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Although tachykinin-like neuropeptides have been identified in molluscs more than two decades ago, knowledge on their function and signalling has so far remained largely elusive.

We developed a cell-based assay to address the functionality of the tachykinin G-protein coupled receptor (Cragi-TKR) in the oyster Crassostrea gigas. The oyster tachykinin neuropeptides that are derived from the tachykinin precursor gene Cragi-TK activate the Cragi-TKR in nanomolar concentrations. Receptor activation is sensitive to Ala-substitution of critical Cragi-TK amino acid residues. The Cragi-TKR gene is expressed in a variety of tissues, albeit at higher levels in the visceral ganglia (VG) of the nervous system. Fluctuations of Cragi-TKR expression is in line with a role for TK signalling in C. gigas reproduction. The expression level of the Cragi-TK gene in the VG depends on the nutritional status of the oyster, suggesting a role for TK signalling in the complex regulation of feeding in C. gigas.

Introduction

Tachykinins (TKs) represent a large family of evolutionarily conserved brain/gut peptides in bilaterian animals. In mammals, the TK peptide family derives from alternate processing of three TAC genes [START_REF] Steinhoff | Tachykinins and their receptors: contributions to physiological control and the mechanisms of disease[END_REF] (for review). TAC1 encodes substance P (SP), neurokinin A (NKA) as well as neuropeptide K (NPK) and neuropeptide  (Np) [START_REF] Carter | Structure , expression and some regulatory mechanisms of the rat preprotachykinin gene encoding substance P, neurokinin A, neuropeptide K , and neuropeptide gamma[END_REF]. TAC3 (designated as TAC2 in rodents) only encodes neurokinin B (NKB) [START_REF] Kotani | Structure and gene organization of bovine neuromedin K precursor[END_REF]. A third gene, TAC4 encodes endokinins A, B, C and D (EKA-D) as well as hemokinin-1 (HK-1) [START_REF] Page | Characterization of the endokinins : Human tachykinins with cardiovascular activity[END_REF]. These genes are conserved from mammals to teleosts [START_REF] Zhou | Molecular and Cellular Endocrinology The evolution of tachykinin / tachykinin receptor ( TAC / TACR ) in vertebrates and molecular identification of the TAC3 / TACR3 system in zebrafish ( Danio rerio )[END_REF] and a gene encoding two TK peptides was also characterized in the urochordate Ciona intestinalis [START_REF] Satake | Tachykinin and tachykinin receptor of an ascidian , Ciona intestinalis[END_REF]. Outside the chordate phylum, TKs have also been characterized in insects, crustaceans, molluscs and annelids [START_REF] Severini | The tachykinin peptide family[END_REF][START_REF] Satake | Insight into tachykinin-related peptides , their receptors , and invertebrate tachykinins : A review[END_REF] (for review).

Chordate TK sequences display the conserved C-terminal pentapeptide signature FXGLMamide, whereas protostome TKs share the C-terminal consensus sequence FX1GX2R-amide.

Interestingly, some vertebrate-type TKs, derived from a distinct gene, have been identified in the salivary glands of cephalopod molluscs [START_REF] Anastasi | The Isolation and amino acid sequence of eledoisin , the active endecapeptide of the posterior salivary glands of eledone[END_REF][START_REF] Kanda | Isolation and characterization of novel tachykinins from the posterior salivary gland of the common octopus Octopus vulgaris[END_REF] and insects [START_REF] Champagne | Sialokinin I and II : Vasodilatory tachykinins from the yellow fever mosquito Aedes aegypti[END_REF] serving respectively as neurotoxins [START_REF] Ruder | Functional characterization on invertebrate and vertebrate tissues of tachykinin peptides from Octopus venoms[END_REF] and as vasodilatory agents that act on vertebrate prey TK receptors (TKR) but not on endogenous receptors [START_REF] Kanda | A novel tachykinin-related peptide receptor of Octopus vulgaris -Evolutionary aspects of invertebrate tachykinin and tachykinin-related peptide[END_REF].

TKs are widely distributed in the nervous systems of all bilaterian animal species. They have been shown to display regulatory roles in an extraordinarily diverse range of physiological processes. In addition to their modulatory role in the central control of respiration and cardiovascular activity, TKs, mainly via SP, also mediate pain, anxiety and motor coordination in the CNS of mammals [START_REF] Vanden Broeck | Tachykinin-like peptides and their receptors[END_REF][START_REF] Khawaja | Tachykinins: Receptor to effector[END_REF]. In arthropods, TKs are involved in odour perception and locomotion as shown in Drosophila [START_REF] Winther | Tachykinin-related peptides modulate odor perception and locomotor activity in Drosophila[END_REF] and in visual processing as suggested in crustaceans [START_REF] Glantz | Tachykinin-related peptide and GABA-mediated presynaptic inhibition of crayfish photoreceptors[END_REF]. In bilateria, TKs have been shown to participate in the control of the activity of a wide array of peripheral organs and tissues. In vitro studies on organ preparations of protostome species suggest that TK signalling plays a role in the regulation of gut activity and visceral and skeletal muscle contractions [START_REF] Palamiuc | A tachykinin-like neuroendocrine signalling axis couples central serotonin action and nutrient sensing with peripheral lipid metabolism[END_REF][START_REF] Schoofs | Locustatachykinin I and II , two novel insect neuropeptides with homology to peptides of the vertebrate tachykinin family[END_REF][START_REF] Schoofs | Locustatachykinin III and IV : two additional insect neuropeptides with homology to peptides of the vertebrate tachykinin family[END_REF][START_REF] Ikeda | Two novel tachykininrelated neuropeptides in the echiuroid worm, Urechis unicinctus[END_REF]. Deficient TK functioning contributes to multiple disease processes in humans [START_REF] Steinhoff | Tachykinins and their receptors: contributions to physiological control and the mechanisms of disease[END_REF].

