through the lateral transfer of increased cell density controlled by optimal cell proliferation rate, which yields the completion of the patterning process in a timely fashion. Each longitudinal domain self-organises to form one feather follicle row, which produces a row-by-row sequence. Thus, skin pattern formation is a stepwise refinement of space that involves (1) pre-patterning, dictating directionality and triggering temporal sequences, (2) cell proliferation, locally controlling patterning propagation and overall duration, and (3) self-organisation, causing follicle individualisation within competent areas. Our work thus shows that periodic patterns are a combination of pre-existing and spontaneously generated positional information, highlighting the role of spatial pre-patterns in generating temporal dynamics. It also provides an explanation to periodic pattern reproducibility in nature: by constraining self-organisation to definite and oriented compartments, temporal regulation allows the production of repeated motifs in a reproducible manner over large and developing surfaces.

  dynamics. Further exploring the relationship between cell proliferation and the dynamic distribution of molecular/cellular factors involved in skin differentiation (of which good candidates are molecules of Eda and Wnt signalling pathways) will help gain a better understanding of the mechanisms that control the speed of the patterning wave and/or set the threshold of cell density at which proliferation stops. For example, low values of m can also modulate the timing of patterning(Fig 3), raising the possibility that the amount of factors in the environment that surrounds peaks locally influences the rate of cell proliferation. In addition, work in mice showed that hair placode formation -also concomitant with a local decrease in proliferation, is largely driven by differential cell migration[37]. To gain a comprehensive understanding of the cellular events controlling plumage pattern attributes, it will thus be necessary to test the role of cell proliferation at a more local scale, both mathematically through the use of the logistic source, and in vivo through real-time tracking of cell division during follicle individualisation.

  official and institutional agreement (Direction départementale de la protection des populations and Collège de France, agreement C-75-05-12). Research licenses for Gentoo penguin Results 104 specimen collection have been granted by the Environmental Planning Department of the Falkland Islands Government (R26). Embryo sampling and flat skin preparation Fertilised eggs were collected from a breeding colony at the Collège de France for zebra finches (Taeniopygia guttata), from the natural breeding sites of Stevely Bay and Grave Cove in the western part of the Falkland Islands for Gentoo penguins (Pygoscelis papua), and from local suppliers for the other species: Les Bruyères élevage for domestic chicken Gallus gallus, Cailles de Chanteloup for Japanese quails Coturnix japonica, Les boix de Vaux for common pheasants Phasianus colchicus, and l'Emeu d'Uriage and Autruche de Laurette for emus (Dromaius novaehollandiae). After egg incubation in Brinsea Ovaeasy 190 incubators installed at the laboratory or at the Dunbar Farm (Falkland Islands), embryos were treated in ovo with 9mg/mL of 5-Bromo-2′-deoxyuridine solution (Sigma; BrdU incorporation experiments), and

  using antisense riboprobes synthesised from vectors containing 881bp, 501-bp and 685-bp fragments respectively of Japanese quail, zebra finch and Gentoo penguin coding sequences for 𝛽-catenin and a 740-bp fragment of Japanese quail coding sequence for Twist-2. Digoxigenin-labeled riboprobes were revealed with an anti-digoxigenin-AP antibody (1:2000, Roche) and an NBT/BCIP (Promega) substrate. Sequences of 𝛽-catenin primers are: F: AGCTGACTTGATGGAGTTGGA and R: TCGTGATGGCCAAGAATTTC (quail) F: TAGTTCAGCTTTTAGGCTCAGATG and R: CCTCGACAATTTCTTCCATACG (finch) F: GAACATGGCAACCCAAGCTG and R: GCCTTCACGGTGATGTGAGA (Gentoo penguin). Sequences of Twist-2 primers are: F: AAAGCTCCAGTTCTCCTGTTTC and R: ATGTTGCTTCTCGCTTCTCTG. Gentoo penguin developmental stages were estimated according to Hamburger and Hamilton classification by morphological comparison with other species.Quantifications of tract size and feather follicles/dots numberTract size: Feather-containing surfaces normalised by that of the whole dorsum were measured using Fiji software on pictures of flat skins at developmental stages corresponding to tract completion (E11 for the domestic chicken, n=2; E10 for the Japanese quail, n=3, E12.5 for the common pheasant, n=3, E26 for the emu, n=2, ~E25 for the Gentoo penguin, n=1), and at hatching for the zebra finch (the relative surface of the completed tract being conserved during development, follicles are best visualised at P0; n=2). Follicle/dot number: To quantify feather follicles or dot number (F) respectively on pictures of flat skins or model simulations in a time efficient and consistent manner (i.e, across species and at different stages), we developed a custom Matlab program. The algorithm follows three steps: first, a Gaussian filter reduces optical noise through image smoothing (Matlab function imfilter; filters were obtained with the function fspecial). Second, morphological operations are applied (i.e., closing followed by opening of the image with a disk of radius 1 pixel using functions imopen and imclose; the disk was constructed using the strel function). Third, feather follicles/dots are detected as connected components of the image and their properties (centroid, bounding box, surface, etc…) stored. Because background levels on skin images can fluctuate, the algorithm contains a set of linearly spaced thresholds to (i) produce a binary image through a detection threshold of the pre-treated image, (ii) identify the connected components of the binary image (Matlab function bwconncomp), and (iii) repeat the second step if the maximal value in a given component is above the next threshold. The resulting feather/dot locations are presented in a Matlab interface (S1 Fig) allowing toadjust thresholds, filter properties, and correct for undetected follicles or false positives (needed for less than 5% of the total follicle number). Locations are processed to identify rows by segmenting the set of feathers/dots according to their location along the x-axis (and corrected by hand in the cases of Japanese quail and zebra finch for which fr# is shifted laterally and in the emu for which counting was performed along six virtual lines). Program code and interface (Dotfinder) are available upon request.

