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Amphibians metamorphosis

Amphibians display a remarkable diversity of life cycle strategies [START_REF] Elinson | Developmental diversity of amphibians[END_REF] , resulting in part from developmental plasticity. Although modern amphibians are often found at border-habitats between water and land, their plasticity allowed them to colonize extreme (desert) or almost water-less (trees) environments. Amphibian metamorphosis is the striking and spectacular developmental process by which an aquatic larva (tadpole) transforms into a terrestrial animal (although some adults remain in the aquatic habitat). The profound anatomical changes, resorption of larval features (such as tailfin and gills) and development of novel body parts (limbs, skeleton reshaping and ossification) occur simultaneously with sharp physiological, cellular and molecular transitions [START_REF] Paris | The history of a developmental stage: metamorphosis in chordates[END_REF] . As such, this transition is often referred to as the post embryonic transition (PETr). The cascades of events leading to metamorphosis have been the focus of numerous studies over the last two decades, and a clear picture of the control of metamorphosis emerged.

From a developmental biologist and molecular biologist point of view, most of our current knowledge on the physiological control and the cellular and molecular mechanisms of metamorphosis has been established using Anurans, and in particular in Xenopus species. The strength of these models is not limited to the fact that metamorphosis is a striking ("meta") change of body form ("morph") (Figure 1 A) where defects often lead to highly contrasted phenotype, it also lies in their short metamorphosis duration (~ one-two weeks) and easy endocrine manipulations by the simple addition of hormones to the rearing water. Combined with genomic resources available since the early 2000s, Xenopus metamorphosis is the leading model in the field of amphibian metamorphosis. The second key model is the Mexican axolotl, Ambystoma mexicanum, as the textbook example of alternative life cycle and accessory metamorphosis, although much less is known at the molecular level.

In this perspective, we challenge the historical view shared by many developmental biologists and physiologists that metamorphosis is the PETr, a statement which can be summarized with the pseudo-formula "M=PETr". The recent use of functional genomics at key and understudied developmental stages in Axolotl brings new light onto its apparent lack of metamorphosis. We argue that 1) larvae and paedomorphs do not only differ by their level of sexual maturation but they may represent two developmental stages per se, 2) the transition between larval and paedomorph stages is the PETr, and 3) metamorphosis and PETr are two distinct transitions that may be uncoupled from each other. The argument is based on a combination of developmental endocrinology, transcriptional regulation and system biology. We will review briefly these points before addressing the argument.

What we know from Anurans on the control of metamorphosis by TH

In Anurans, metamorphosis marks the post embryonic transition

Tadpoles are anatomically adapted to aquatic life and display water specific features (gills, efficient swimming powered by a long tail and tailfin...). Oxygen uptake is provided by gills and transported by larval haemoglobin isoforms [START_REF] Nieuwkoop | Normal Table of Xenopus Laevis (Daudin): A Systematic and Chronological Survey of the Development from the Fertilized Egg till the End of Metamorphosis[END_REF] . Another feature of tadpoles is that their skeleton is also entirely made of cartilage. During metamorphosis, virtually all tissues disappear or are remodeled, the skeleton is reshaped and ossifies together with limb organogenesis. The new triangular skull shape provides the binocular vision adapted for prey hunting. Skin transitions to a thick dermis underneath a multilayered epidermis, with a well developed pigmentation and abundant mucous glands [START_REF] Nieuwkoop | Normal Table of Xenopus Laevis (Daudin): A Systematic and Chronological Survey of the Development from the Fertilized Egg till the End of Metamorphosis[END_REF] . At the metabolic and molecular level, globins and myosin switch to an adult form with lower affinity to oxygen. Given the wealth of these anatomical changes and the short time scale involved, there is little doubt that metamorphosis coincides with the PETr (Figure 1 A).