  Simulations in S2 Fig were performed using a model recently shown to reproduce a dotted pattern of denticles in sharks[15]:k ∂ ' u = 𝐷 * ∆𝑢 + 𝐹(𝑎 * 𝑢 + 𝑏 * 𝑣 + 𝑐 * ) ∂ ' v = 𝐷 0 ∆𝑣 + 𝐺(𝑎 0 𝑢 + 𝑏 0 𝑣 + 𝑐 0 )where 𝐹 and 𝐺 are rectifying functions avoiding negative or too large values of the argument: 𝐹(𝑥) = 𝑥 for 0<𝑥<𝐹 StQ , saturating at 0 and 𝐹 StQ outside of this interval, and 𝐺(𝑥) = 𝑥 for 0 < 𝑥 < 𝐺 StQ , saturating at 0 and 𝐺 StQ outside of this interval . Simulations were made on a square domain 0 < 𝑥 < 75, 0 < 𝑦 < 150 with parameters 𝐷 * = 0.02, 𝑎 * = 0.08, 𝑏 * = -0.08, 𝑐 * = 0.04, 𝑑 * = 0.03, 𝐹 StQ = 0.2, 𝐷 0 = 0.6, 𝐷 0 = 0.6, 𝑎 0 = 0.16, 𝑏 0 = 0, 𝑐 0 = -0.05, 𝑑 0 = 0.08, 𝐺 StQ = 0.5.

  in S3 Fig were performed using the model: k ∂ ' n = 𝐷 5 ∆𝑛 -∇. (𝜅𝑛∇𝑢) + 𝛼𝑛(1 -𝑛 𝛽 ⁄ ) ∂ ' u = 𝐷 * ∆𝑢 + 𝛾𝑛 -𝛿𝑢 on a square domain 0 < 𝑥 < 30, 0 < 𝑦 < 60 with parameters 𝐷 5 = 5, 𝐷 * = 0.1, 𝜅 = 5, 𝛼 = 1, 𝛽 = 3, 𝛾 = 1, 𝛿 = 1.

(

  Southern Biotech) prior to imaging. For quantifications of cell density or proliferation, the number of DAPI + or BrdU + cells in both epidermal and dermal layers was counted in ten sections of confocal images (dividing the dorsal skin from the midline to the ventral limit of the feather field using Fiji software; a in Fig 5C), or on portions of 120µm in length (i.e., shorter than the length covered by visible expression of ß-catenin, which marks early feather follicle formation), that were positioned within ß-catenin expressing areas, or lateral to the latter in the feather field, as shown in S10 Fig and in the corresponding DAPI-stained image in b of Fig 5C. Homogeneity of cell proliferation along the medio-lateral axis at Stage 0 in the Japanese quail (n=8) and emu (n=4) was assessed using a Friedman test on ten sections of identical lengths dividing the whole feather field, and the significance of differences of cell density or proliferation rates from Stages 0 to 3 in the Japanese quail was assessed using Student's t-tests on the 120µm length sections. For quantifications of cell proliferation rate in control and colchicine-treated explants of Japanese quail skins (3 per condition), BrdU + /DAPI + cells were counted using large squares of ~150µm 2 (to control for overall effect of the drug, as shown in S12 Fig) or a fine squared grid of 400µm 2 (to quantify differences in logistic cell proliferation, as shown in Fig 6C). Linear regression results in a line of equation 1,07 -0,0131.x for control conditions (p=2,8.10 -11 ) and 0,6 -0,007.x for colchicine conditions (p=2,9.10 -5 to that implemented in the model, this yields estimated 𝛼 5 • = 1,07, 𝛽 5 € = 81.7 in control conditions, and 𝛼 5 • = 0,6; 𝛽 5 € = 85,7 in colchicine conditions.

Fig 1 :

 1 Fig 1: Dorsal tracts vary in shape, size and geometry between birds (A) During development, the dorsal tract appears in a medial-to-lateral bi-directional wave (black arrows) of feather rows (fr#1-3 are schematically represented), resulting in a micropattern in which each feather follicle (one of them is shown in dark green) is surrounded by a regular hexagon of neighbours (light green). This pattern later distorts along the anteroposterior axis (green arrows). (B) Flat preparations of dorsal skins (upper panels) and theircorresponding schematic map (bottom panels) show that completed dorsal tracts (in pink) vary in size and shape between the domestic chicken (where it covers ~77% of the dorsum surface; n=2), the Japanese quail C. japonica (75%; n=3), the common pheasant P. colchicus (72%; n=3), the emu D. novaehollandiae (100%; n=3), the zebra finch T. guttata (38%; n=2) and the Gentoo penguin (100%; n=1). In the first three species and the zebra finch, feather follicles (in white) organise in longitudinal rows (fr; circled numbers) that extend from the neck to the tail and contain a reproducible number of feathers F (counted from wings to tails as shown by white arrows): F=25, 10, 23, and 9 for fr#1 (in blue; note that in the Japanese quail and the zebra finch, this row is shorter as it is composed of late developing feathers[12,22],) and F=25, 17, 23, and 18, for fr#2 and fr#3 (in orange and red). In the emu at E26 and the Gentoo penguin at ~E25 we quantified means of F~60 and F~50 feathers as quantified along tract length, respectively. t, time; stars show the position of wings (Wi), legs (Le) and tails (T).

Fig 2 :

 2 Fig 2: Dorsal tract formation varies in directionality, sequentiality and durationIn situ hybridisations revealing ß-catenin transcripts (in purple, left panels) mark the dynamic appearance of feather rows at equivalent developmental stages in each species (n values are listed in S1 Table). In the domestic chicken, the Japanese quail, the common pheasant, and the zebra finch, the first feather rows arise from three medial bands: one posteriorly located (B1) and two anteriorly located (B2). Lateral rows then appear one by one in a front that progresses ventrally and stops at the limit of the dorsal tract. In the emu, ß-catenin is first seen throughout the dorsum but a thick medial region (white dotted line); follicles then individualise progressively at random locations. In the Gentoo penguin, two wide ß-catenin expressing lateral surfaces (white dotted line) precede a switch to the central region. Only then do follicles appear rapidly throughout both herein defined surfaces, creating a regular squared geometry (see magnifications, white squares). Automatic quantifications of F per row (right panels) show that fr#1-6 appear in a sequential manner in Galliformes and the zebra finch: follicle

Fig 3 :

 3 Fig 3: Simulations of the unified model reproduce spatio-temporal attributes (A)The size of each simulation frame was defined so that its abscissa ls corresponds to the distance between wings l and its ordinate Ls to the distance between wings and tails L (as shown here on a domestic chicken embryo at E8.5), and reported to obtain F quantified when the model reaches an equilibrium. The obtained ratios for l/ ls and L/ Ls were then used to define the size of simulation frames for the other five species (all values are shown in S2 Table). (B) Initial conditions for P1 and P2 corresponding to measurements of the central location of B1 and B2 ß-catenin bands relative to body landmarks and the ratios reported in the Japanese quail are defined by 𝑥 V and 𝑦 S , 𝑦 V , respectively (left panels). The elliptic surface ℰ representing the ßcatenin expressing surface of the emu is parametrised by z (right panels). (C) Schematics showing the effect of variation in amplitude a (upper panels), density outside of peaks m (middle panels), and sharpness s (bottom panels), compared to reference values (in red), on Gaussian and elliptic curves corresponding to equation (2) and (3), respectively, at the level of red dotted lines in B. Axes are shown in blue; 0 represents the dorsal midline; ls: frame width; x, abscissa; y, ordinate. (D) In silico simulations (S) of the unified model were run on frames corresponding to the relative size of the dorsal tract in each species as shown in A and speciesspecific numerical initial conditions as shown in B with reference Gaussian and elliptic parameters shown in C. At various intermediate simulation times (Ts; indicated in white, upper right corners), dots individualise in rows. The formation of dotted rows (dr) occurs in a bidirectional and sequential manner in the Galliformes and zebra finch simulations, and simultaneously throughout the frame in the emu and Gentoo penguin simulations (each mimicking in vivo species-specific dynamics). Simulations stabilise with motifs corresponding to the final macro and micro-patterns observed in respective species. For each species-specific simulation colour bars indicate minimal-to-maximal 𝑛 values in a black-to-white gradient. (E)

Fig 4 :

 4 Fig 4: Varying minimal density modifies patterning sequentiality (A) Simulations of the unified model with initial conditions corresponding to the Japanese quail show that dots form in a row-by-row sequence when the minimal density outside of Gaussian peaks m is low, but simultaneously when m>0,5. Simulations with initial conditions corresponding to the emu (B) or the to the Gentoo penguin (C) show that dots consistently form simultaneously throughout the frame when m increases, while low values of m cause a delay in dot formation outside of elliptic surfaces, consistent with in vivo dynamics observed in both species. Ts: Simulation time.

Fig 5 :

 5 Fig 5: Sequentiality results from the progressive appearance of longitudinal domains (A) Simulations of the unified model with initial conditions corresponding to the Japanese quail show that increasing peak width s leads to a loss of row-by-row sequence while decreasing s has no effect on pattern emergence. (B) In situ hybridisations revealing Twist-2 transcripts (in purple) from E5 (Stage 0) to E7 mark the progressive appearance of longitudinal domains in a competence front (black arrows; CF, in green) within the feather field (FF, in white) and later forming feather rows (i.e., at that level in the Japanese quail, fr#3 and fr#4 that form first, shown in shades of orange, followed by fr#2, fr#1, fr#5 respectively in red, blue, and light orange). (C) Left panels: local changes in cell density can be observed on transverse sections of Japanese quail embryos stained with DAPI to mark nuclei (in white) prior to ß-catenin expression (Stage 0), at initial conditions of ß-catenin expression (Stage 1), and during the individualisation of fr#3 and fr#4 (Stages 2 and 3). Middle panels: quantifications of skin cells within 10 sections corresponding to the red bars in a in the left panel show that cell density is homogeneous at Stage 0 (Friedman test; p=0,26) and gradually increases in a traveling medial-to-lateral wave (results obtained at Stage 0 are shown in blue in all other graphs for comparison). Right panels: quantifications of skin cells within sections of the same length positioned according to ß-catenin expression (see S10 Fig, S1 Data, and Material and Methods) and corresponding to yellow arrows in b in the left panel show that from stage 1, cell density significantly increases between segments that express ß-catenin and those positioned immediately laterally in the feather field (Student T-test; p=0,19 at Stage 0; p=0,001 at Stage 1; p=0,0002 and 0,0039 at Stage 2; p=0,36, 0,017 and 0,0008 at Stage 3; ns, non-significant). This reflects the dynamic appearance of

Fig 6 :

 6 Fig 6: Cell proliferation controls the duration of tract formation (A) Left panels: simulations of the logistic source on a longitudinal line gradually produce dots whose centre is devoid of proliferation. Right graph: implementation of the logistic term as a function of cell density n. (B) Confocal images of forming follicles (f) at Stage 2 stained with DAPI (to reveal cell nuclei), ß-catenin (which marks the epidermis thereby allowing distinguishing between skin layers) and BrdU (to reveal proliferative cells) show that cell proliferation ceases at the centre of follicles (f). (C) Left panels: BrdU stains on control (in blue; upper panels) and colchicine-treated (in orange; bottom panels) skin explants of Japanese quail embryos prepared at E6 and fixed at early, intermediate, and late Stage 2 (i.e., during the formation of fr#3) or at Stage 3 (i.e, when fr#3 and fr#4 are visible), and corresponding to DAPI stains shown for control skins in S13 Fig, show that the spatial distribution of proliferative behaviour is conserved in drug-treated skins. Right graphs: Quantifications of DAPI + /BrdU + cells per surface unit (400µm 2 grid such as shown at early Stage 2, upper right corner; dot plot; S2 Data), and linear regression analysis of these quantifications (lines) show that the proliferation rate drops with increased cell density (number of DAPI + cells in abscissae) and according to predictions of the logistic source for high n values (red square in A) in both control and colchicine-treated explants. (D) Simulations of the unified model with initial conditions corresponding to the Japanese quail show that dot rows form through longer simulation times Ts (in white) when the overall proliferation rate 𝛼 5 decreases. (E) The dynamic appearance of tracts occurs in a progressively slower manner in cultured explants of Japanese quail skins (prepared prior to the differentiation of the feather field) observed from one to six days (T+1 to T+6) after exposure to increasing pulses of colchicine treatment (from 30 minutes to 3 hours), compared to un-treated explants (schematics represent feather rows in the resulting tract with the colour code used previously in Fig 2 and Fig 5). Scale bars, 1mm.

Figure 1 :

 1 Figure 1: Dorsal tracts vary in shape, size and geometry between birds

Figure 2 :Figure 3 :Figure 4 :

 234 Figure 2: Dorsal tract formation varies in directionality, sequentiality and duration

Figure 6 :

 6 Figure 6: Cell proliferation controls the duration of tract formation

130S1Fig:

  Dotfinder and quantification of F in the emu S2 Fig: Simulations of self-organising models on small random fluctuations Results 131 S3 Fig: Simulations of self-organising models on a longitudinal line S4 Fig: Stability analysis and simulations of the unified model on small random fluctuations S10 Fig: Quantification of sections within and lateral to ß-catenin expressing areas S11 Fig: Cell proliferation in the feather field at Stage 1

  row at stage nbcat (spacing variation S.D +/-20 and 25 µm) but this regularity emerged through different dynamics: while the pattern was readily regular at stage 1fs in the quail and the finch (spacing variation S.D +/-20 µm), it evolved from irregular to regular in the domestic chicken (spacing variation S.D +/-40µm at stage 1fs), suggesting different mechanisms of pattern establishment. In the flightless emu Dromaius novaehollandia and ostrich Struthio camelus, part of the ancestral group of Paleognathes, ß-catenin first marks two wide areas on each side

  animal work was performed in compliance with regulations for animal use and specimen collection of the French Government and the European Council. Zebra finch breeding colony welfare is guaranteed through regular care and visits; the breeding facility is approved by official and institutional agreement (Direction départementale de la protection des populations and Collège de France, agreement C-75-05-12). Research licenses for Gentoo penguin specimen collection have been granted by the Environmental Planning Department of the Falkland Islands Government (R26).