Endocrine control of metamorphosis

Two main endocrine systems control metamorphosis. The first one is the thyroid hormone (TH) axis, mediated by a set of small tyrosine-derivatives containing three or four iodine atoms. Before metamorphosis, THs synthesis is under the control of the hypothalamopituitary axis where CRH produced by the hypothalamus stimulates the release of TSH by the pituitary, which in turn signals the thyroid gland to synthetize and release THs [START_REF] Shi | Amphibian Metamorphosis: From Morphology to Molecular Biology[END_REF][START_REF] Holzer | Thyroid Hormones and Postembryonic Development in Amniotes[END_REF] . Prior to metamorphosis, TH levels progressively increase in the body. Blocking TH synthesis and/or release with goitrogens or other compounds (propylthiouracil, potassium perchlorate, iopanoic acid) efficiently delays or prevents metamorphosis [START_REF] Thambirajah | Contaminant and Environmental Influences on Thyroid Hormone Action in Amphibian Metamorphosis[END_REF][START_REF] Cai | Expression of type II iodothyronine deiodinase marks the time that a tissue responds to thyroid hormone-induced metamorphosis in Xenopus laevis[END_REF] . TH availability at target tissues is in part controlled by deiodinases (reviewed by [START_REF] Denver | Neuroendocrinology of amphibian metamorphosis[END_REF] ), which help coordinate the timing of metamorphic changes between organs. These enzymes (Dio2, Dio3) remove iodine atoms from TH and ensure the activation of the hormone and its degradation into metabolites with reduced (and somewhat different) biological activity [START_REF] Mendoza | 3,5-T2 is an alternative ligand for the thyroid hormone receptor β1[END_REF][START_REF] Olvera | Differential transcriptome regulation by 3,5-T2 and 3′,3,5-T3 in brain and liver uncovers novel roles for thyroid hormones in tilapia[END_REF] . For example, in Xenopus, Dio3 expression is strongly expressed during late prometamorphosis and until the end of hind limb growth, which helps protect tail muscle cells from TH action and delays tail resorption [START_REF] Brown | The role of deiodinases in amphibian metamorphosis[END_REF] , thereby ensuring proper locomotion with tail or legs during the whole metamorphosis process. Together, these enzymatic activities often display opposite regulation and fine tune local levels of bioactive hormones. Although this is not the subject of this perspective, the gluco-corticoid (GC) axis is also an essential component. The connection between GC axis and metamorphosis has been known for decades [START_REF] Denver | Environmental stress as a developmental cue: corticotropin-releasing hormone is a proximate mediator of adaptive phenotypic plasticity in amphibian metamorphosis[END_REF][START_REF] Boorse | Endocrine mechanisms underlying plasticity in metamorphic timing in spadefoot toads[END_REF][START_REF] Kühn | Low submetamorphic doses of dexamethasone and thyroxine induce complete metamorphosis in the axolotl (Ambystoma mexicanum) when injected together[END_REF] , but came to new light recently with Xenopus knock out mutant of GC receptors, which die at metamorphosis [START_REF] Sterner | Glucocorticoid receptor is required for survival through metamorphosis in the frog Xenopus tropicalis[END_REF] . GC release by adrenal glands is controlled by the hypothalamo-pituitary axis, where CRH production by the hypothalamus induces ACTH release by the pituitary. It is remarkable that both TH and GC signaling only depend on CRH before metamorphosis and depend on CRH and TRH after. There are also deep connections between the two pathways at the molecular level at target tissues, where GC regulate Dio2/3 and TH regulate GC metabolizing enzymes. TH and GC signaling thus compose an intertwined interface allowing the integration of endogenous and external cues dictating metamorphosis.