Fertilised

  eggs were collected from a breeding colony at the Collège de France for zebra finches, the natural breeding sites of Stevely Bay, Grave Cove and Wedell island in the western part of the Falkland Islands for Gentoo penguins (P. papua), from the La Palmyre zoo for African penguins (S. Demersus) and from local suppliers for the other species: Les Bruyères élevage for domestic chicken G. gallus, Cailles de Chanteloup for Japanese quails (C. japonica), Autruche de Laurette and l'Autruche du Père Louis for ostriches (S. Camelus) and Emeu d'Uriage, Autruche de Laurette and l'Autruche de la Saudraye for emus (D. novaehollandiae). After egg incubation in Brinsea Ovaeasy 190 incubators installed at the laboratory or at the Dunbar Farm (Falkland Islands), Flat skins were prepared as described previously (Haupaix et al. 2018) Specimens were fixed in 4% formaldehyde, conditioned and sent back to the laboratory in the case of gentoo penguins, and imaged. All animal work was performed in compliance with regulations for animal use and specimen collection of the French Government and the European Council. Zebra finch breeding colony welfare is guaranteed through regular care and visits; the breeding facility is approved by official and institutional agreement (Direction départementale de la protection des populations and Collège de France, agreement C-75-05-12). Research licenses for gentoo penguin specimen collection have been granted by the Environmental Planning Department of the Falkland Islands Government (R26).

  (n=3 movies) or Fig 5. (n= 2 movies with latrunculin A).

ostriches and 3

 3 penguins and at stage nβcat on 8 quails, 6 chicken, 4 zebra finches, 3 emus, 3 ostriches and 3 penguins. To quantify primordia size, the outlines of dermal condensations were manually drawn using the freehand selection tool in Fiji software, and the area was obtained with Fiji measurement tools. The size of 3 different buds (of the same row for the sequential species) was measured in 3 different embryos per species. The regularity in sequential species was obtained by measuring the standard deviation of the individual distance from the centre of a primordium to the centre of the next primordia within the row. The individual distances were manually acquired thanks to the Fiji measurement software. Analysis were performed on 5 embryos of quails and finches per stages and respectively 4 and 6 embryos of chicken at stage 1fs and nβcat. The regularity in non-sequential species was assessed using Voroinoi diagrams: feather primordium's centroids were automatically detected using a custom Matlab program based on image threshold adjustments (Dotfinder,[START_REF] Bailleul | Symmetry breaking in the embryonic skin triggers directional and sequential plumage patterning[END_REF]) and the function 'voronoi' was applied to the extracted point cloud. In a Voronoi diagram, the plane is partitioned into regions (Voronoi cells) that contain exactly one primordium's centroid, and defined as the set of all spatial points closer to this centroid than to any other. The number of edges of a primordium's Voronoi cell is associated to the number of closest neighbours that this primordium has ; here we used Voronoi diagrams to evaluate the tendency of the feather network to be arranged in an hexagonal motif. At stage nβcat, 3 embryos per species were analysed and 5 emus, 4 ostriches and 3 penguins at stage 1fs.

  using antisense riboprobes synthesised from vectors containing 881-bp, 501-bp, and 685-bp fragments, respectively, of Japanese quail, zebra finch, and gentoo penguin coding sequences for β-catenin. Digoxigenin-labelled riboprobes were revealed with an antidigoxigenin-AP antibody (1:2,000, Roche) and an NBT/BCIP (Promega) substrate. Sequences of β-catenin primers are: F: AGCTGACTTGATGGAGTTGGA and R: TCGTGATGGCCAAGAATTTC (quail) F: TAGTTCAGCTTTTAGGCTCAGATG and R: CCTCGACAATTTCTTCCATACG (finch) F: GAACATGGCAACCCAAGCTG and R: GCCTTCACGGTGATGTGAGA (gentoo penguin).

Figure 1 :

 1 Figure 1: Cell dynamics occurring during primordia emergence in the Japanese quail (A) β-catenin transcripts (in purple) mark the first longitudinal competent segment prior to primordia emergence (stage ns) and later restrict in dotted shapes corresponding to nascent (stage 1fs) and differentiating (stage nβcat) primordia (black arrows). 40X confocal views of immuno-histological stains with phalloïdin (in red), Dapi (in blue) and β-catenin (in green) corresponding to black squares allow distinguishing the epidermis and the dermis. Cell tighter local packing and changes in shape characterise primordia emergence (white dotted lines) in both skin layers. At stage nβcat, β-catenin protein is detected in nuclei of upper epidermal cells (white arrows). Graphs show quantifications at stages 1fs and nβcat of feather primordia size (in mm 2 ), spacing (in mm) and regularity (in µm, standard deviation of the distance between two primordia centres along the first-formed row). Scale bars: 100µm. IP, Inter-primordia region. (B) Confocal views of phalloïdin stains in the dermis of Japanese quail embryos within the competent segment CS (black square in A) and un-patterned region UR (white square in A) at stage ns, and primordia P and inter-primordia IP regions at stages 1fs and nβcat, are superimposed with red bars corresponding to cell anisotropy amplitude and orientation angle values. Polar plots show that dermal cell anisotropy is first present in CS at stage ns, decreases in P and increases in IP at stage 1fs, and decreases in P and IP at stage nβcat. This shows the formation of the primordia array involves local cell shape changes prior to and during their emergence. Scale bars 20 µm. (C) Cultured portions of dorsal Japanese quail embryo transgenic for m-GFP skin (black square) allow visualising primordia array formation (black arrows) from stage ns to stage nβcat. Scale bars: 200µm. (D) Representative snapshots of a 12 hours time-lapse experiment in explant dermis show the formation of one primordium (black arrow) and the position of three software-defined areas corresponding to UR (blue), P (purple) and IP (pink). Bottom panels show Z-stack projections in P. Scale bar 200 µm. (E) Global dermal cell movements recorded in three areas are significantly slower in UR (Anova one-way test: *p < 0,05, **p < 0,005, ***p < 0,0005, ****p<0,0001). Evolution of dermal cell anisotropy amplitude in each area confirms that primordium formation involves differential cell shape changes. Black dotted lines represent 3 time windows during which statistical analyses have been performed that qualitatively correspond to stage ns, the transition ns to 1fs and stage 1fs. Polar plots show individual (small dots) and averaged (large dots) dermal cell anisotropy separately for each time window (Kolmogorov-Smirnov tests for UR vs. IP, UR vs. P, and P vs.IP regions: 3.10 -41 (***), 8,7.10 -39 (***) and 0,16 (stage ns) 3,9.10 -46 (***), 6.10 -28 (***) and

Figure 2 :Figure 3 :

 23 Figure 2: Primordia size, spacing and regularity vary between birds (A) Juvenile individuals for chosen species, namely emu, ostrich, domestic chicken, Japanese quail, zebra finch and Gentoo penguin are pictured along their phylogenetic relationships and schematics representing dorsal embryonic skin views. Observing the timely evolution of primordia array formation on 10X confocal views of DAPI-stained flat preparations of skin portions (corresponding to dotted squares) showed extensive variation in emerging and final primordia size and spacing, as well as in the regularity of their spatial arrangement (B)Quantifications of feather primordia size (in mm 2 ), spacing (in mm) and regularity (standard deviation of the distance in µm between two primordia centres along the first-formed row in the quail, chicken and finch, and Voronoï-analysed percentage of primordia possessing six neighbours for the emu, ostrich and penguin) at stages 1fs (full dots) and nβcat (empty dots)show that each species has its own combination of patterning dynamics and final geometrical attributes. Dm, dorsal midline; W, wings; L, legs; H, head; T, tail; scale bars: 500µm

Figure 4 :Supplemental Figure 16 :Figure 1 :

 4161 Figure 4: Dermal anisotropy governs primordia individualisation and pattern regularity (A) Binocular magnifier view at 3,2X of Japanese quail, domestic chicken, emu and Gentoo penguin skin explants cultured from stage ns and imaged at stage nβcat in control conditions or treated with low-doses of Latrunculin A continuously or in a 2 hours pulse and stained with phalloïdin show inter-species differences in final pattern attributes. Scale bars 500µm. (G)
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 23 Figure 2: Primordia size, spacing and regularity vary between birds

Figure 4 :

 4 Figure 4: Dermal anisotropy governs primordia individualisation and pattern regularity

Figure 21 :

 21 Figure 21: Skin thickness Transversal sections of an ostrich and a penguin embryo at stage ns stained with DAPI showing the overall organisation of the skin. Magnifications of the white squares. Yellow dotted line represents the boundary between the dermis and the epidermis.

Figure 22 :

 22 Figure 22: Hetero-specific graft of somites of a penguin or ostrich into a quail. African penguin's (upper panel) or ostrich's (lower panel) three last formed somites at HH13 were grafted in place of those of Japanese quail. 15 days after grafting, DAPI stained of a chimera flat skin. High magnification views with Phalloïdin stains. White arrows show the position of the feather primordia. Dotted white line shows the position of the midline.

Figure 1 :

 1 Figure 1: Ventral color domains have recurring position/orientation in the Estrildidae family. (A) Flat skin preparations from adult male specimens (here, a zebra finch) allow visualizing the position of each feather on left and right sides of the ventral tract. Each side (white dotted line) is schematized in a typical map conserved between species, in which feathers (black dots) are reproducibly arranged in chevrons (ch11, 16 and 21 are shown) such that they can be assigned a fixed number (f1, 4 and 9 are shown). (B) Analyzing color on all ventral tract feathers (upper panels) for 38 Estrildidae species representative of the phylogeny (shown schematically and see Fig. S1) produced spatial maps of color domains (bottom panels) evidencing variation in hues and at motifs (which are present at certain locations shown by colored stars and corresponding feather schemes, sometimes forming gradients; black arrows). "f-vv : fX" indicates which feather of the chevron bears the f-vv boundary. N.p.p, Neochmia phaeton phaeton; N.p.e, Neochmia phaeton evangelinae; N.t, Neochmia temporalis; T.b, Taeniopygia bichenovii; E.p, Emblema picta; N.m, Neochmia modesta; N.r, Neochmia ruficauda; T.g,

  (C) Compiling the position of color boundaries shows that most are oriented along the ventral tract axis and many have recurring position. This allows creating a reference map with four putatively conserved colored domains (chest c, flank f, ventral-most vv, ventral posterior vp) separated by boundaries (c-vv, f-vv and vv-vp). Scale bars: 0,5 cm.

Figure 4 :

 4 Figure 4: The expression profiles of agouti, pitx2 and six2 vary spatially between species.

Figure 5 :

 5 Figure 5: The lateral plate mesoderm instructs the formation of ventral domains. (A) Zebra finch's developing somites, neural tube, lateral plate at E2.5 were grafted in place of those of G.gallus (scheme). Comparison of G.gallus controls (left panels) with zebra finch grafted sides at stage E5.5 (right panels) shows that agouti expression of the grafted side (in purple) resemble those of G.gallus when somites and neural tube are grafted but was shifted dorsally when lateral plate is grafted. (B) Zebra finch's lateral plates at E2.5 were grafted in place of those of Indonesian Ayam Cemani chicken which is entirely black. Comparison of Cemani controls (2) with zebra finch grafted sides (1) at stage E21 shows that it displays small, pigment-less wings on grafted sides, the tract has zebra finch-like follicle geometries and widths, and comprises two color domains (darkly pigmented in the flank and lighter ventrally), separated by a boundary located on f4. (C) Zebra finch's lateral plate at E2.5 were grafted posteriorly in G.gallus (scheme). Double in situ stains for Six2 (in purple) and β-catenin (in red) show an ectopic feather tract and posterior expression of Six2. T.g, Taeniopygia guttata; G.g, Gallus gallus. Scale bars: 1 mm.