Mode of action of TH

At the molecular level, TH action is mediated by specific nuclear receptors (THRs), which act both as hormone-specific receptors and transcription factors. THRs have diverse effects and act both as activating and repressing transcription factors [START_REF] Grimaldi | Mechanisms of thyroid hormone receptor action during development: Lessons from amphibian studies[END_REF] . In absence of ligand, THRs are bound to DNA and repress transcription of target genes by recruiting transcriptional co-repressors. TH binding induces THRs conformational changes releasing co-repressors and the subsequent recruitment of transcriptional co-activators, ultimately leading to the transcriptional activation of the target genes. This ensures a clear switch of functional state typical of developmental transitions. Although this genetic circuit is structurally shorter than the "double negative gates" commonly found in genetic networks controlling early development [START_REF] Davidson | Emerging properties of animal gene regulatory networks[END_REF] , they both serve the same purpose of canceling background transcriptional noise and secure stage-specific gene expression. The dual action mechanism of THRs is at the root of the complex phenotype of THR CRISPR mutants in Xenopus at metamorphosis and are the key regulators of metamorphosis timing [START_REF] Sachs | Frogs model man: In vivo thyroid hormone signaling during development[END_REF][START_REF] Buchholz | Dual function model revised by thyroid hormone receptor alpha knockout frogs[END_REF] . Typically, the order of magnitude of TH transcriptional responses is robust and involves two to five thousands genes. Although the set of direct target genes is not fully known and is highly variable between tissues and cell types, a few of them are found in virtually all tissues and are used as markers of a canonical TH transcriptional response (strom3, thbzip, klf9, thra/b, see [START_REF] Chatonnet | A temporary compendium of thyroid hormone target genes in brain[END_REF][START_REF] Chatonnet | Genome-wide analysis of thyroid hormone receptors shared and specific functions in neural cells[END_REF] ), and thus markers of the onset of metamorphosis. Molecular cascades of signal transduction and transcriptional responses are so well conserved through evolution that Xenopus metamorphosis has been the leading model to decipher the action mechanisms of THs [START_REF] Sachs | Frogs model man: In vivo thyroid hormone signaling during development[END_REF][START_REF] Buchholz | More similar than you think: Frog metamorphosis as a model of human perinatal endocrinology[END_REF] .

Is metamorphosis equivalent to the perinatal period of mammals ?

The primary response to the rising levels of TH prior to metamorphosis is the strong transcriptional reprogramming in target tissues, including the induction of klf9 and (the auto-induction of) thra/b expression itself, which fuels the TH response further by forming a one-way logic gate subcircuit. The perinatal period of mammals has many features similar to metamorphosis: a rapid change of ecological niche (the transition from water to air), a sharp peak of circulating TH and a canonical TH transcriptional response [START_REF] Holzer | Thyroid Hormones and Postembryonic Development in Amniotes[END_REF][START_REF] Robinson-Rechavi | The nuclear receptor superfamily[END_REF] . The words of Jacques Legrand highlight the parallel between metamorphosis and perinatal period: "Without a minimum of thyroid hormone at the right time, a tadpole does not become a frog and a human baby becomes a cretin". At the functional level, fetal protein isoforms (e.g. haemoglobin, myosin) are replaced by their juvenile/adult counterpart. In fact, the similarities between metamorphosis and the perinatal period are so strong that it has been proposed to be a form of "subtle" metamorphosis [START_REF] Paris | The history of a developmental stage: metamorphosis in chordates[END_REF][START_REF] Holstein | Life-history evolution: at the origins of metamorphosis[END_REF] . Implicitly, this statement also postulates that metamorphosis is de facto the post-embryonic transition marking the end of larval development (M=PETr). Unfortunately, this case is ambiguous. By definition, a key defining feature of metamorphosis is a drastic change of form, which subsequently imposes a change of habitat or ecological niche. In the case of mammals, this is clearly not the case since birth does not correspond to a spectacular change of form (hence the necessity to use the qualifier "subtle").
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Complex life cycles and their connexion with TH signaling ?

The diversity of life cycle transitions in urodeles and the timing of metamorphosis

In Urodeles, a vast group of amphibian species across all continents, metamorphosis may not be obligatory, and life cycles can be quite diverse and more complex. The most comon case is a biphasic life cycle, where larvae hatch from the egg before undergoing metamorphosis at later time (Figure 1 B). This is also the canonical life cycle of Anurans.