Figure 2 :

 2 Figure 2: Dorsal but not ventral color domains form independently of tracts.

Figure 3 :

 3 Figure 3: Gene expression profiling identifies putative markers of color domains.

Figure 4 :

 4 Figure 4: The expression profiles of agouti, pitx2 and six2 vary spatially between species.

Figure 5 :

 5 Figure 5: The lateral plate mesoderm instructs the formation of ventral domains.

Fig. 1A ,

 1A Fig. 1A, respectively) using a Vernier caliper (C.japonica and A.rufa, n=5; O.picta and C.auritum, n=2; all other species, n=3). Within the measured area, all species display cb, ly, lb (C.amherstiae, and S.reevesii only at leg level) and ly2 (except S.reevesii) stripes. Only C.japonica, A.rufa, P.perdix and M.gallopavo have cy stripes. Spatial reference maps of dorsal tracts were obtained by (1) plucking out all feathers (using forceps) which revealed their

  ) using anti-sense ribo-probes synthesized from vectors containing a 269 bp fragment of C.japonica, A.rufa, or S.reevesii's coding sequences for agouti, or a 881pb fragment of C.japonica's coding sequence for ß-catenin. For double in situ hybridizations, ribo-probes were labelled with digoxigenin or fluorescein and sequentially revealed with anti-digoxigenin-AP or anti-Fluorescein-AP antibodies (both 1:2000, Roche) and NBT/BCIP (Promega) or fast-red (Abcam) substrates. Primers: agouti-F: TGCTCTGCTACAGTTTGCTCAG; agouti-R: TGGTTTGCAGGTTTTG AA); ß-catenin-F: AGCTGACTTGATGGAGTTGGA; ß-catenin-R: TCGTGATGGCCAAG AATTTC).

Fig. 1 :

 1 Fig. 1: Stripes vary in width/shape but not position in Galliforms (A) Flat skins preparations of dorsal skin regions (white square) in juvenile individuals of 10 Galliform bird species (n=2 to 5 per species, see Table S1) show their alternating yellow and black colored stripes: cy (central yellow), cb (central black), ly (lateral yellow), lb (lateral black) and ly2 (additional lateral yellow) stripes. This pattern is symmetrical over the dorsal midline (dm, in red) and was thus used as landmark reference. (B) Measures of absolute distances (in mm) from the dorsal midline to the boundary between each stripe at wing and leg levels (indicated by Wi and Le in A and C) demonstrate inter-species variation in stripe width. We also observed changes in the number of lateral stripes despite differences in dorsum size (species are shown from smallest on the top to largest on the bottom). Conversely, cb and ly stripes have comparable positions (their center shown by green and blue lines is positioned between 2-4 and 3-9 mm from the dm at wing level, and 2-3 and 3-6 mm at leg level, respectively). (C) Feathers of the dorsal tract organize in feather rows (fr; shown in orange in C.japonica). Their spatial arrangement varies between species. Plotting feather types at each position of the tract produces precise spatial representations of the color pattern. Scale bars: 1cm. Error bars indicate standard deviation.

Fig. 2 :

 2 Fig. 2: Stripes form through yellow pulses independent of tract differentiation (A) Flat skin preparations of dorsal embryonic skins in five species (left) and high magnification views of developing feathers in cb (upper right) and ly (bottom right) stripes allow visualizing the sequential production of pigments. (B) Color pattern diagrams (left) and color-coded representations of each feather (#fr) at wing (Wi) and leg (Le) levels show the position of cy and ly stripes (which sometimes differ between Wi and Le; C.japonica has an additional ly2 stripe). A blue-to-green color code on diagrams (right) and for each feather (squares) shows the order of formation of feather rows (1 to 11 depending on species). Intercalate feathers (i, in orange) may form after tract formation. We observed no correlation between the order of formation of feather rows and their position in the tract (i.e., #fr), nor with the position of cy and ly stripes. (C) In situ hybridizations for agouti (in purple) reveal two lateral-most expressing bands present in all species (A1), two intermediary bands visible only in C.japonica (A1'), and one central band present in C.japonica, A.rufa and P.perdix (A2).

(Fig. 3 :

 3 Fig. 3: agouti marks a striped pre-pattern and controls stripe width (A) Double in situ stains for agouti (in purple) and b-catenin (in red) from E6 to E7 show (in whole-mount embryos and sections) that A1' corresponds to fr#2, A1 corresponds to fr#3-5 and A2 corresponds to fr#i (putative domains correspond to inter-limb level on a E16 dorsal tract map). (B) Juvenile flat skins, pattern maps, and embryonic flat skins of mutants strains of C.japonica show a reduction (RB -/-; upper panels, n=5) or extension (Fa -/-; lower panels, n=5) of cy and ly stripe width. Observation and quantifications of y feather length (as detailed in Fig. S6; upper graph) when they first switch to yellow production (yellow dot plots) or back to black production (black dot plots) show that the yellow pulse occurs earlier in RB -/-compared to WT individuals. Measures of the size of the yellow band relative to the length of fully-grown feathers (Fig. S6 and see scheme in C.japonica; lower graph) show that the yellow pulse occurs for a longer duration in Fa -/-compared to WT individuals. ep: epidermis; d: dermis. E: embryonic day of development; cy: central yellow; cb: central black; ly: lateral yellow; lb: lateral black; ly2: lateral yellow 2. Error bars indicate standard deviation.

Fig. 4 :

 4 Fig. 4: Stripe color pattern has a somitic origin (A) Sections of in situ hybridization for agouti (in purple) show that in all species A1 bands (purple arrowheads) locate in the embryonic dermal area above the developing somite. (B)C.japonica's three last formed somites at HH13 (i.e., immediately posterior to the wing bud) were grafted in place of those of P.colchicus. 3 days after grafting, immuno-histochemistry for QCPN (in green) reveals that C.japonica's cells invaded the host tissues (n=8). High magnification views with DAPI stains (in blue) show that QCPN + cells locate in the developing dermis but not in the epidermis in regions corresponding to A1/A1' (red square 2) and A2 (red square 1). At that stage, grafted regions in chimeras strongly expressed agouti in position of the A1 band (purple arrowhead, n=7) similar to C.japonica but contrary to P.colchicus embryos.11 days after grafting, QCPN + cells also locate in the dermis including the papillae of feather follicles but not in the epidermis. Compared to C.japonica and P.colchicus controls (left panels, n=3 per species), feathers of the chimera at the same stage (right panels, n=4) resemble those of the host except in the grafted area (in green). (C) The chimera's grafted side (third series) has the same stripe and feather pattern (see #fr) as C.japonica (first series and color pattern diagram); conversely, its un-grafted side (fourth series) has the same stripe and feather pattern

Fig. 1 :Fig. 2 :Fig. 3 :Fig. 4 :

 1234 Fig. 1: Stripes vary in width/shape but not position in Galliforms

Figure 1 :

 1 Figure 1: The striped pattern varies between species and is pre-patterned by agoutiSurveying feather colouration at all location of the dorsal skin in flat skin specimens of 10 species of Galliform birds (5 are shown here) evidenced that medial-most longitudinal stripes have conserved absolute location but vary in width. Both attributes are foreshadowed by early, species-specific expression of agouti in the embryo, prior to pigment production. E: embryonic day.

Figure 2 :

 2 Figure 2: Quail-pheasant hetero-specific grafting showed somites instruct stripe location Tissues from Japanese quail donors were transferred into pheasant hosts. When somites were transplanted, chimeras displayed a donor-like expression profile of agouti and later, plumage pattern, at the level of the graft (i.e., right under-wing region, arrowhead at E6, in green at E14). Both remained unchanged were neural tube halves were transplanted. These results demonstrated that positional signals controlling agouti pre-pattern and striped pattern establishment emanate from the somite. E: embryonic day.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  appearance, proliferation is spatially homogeneous, showing it does not convey symmetry breaking within the feather field (20,3% of all DAPI + cells are BrdU + ; Friedman test, p=0.26). Japanese quail-like initial conditions. We found that except for most extreme values, varying 𝛼 5 does not impact follicle size/spacing or the appearance of rows in a sequential fashion; however reaching final pattern states required longer simulation times as 𝛼 5 decreased, and shorter simulation times as it increased (Fig6D). We thus tested the effect of the proliferation rate in vivo. To do so, we cultured explants of Japanese quail skin in varying concentrations of colchicine drug, known to inhibit cell proliferation. Low doses did not affect pattern compared to control experiments, while high doses had lethal effect (S2 Table). We thus performed pulses of colchicine-mediated inhibition at the highest non-lethal dose. Even with the shortest pulse, this significantly reduced overall cell proliferation during follicle appearance (BrdU + cells are down to 10-15% of all DAPI + cells, p<0,005, S12
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	Comparably in the emu, in which patterning occurs simultaneously and faster), proliferation
	rate was lower (15,4% of DAPI + cells are BrdU + ; S11 Fig and S3 Data). These results suggested
	proliferation rate controls the timely propagation of the patterning sequence. To test this
	hypothesis we varied the proliferation rate parameter 𝛼 5 in a homogeneous manner throughout
	100

Table: In vivo measurements and in silico domain units S3 Table: Parameters of initial conditions of simulation S4 Table: Tested reaction-diffusion models S5 Table: Reference parameters of the unified model S6 Table: Tested doses of Colchicine Results

  

  The somite instructs a pre-pattern of colored stripes Nicolas Haupaix 1 , Camille Curantz 1 , Richard Bailleul 1 , Samantha Beck 1 , David Gourichon 2 and Marie Manceau

One sentence summary:

modelling work produces three major biological predictions. First, axial initial conditions trigger the patterning wave, controlling its longitudinal directionality and defining its timely progression. Second, row-by-row sequences emerge when initial conditions have a sharp enough profile. Finally, the logistic rate of cell proliferation controls the lateral propagation of competence -acquired when β-catenin expressing segments reach a certain cell density threshold -and thus overall patterning duration. We then biologically tested these predictions, using in vivo and ex vivo manipulations, and confirmed them. We therefore showed that feather tract formation occurs through a self-organising feather individualisation recipe that takes place within competent domains. Our work demonstrates that the geometry of the domain(s) initially endowed with higher cell density -which define initial conditions in the model -critically impacts the dynamics of feather patterning, thereby highlighting a combination of prepatterning events and self-organisation driving the temporal sequence of feather primordia emergence in birds.

DISCUSSION
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ABSTRACT

In the emu, the mean number of feathers per row (F) (i.e., comparable to fr#1-6 in other species) was counted along virtual, equally spaced lines extending from wings to tail (here, at E17).

S2 Fig: Simulations of self-organising models on small random fluctuations

Simulations of a (A) reaction-diffusion model [15] or (B) chemotaxis model [29] produce dotted patterns when initiated on small random fluctuations. Ts, simulation time.

S3 Fig: Simulations of self-organising models on a longitudinal line (A)

When a reaction-diffusion model [15] is forced onto an initial longitudinal line, it produces stripes that divide into dots to create a dotted motif. (B) When a chemotaxis model [29] is similarly simulated in the same conditions, it produces stripes that simultaneously that divide into dots, starting in the anterior and posterior regions first and travelling towards the center, resulting in a dotted motif model. Ts, simulation time. CC, RB performed the computational analysis and the statistical analysis. MD and FG provide the software for cell anisotropy analysis and help with the computational analysis. CC and MM wrote the paper. MM acquired the funding.

(transition stage ns to 1fs), and 1,4.10 -5 (***), 3,8.10 -11 (***), and 3.10 -6 (***) (stage 1fs).

Analysis of global dermal cell movement in the three areas show that movement speed is similar in treated and control explants (Anova one-way test: *p < 0,05, **p < 0,005, ***p < 0,0005, ****p<0,0001).

Supplementary information:

Supplemental Figure 1 

RNA-seq data analysis

RNA-Seq data analysis was performed by GenoSplice technology (www.genosplice.com).

Sequencing, data quality, reads repartition (e.g., for potential ribosomal contamination), and inner distance estimation were performed using FastQC, Picard-Tools, Samtools and rseqc.

Reads were mapped using STARv2. 4.0 [PMID: 23104886] on the taeGut1 Zebra finch genome assembly. Gene expression regulation study was performed as already described [PMID: 26584541]. Briefly, for each gene present in the Zebra finch FAST DB v2017_1 annotations, reads aligning on constitutive regions (that are not prone to alternative splicing) were counted.

Based on these read counts, normalization and differential gene expression were performed using DESeq2 [PMID: 25516281] on R (v. 3.2.5). Only genes expressed in at least one of the two compared experimental conditions were further analyzed. Genes were considered as expressed if their rpkm value was greater than 92% of the background rpkm value based on intergenic regions. Results were considered statistically significant for uncorrected p-values ≤ 0.05 and fold-changes ≥ 1.5.

Definition of gene modules

Modules were defined based on co-expression of genes within a given module. All genes within a given modules had to be correlated to each other. A minimum of Pearson correlation coefficient of 0.7 (i.e., only positive correlation) was required and a minimum of 50 genes was used to define a module.

Unsupervised analysis

Clusterings and heatmaps have been performed using "dist" and "hclust" functions in R, using Euclidean distance and Ward agglomeration method.

Pathway/Gene Ontology (GO) analysis and Transcription Factor analysis

Analysis for enriched GO terms, KEGG pathways and REACTOME pathways were performed using DAVID Functional annotation Tool (v6.8). GO terms and pathways were considered as skin areas separated by near-glabrous regions. Within tracts, feathers form longitudinal rows whose number, spacing, and length along the antero-posterior axis is typical to each species ((10,11) and Fig. S3). We plotted feather types at each position of the dorsal tract and found that color boundaries are highly reproducible within species' tracts (e.g., in C.japonica, the cbly boundary is characterized by the consistent production of b/y split feather types) but vary between species relative to feather row number (i.e., stripe width) and along the antero-posterior axis (i.e., stripe shape; Fig. 1C). This suggests that variation in stripe width/shape results from differences in local mechanisms occurring during feather tract formation.