The second case is direct development (also found in Anurans), where a juvenile directly hatches from the egg and metamorphosis is thought to occur in ovo (Figure 1 C). In both cases, direct development and biphasic life cycle, sexual maturity happens after metamorphosis. Urodeles display an alternative life cycle, where sexual maturity can occur before metamorphosis, which in this case can be facultative. The resulting sexually mature animals, called paedomorphs, retain anatomically larval characters (gills, tailfin, etc) and live in aquatic habitats (Figure 1 D). In these species, paedomorphosis can be obligatory or facultative, as some species can undergo metamorphosis later in life (e.g. Axolotl) and some never do (e.g. Necturus, and the cave dwelling Proteus). In Plethodontids and Ambystomatids, paedomorphosis may have evolved independently several times [START_REF] Laudet | The origins and evolution of vertebrate metamorphosis[END_REF][START_REF] Bonett | An Integrative Endocrine Model for the Evolution of Developmental Timing and Life History of Plethodontids and Other Salamanders[END_REF] . In terms of ecology, paedomorphosis relaxes the constrains related to the shift of ecological niche imposed by metamorphois and allows greater flexibility for choice of habitat, depending on biotic (predators, population density) and abiotic (water level) cues. In this regard, the crosstalks between TH and GC (i.e. stress) signaling highlight the deep connection between the endocrine regulation of developmental transitions and adaptative processes. Finally, some species display an even greater flexibility of life cycle (e.g. the palmate newt Lissotriton helveticus and some Plethodontids), where paedomorphosis is not obligatory and animals can engage either to paedomorphosis or metamorphosis depending of various internal and external signals [START_REF] Bonett | An Integrative Endocrine Model for the Evolution of Developmental Timing and Life History of Plethodontids and Other Salamanders[END_REF][START_REF] Denoël | Heterochrony in a complex world: disentangling environmental processes of facultative paedomorphosis in an amphibian[END_REF][START_REF] Beachy | How Metamorphosis Is Different in Plethodontids: Larval Life History Perspectives on Life-Cycle Evolution[END_REF] .

The paradox of paedomorphic species and the expected defect(s) in TH signaling

What is the molecular determinism of paedomorphosis ? According to the dogma, paedomorph are long lived, sexually mature animals 'stuck' at larval stage. It should be noted that from an ecological point of view, it is well established that paedomorphs often differ from larva not only by their size but also in color and/or behavior, thus suggesting different developmental stages. Nonetheless, this fact has puzzled scientists for so long that the term 'permanent larvae' [START_REF] Lynn Wg | TYPES OF AMPHIBIAN METAMORPHOSIS[END_REF] was coined to describe them (even for species that undergo metamorphosis later in life), and more recently with the "forever young" Axolotl [START_REF] De Groef | Forever young: Endocrinology of paedomorphosis in the Mexican axolotl (Ambystoma mexicanum)[END_REF] .

Given that metamorphosis onset is controlled by the TH axis, research focused mostly on finding TH signaling defects. Unfortunately, no defect could be found in Axolotl, where thyroid gland and THRs proved to be fully functional [START_REF] De Groef | Forever young: Endocrinology of paedomorphosis in the Mexican axolotl (Ambystoma mexicanum)[END_REF][START_REF] Safi | The axolotl (Ambystoma mexicanum), a neotenic amphibian, expresses functional thyroid hormone receptors[END_REF] , TH strongly induces klf9 and thbzip gene expression, although levels of circulating TH are relatively low [START_REF] Darras | Effects of TRH, bovine TSH, and pituitary extracts on thyroidal T4 release in Ambystoma mexicanum[END_REF] . In Axolotl, it is therefore admitted that metamorphosis (and thus PETr) occurs only after GC axis activation and its synergistic effect on TH metabolism, leading to a rise of endogenous TH levels [START_REF] Denver | Neuroendocrinology of amphibian metamorphosis[END_REF][START_REF] Kühn | Low submetamorphic doses of dexamethasone and thyroxine induce complete metamorphosis in the axolotl (Ambystoma mexicanum) when injected together[END_REF][START_REF] De Groef | Forever young: Endocrinology of paedomorphosis in the Mexican axolotl (Ambystoma mexicanum)[END_REF] . In Plethodonthid salamanders, TH release and sensitivity of target tissues may also be important contributing factors controlling life cycle strategies [START_REF] Aran | Reduced effects of thyroid hormone on gene expression and metamorphosis in a paedomorphic plethodontid salamander[END_REF] , illustrating that this fact may be a very general feature of paedomorphosis [START_REF] Bonett | An Integrative Endocrine Model for the Evolution of Developmental Timing and Life History of Plethodontids and Other Salamanders[END_REF] .

An early peak of TH, in Axolotl...