Code de champ modifié

Interspecies differences in agouti expression correlate with stripe pattern variation

We took advantage of both the absence of variation in stripe position and the presence of differences in stripe width/shape to link the juvenile color pattern to (i) pigment production and (ii) tract formation during embryogenesis (in contrast with phenotypic surveys classically limited to observations of adult patterns). We used five species representative of variation in the width/shape of stripes, the presence or absence of cy/lb stripes, and the organization of the dorsal tract (namely C.japonica, A rufa, P.perdix, P. colchicus and S. reevesii). We first compared the appearance of pigments in these species. We found that pigment production starts a few days before hatching (when all feather follicles of the dorsal tract are visible; Fig. S4), and occurs in a medial-to-lateral wave: eumelanin pigments are first produced in the centralmost feathers, forming one (P.colchicus, S.reevesii) or two (C.japonica, A.rufa, P.perdix) longitudinal black bands, and then progressively appearing laterally. This forms the cb stripe.

Eumelanin production is transiently replaced in lateral feather rows by phaeomelanin, forming the banded pattern in feathers of ly stripes. Lateral-most feathers produce only eumelanin, (forming lb stripes), and last, central-most feathers transiently produce phaeomelanin (forming the cy stripe; Fig. 2A). Thus, the striped pattern results from localized "pulses" of yellow pigment production (cy and ly stripes) in an otherwise black-producing tissue. We tested whether yellow pulses occur at certain stages of tract differentiation: we reconstructed the sequence resulting in the spatial arrangement of follicles across the dorsal tract in all species and compared it with the position of the yellow-producing domains. Developing follicles stained with the ß-catenin marker ( 12) first correspond to one (P.colchicus, S.reevesii) or two (C.japonica, A.rufa, P.perdix) longitudinal bands; rows of follicles are then added in a wave travelling ventrally (consistent with previous observations in the chick ( 13)), and lastly in the central-most area, completing the dorsal tract (Fig. S5). Tracing back cy and ly feather rows to their order of formation showed that it differs between species (Fig. 2B). Thus, the position of cy and ly stripes is not set by a mechanism taking place at given stages of tract formation. We tested whether yellow pulses are triggered by feather growth: we compared, in the ly stripe, (i) stages at which feathers switch to phaeomelanin or back to eumelanin production, and (ii) the size and proximo-distal position of the phaeomelanin band in fully-grown y feathers (as a readout for the onset/duration of the pulse). We found no correlation between these and the timing of yellow production (Fig. S6). Thus, yellow pulses are not temporally linked to stages of feather growth. Because yellow producing domains have shared positions and varying widths that do not correlate with dynamics of tract formation, we predicted that they rely on prepatterns established before skin differentiation. The signaling peptide agouti controls the production of phaeomelanin pigments in a timely-fashion in the hair (14), and marks prepatterns of light color domains in the embryonic skin (3,15) and along individual feathers (16).

We found that, prior to follicle formation in the five bird species, two agouti-expressing bands (A1) form in the dermis on both sides of the neural tube. In C.japonica, A.rufa, P.perdix, and weakly in S.reevesii, a thinner central band of agouti (A2) also appears a few hours after A1, and in C.japonica only, additional thin bands (A1') intercalate between the A1 and A2 bands, a few hours after A2 appearance (Fig. 2C and Fig. S7). Thus, agouti expression is composite in space and time. Strikingly, in all species, the pattern of agouti-expressing bands resembled that of yellow stripes.

Agouti foreshadows yellow stripes and controls their width in a dose-dependent manner

To confirm this spatial correlation we linked the position of each band to presumptive feather rows using double in situ hybridization for agouti and ß-catenin in C.japonica. We showed that A1' agouti band is expressed in the presumptive domain of the 2 nd feather row, consisting of the first b/y feather of the ly stripe, while A1 corresponds to the 3 rd -5 th rows, forming the rest of the ly stripe, and A2 covers the central rows that form the cy stripe. In this species, agouti is later restricted to feather follicles of these stripes (Fig. 3A). Thus, the composite expression of (A1')A1 and A2 agouti bands reveals a pre-pattern that foreshadows the position of ly and cy yellow stripes, respectively. To understand how agouti expression affects stripe patterning, we used a functional quantitative approach and assessed the striped phenotype in mutant C.japonica strains. In recessive-black quails (RB -/-), agouti's spatial pattern is maintained with no change in the position or width/shape of A1, A1', and A2 bands (Fig. S8), but a frameshift mutation in agouti's coding sequence results in a marked decrease in transcript expression levels (17). We found that these birds display overall shorter feathers organized in thinner ly stripes (i.e., only feather rows 3 rd -4 th produce yellow compared to rows 2 nd -5 th in wild-type incubated (37°C, 50% humidity) for 3 or 11 days (i.e., a stage corresponding to E14 in P.colchicus). Chimeras were dissected (feathers were rapidly removed for analysis) and fixed in 4% formaldehyde. The extent of the graft was determined by screening chimeras for the presence of ( 1) pigments in the dermis and epidermis, which are normally absent in P.colchicus but visible in C.japonica individuals at that stage (Fig. S11), and (2) QCPN + cells on transverse sections.

Immuno-histochemistry

Control and grafted embryonic specimens were embedded in gelatin/sucrose, sectioned using a CM 3050S cryostat (Leica), mounted in fluoromount, and immuno-stained using primary antibodies directed against QCPN (DSHB; 1:10) and Trp1 (Bruce Morgan laboratory; 1:20), and Alexa-conjugated secondary antibodies (Molecular Probes; 1:500). Cell nuclei were revealed using DAPI (Southern Biotech).

Imaging

Whole mount flat skins and stained/grafted embryos were imaged using an AF-S Micro NIKKOR 60mm f/2.8G ED macro-lens equipped with a D5300 camera (Nikkon) and a MZ FLIII stereomicroscope (Leica) equipped with a DFC 450C camera (Leica). Tissue sections were imaged using a BX53 fluorescence microscope (Olympus; for in situ hybridization or fluorescent stains) or a CSU-W1 spinning-disk confocal microscope (Zeiss) equipped with a CMOS flash 4 camera (Hamamatsu; for Trp1/QCPN fluorescent stains).
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