At the early 80's, Rosenkilde et al. [START_REF] Rosenkilde | Peaks of neuronal membrane antigen and thyroxine in larval development of the Mexican axolotl[END_REF] , reported a progressive and transient increase of TH as soon as three weeks post-hatching in Axolotl together with Dio2 and the corresponding decrease of Dio3. This period, that we called HTP for High Thyroid hormone Period [START_REF] Kerdivel | Opposite T3 Response of ACTG1-FOS Subnetwork Differentiate Tailfin Fate in Xenopus Tadpole and Post-hatching Axolotl[END_REF] , corresponds to the stage where the related species Pleurodeles waltii and Ambystoma maculatum undergo metamorphosis but Axolotl doesn't [START_REF] Rosenkilde | Peaks of neuronal membrane antigen and thyroxine in larval development of the Mexican axolotl[END_REF][START_REF] Schreckenberg | Normal stages of development of the axolotl. Ambystoma mexicanum[END_REF] . Brown 37 later showed a progressive radioactive iodine uptake located at the thyroid gland, at the same stages. Surprisingly, TH treatment of young larvae results in a slight regression of larval traits, especially gills, before a phase of rapid and extended growth leading to overgrown features. This was the first indication of an early TH sensitive period distinct from metamorphosis. Circulating levels of T4 in Anurans and Urodeles (metamorphosing and non-metamorphosing) is quite variable, but still fall within the 0.1 to 2.0 ng/mL range, including Axolotl late paedomorph [START_REF] Darras | Effects of TRH, bovine TSH, and pituitary extracts on thyroidal T4 release in Ambystoma mexicanum[END_REF][START_REF] Hickerson | Determinants of metamorphic timing in the black-bellied salamander, Desmognathus quadramaculatus[END_REF][51][52] . In metamorphosing species, these levels rise sharply at metamorphosis up to ~5 to 30 ng/mL [52][53][54][55] , which is very similar to the level reached during the transient surge of T4 at HTP in Axolotl (~23 ng/mL [START_REF] Rosenkilde | Peaks of neuronal membrane antigen and thyroxine in larval development of the Mexican axolotl[END_REF] ). This is a clear indication that Axoltol metamorphosis is not dictated solely by TH levels but that the timing of action is also important, as previously noticed by Brown [START_REF] Brown | The role of thyroid hormone in zebrafish and axolotl development[END_REF] and Rose 56 . Therefore, Axolotl metamorphosis is not a compulsory developmental response to a TH stimulus: it is necessary but not sufficient.

An early TH dependent transition in Axolotl

… and a TH sensitive transcriptional response distinct from metamorphosis

More recently, Kerdivel et al., [START_REF] Kerdivel | Opposite T3 Response of ACTG1-FOS Subnetwork Differentiate Tailfin Fate in Xenopus Tadpole and Post-hatching Axolotl[END_REF] characterized the transcriptional changes of an archetypal larval tissue (tailfin) at HTP, asking whether this anatomically unchanging tissue responds to TH. Unexpectedly, tailfin undergoes a strong transcriptional reprogramming (Figure 2a) that displays key features of canonical TH responses (i.e. thbzip and klf9 upregulation) and a clear signature of tissue remodeling. Nonetheless, this gene set shows very little overlap with TH responsive genes found at later (paedomorph) stage, and with the Xenopus tailfin response at the onset of TH induced metamorphosis (Figure 2A). It is highly significant, however, that the TH regulated genes in both species are components of the same signaling and metabolic pathways (Figure 2A). A system biology analysis revealed that in both cases, TH regulated genes channel to the same biological subnetwork, further illustrating similarities of tailfin TH response in both species (Figure 2A,B). The transcriptional state of this subnetwork, enriched in genes involved in cell fate choice, is believed to act as the molecular switch controlling the tailfin biological response (remodeling vs resorption, Figure 2B). Importantly, the developmental time course of gene expression on untreated animals lead to a similar gene expression dynamic, showing that TH treatment recapitulates well the endogenous gene expression pattern at the HTP. This has a number of biologically relevant implications. First, the transcriptional remodeling of a (apparently unchanged) larval tissue can not be accounted for with the "perpetual larva" model, where animals fail to undergo metamorphosis because of some defect in TH signaling. This is rather the signature of a developmental transition under the control of TH signaling, but not immediately followed by metamorphosis. Second, the fact that the same biological pathways are regulated by TH at the HTP in Axolotl and at metamorphosis in Xenopus (despite involving different sets of genes) illustrates the deep evolutionary connection [START_REF] Shubin | Deep homology and the origins of evolutionary novelty[END_REF] between TH signaling and developmental transitions. For these reasons, we would like to propose the somewhat provocative hypothesis that the early surge of TH and the subsequent transcriptional remodeling marks a transition to a non-larval state that correspond to the PETr. In itself, PETr should be considered as a proper TH-dependent developmental transition, that can be uncoupled from metamorphosis.

It is straightforward to add this new transition in Axolotl and Xenopus life cycle: in Axolotl, PETr is mandatory whereas metamorphosis is accessory and depends on additional internal and environmental cues triggering a secondary rise of TH. This statement can be summarized by the "PETr (+M)" pseudo-formula, where parenthesis indicate that the M transition is accessory. In Xenopus, PETr and metamorphosis occur simultaneously or within a very short time frame: "PETr + M". In this context, the perinatal period of mammals can even be thought of as the PETr, without invoking a paradoxically 'subtle' metamorphosis [START_REF] Laudet | The origins and evolution of vertebrate metamorphosis[END_REF] .

What are the distinctive features of post embryonic development vs metamorphosis ?

Limb development should clearly be considered as part of post-embryonic development since it proceeds independently from metamorphosis in paedomorphic urodeles [START_REF] Schreckenberg | Normal stages of development of the axolotl. Ambystoma mexicanum[END_REF] . In Axolotl, limb buds are visible as early as stage 45 (once transposed to the equivalent of Xenopus NF nomenclature, see [START_REF] Nye | Extending the table of stages of normal development of the axolotl: limb development[END_REF] ), and ossification starts at stage 51-52 when the larva is about two weeks old post-hatching [START_REF] Schreckenberg | Normal stages of development of the axolotl. Ambystoma mexicanum[END_REF] , i.e. the HTP. Not surprisingly, ossification is highly dependent on TH signaling [START_REF] Williams | Thyroid Hormone Actions in Cartilage and Bone[END_REF] . In older (one-year old) paedomorphs, the appendicular skeleton (that supports appendages) is already well ossified [START_REF] Thampi | Changes in the appendicular skeleton during metamorphosis in the axolotl salamander (Ambystoma mexicanum)[END_REF] , with only little histological change after metamorphosis [START_REF] Demircan | A histological atlas of the tissues and organs of neotenic and metamorphosed axolotl[END_REF] . In the case of Xenopus too, limb growth is a very early anatomical event that precedes other changes attributed to metamorphosis by at least 6 NF stages [START_REF] Nieuwkoop | Normal Table of Xenopus Laevis (Daudin): A Systematic and Chronological Survey of the Development from the Fertilized Egg till the End of Metamorphosis[END_REF] , which may be a signature that PETr precedes M even if they are very close to each other. This is the "PETr + M" model. The fact that limb development and metamorphosis can be experimentally uncoupled from each other in Xenopus [START_REF] Sterner | Glucocorticoid receptor is required for survival through metamorphosis in the frog Xenopus tropicalis[END_REF] , where limb growth/development is not impaired but mutants fail to undergo metamorphosis, also suggest two distinct transitions.

Neurodevelopment is tightly linked to TH signaling [START_REF] Escobar | Role of thyroid hormone during early brain development[END_REF][START_REF] Williams | Neurodevelopmental and neurophysiological actions of thyroid hormone[END_REF][START_REF] Forrest | Neurodevelopmental control by thyroid hormone receptors[END_REF] and is also expected to play a very important role, although it may not be restricted to the PETr transition. In urodeles, hatching is followed by a phase where tadpoles are mostly standing by ('early inactive larvae' stage defined by Joven et al., [START_REF] Joven | Homeostatic and regenerative neurogenesis in salamanders[END_REF] ). Later, the carnivorous larvae display more active and complex behaviors (swimming, prey hunting, feeding), sustained by very active phases of neurogenesis [START_REF] Joven | Homeostatic and regenerative neurogenesis in salamanders[END_REF][START_REF] Joven | Cellular basis of brain maturation and acquisition of complex behaviors in salamanders[END_REF] .

The resorption of aquatic features, such as tailfin and gills are obvious hallmarks of metamorphosis. This also include skin, which undergoes profound remodeling, change of skull shape and the loss of lateral line. The remodeling of many internal organs should also be considered, although they may not be readily accessible to observation, e.g. cell density in epiphyseal cartilage, which is quite high in Axolotl paedomorph but drops sharply at metamorphosis 41 , and immune system remodeling [START_REF] Ussing | Effect of Induced Metamorphosis on the Immune System of the Axolotl, Ambystoma mexicanum[END_REF] .

What to do next ?

Even if our proposal might be provocative in the field of amphibian developmental endocrinology, multiple developmental transitions controlled by the same signaling pathway is not a new fact, as it is commonly found in insects with ecdysone signaling 51 (also mediated by nuclear receptors).

The TH responsive period marking the end of larval development is likely a feature shared by all amphibians, and this needs to be experimentally addressed in other taxa with 1) proper measures of TH variations during development, 2) a detailed characterization of target tissue response and 3) the identification of the transcriptional modules involved. Current work in our lab already suggests that a strong transcriptional reprogramming of taifin occurs between larval and paedomorph stages in L. helveticus, this response being distinct from metamorphosis. The comparative genomics of transcriptional modules might well be the long awaited 'molecular microscope' sensitive enough to test alternative evolutionary hypothesis and discriminate between shared heritage and convergence of the regulatory control of metamorphosis. The situation is complex: paedomorphosis appeared multiple times during the course of evolution [START_REF] Laudet | The origins and evolution of vertebrate metamorphosis[END_REF][START_REF] Bonett | EVOLUTION OF PAEDOMORPHOSIS IN PLETHODONTID SALAMANDERS: ECOLOGICAL CORRELATES AND RE-EVOLUTION OF METAMORPHOSIS[END_REF] and many additional confounding factors (e.g. such as temperature and its impact on growth rate and sensitivity to TH [START_REF] Hickerson | Determinants of metamorphic timing in the black-bellied salamander, Desmognathus quadramaculatus[END_REF] ) might be at play. Providing an objective description of Nature and natural processes is ultimately the purpose of Natural History.

After all, paedomorphs may not be 'perpetual' larvae.

Figures Legend

Figure 1: Life cycle of amphibian species. Most Anurans (A) and Urodeles (B) display a biphasic life cycle, where the transition marking the end of larval development (Post Embryonic Transition, PETr) starts with a transient rise of thyroid hormones (TH) followed by the resorption of larval characters (e.g. tailfin, green). This transition corresponds to metamorphosis (M). In the case of direct development (C), which is found in anurans and urodeles, juveniles hatch directly from the egg and metamorphosis occurs in ovo. Some urodeles display a more complex life cycle (D) where animals reach sexual maturity before metamorphosis (paedomorph), which can be accessory but is still dependent on a transient surge of TH (dashed line). At the early peak of TH, paedomorph tailfin undergoes a TH-dependent transcriptional remodeling, indicative of a transition to a non-larval state (blue). We argue that this early transition is the PETr. Consequently, metamorphosis and PETr are two distinct life cycle transitions that can be uncoupled from each other and can occur at different developmental times. This naturally leads to complex life cycles ("PETr (+ M)"). Bi-phasic life cycles then represent a special case where they occur very close to each other ("PETr + M"). Digital paintings not to scale. The key findings from [START_REF] Kerdivel | Opposite T3 Response of ACTG1-FOS Subnetwork Differentiate Tailfin Fate in Xenopus Tadpole and Post-hatching Axolotl[END_REF] are indicated. In the new model (B), the control of tailfin fate (resorption vs remodeling) is dictated by the differential regulation of the ACTG1-FOS subnetwork. Network nodes correspond to gene products. Color (red and blue) reflect their transcriptional response (induced or repressed, respectively). Tailfin, an archetype of larval tissue, is highlighted in green. DE genes: differentially expressed genes. Digital paintings not to scale.

Figure 2 :

 2 Figure 2: Control of tailfin fate in Axolotl and Xenopus. The experimental workflow (A) combines functional genomics, pathway analysis and network biology to efficiently reduce the large lists of regulated genes down to a single subnetwork of functional interactions.The key findings from[START_REF] Kerdivel | Opposite T3 Response of ACTG1-FOS Subnetwork Differentiate Tailfin Fate in Xenopus Tadpole and Post-hatching Axolotl[END_REF] are indicated. In the new model (B), the control of tailfin fate (resorption vs remodeling) is dictated by the differential regulation of the ACTG1-FOS subnetwork. Network nodes correspond to gene products. Color (red and blue) reflect their transcriptional response (induced or repressed, respectively). Tailfin, an archetype of larval tissue, is highlighted in green. DE genes: differentially expressed genes. Digital paintings not to scale.
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