In contrast to Ecdysozoa [START_REF] Van Loy | Tachykinin-related peptides and their receptors in invertebrates: A current view[END_REF], which comprises arthropods and nematodes as major phyla, TK signalling has so far been largely unexplored in Lophotrochozoa, the protostome sister group of the Ecdysozoa. Only two studies, respectively in Octopus [START_REF] Kanda | A novel tachykinin-related peptide receptor of Octopus vulgaris -Evolutionary aspects of invertebrate tachykinin and tachykinin-related peptide[END_REF] and in the lophotrochozoan worm U. unitinctus [START_REF] Kawada | A novel tachykinin-related peptide receptor: Sequence, genomic organization, and functional analysis[END_REF], reported on the identification of a TKR in Lophotrochozoa. In bivalve molluscs, TK peptides have been molecularly characterized more than two decades ago in the mussel Anodonta cygnea [START_REF] Fujisawa | An invertebrate-type tachykinin isolated from the freshwater bivalve mollusk, Anodonta cygnea[END_REF] and more recently in the oyster Crassostrea gigas [START_REF] Stewart | Neuropeptides encoded by the genomes of the Akoya pearl oyster Pinctata fucata and Pacific oyster Crassostrea gigas: a bioinformatic and peptidomic survey[END_REF]. The recent development of an extended transcriptomic database of C. gigas [START_REF] Riviere | GigaTON: An extensive publicly searchable database providing a new reference transcriptome in the pacific oyster Crassostrea gigas[END_REF] offers the opportunity to characterize neuropeptide receptors and thus establish their physiological role(s).

The present study reports on the characterization of a TKR in the oyster C. gigas and shows that it is functionally activated by oyster TKs. In addition, we investigated the structure-activity relationship of ligand-receptor pairs by assessing the potency of a series of synthetic TK analogues. In order to further explore TK signalling in C. gigas, we determined the expression patterns of the genes encoding the TK precursor and the TKR at successive reproduction stages as well as in distinct nutritional conditions.

Material and methods

Peptide synthesis

All peptides were custom synthesized by GeneCust (Luxemburg). The sequences of C. gigas peptides were obtained from an in-house peptide database yielded by mass spectrometry analyses of tissue extracts and data mining [START_REF] Stewart | Neuropeptides encoded by the genomes of the Akoya pearl oyster Pinctata fucata and Pacific oyster Crassostrea gigas: a bioinformatic and peptidomic survey[END_REF].

In silico analyses

Multiple sequence alignment was performed with TKR from various species (supplementary table 1) using Clustal W [START_REF] Thompson | improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice[END_REF]. To determine the relationship between Cragi-TKR and TKRs from other species (supplementary table 2), a phylogenetic tree was generated by the maximum likelihood method using the phylogeny pipeline (www.phylogeny.fr) [START_REF] Dereeper | Phylogeny.fr: robust phylogenetic analysis for the non-specialist[END_REF] connecting the following programs: MUSCLE for multiple alignment (full processing mode), Gblocks for alignment curation (minimum length of a block after gap cleaning: 10, no gap positions allowed in the final alignment, all segments with contiguous non-conserved positions higher than 8 rejected, minimum number of sequences for a flank position: 85%.), PhyML for phylogeny (the default substitution model was chosen assuming an estimated proportion of invariant sites and 4 gamma-distributed rate categories to account for rate heterogeneity across sites. The gamma shape parameter was estimated directly from the data Model). The reliability of internal branches was evaluated using an approximate likelihood-ratio test (aLRT). TreeDyn was used for tree drawing.

Reverse endocrinology

Molecular cloning of the Cragi-TKR and transfection of mammalian cells:

In silico screening of the oyster transcriptomic database "GigaTon" [START_REF] Riviere | GigaTON: An extensive publicly searchable database providing a new reference transcriptome in the pacific oyster Crassostrea gigas[END_REF] system" directional and normalized cDNA library [START_REF] Fleury | Generation and analysis of a 29 , 745 unique Expressed Sequence Tags from the Pacific oyster ( Crassostrea gigas ) assembled into a publicly accessible database : the GigasDatabase[END_REF] was used as template. The resulting PCR product was directionally cloned into the eukaryotic expression vector pcDNA3.1 (Invitrogen)

and the correct insertion confirmed by sequencing. Human embryonic kidney (HEK293T) cells were transiently transfected with the Cragi-TKR/pcDNA3.1 construct using Fugene HD (Promega) according to the manufacturer's instructions. As a first step, co-transfection was done with an expression construct for the human Gα16 subunit, a promiscuous G protein that can direct intracellular signalling of GPCRs to the release of calcium via the phospholipase Cβ pathway, regardless of the endogenous G protein coupling of the receptor [START_REF] Mertens | Postgenomic characterization of G-protein-coupled receptors[END_REF]).

To assess receptor activity independent of Gα16, calcium responses were measured in cells expressing only Cragi-TKR. 

Reverse transcription quantitative PCR (RT-qPCR)

RT-qPCR analysis was performed using the iCycler iQ© apparatus (Bio-Rad). Total RNA was isolated from adult tissues using Tri-Reagent (Sigma-Aldrich) according to the manufacturer's instructions. Recovered RNA was further purified on Nucleospin RNAII columns (Macherey-Nagel). After treatment during 20 min at 37°C with 1 U of DNase I (Sigma) to prevent genomic DNA contamination, 1 μg of total RNA was reverse transcribed using 1 μg of random hexanucleotidic primers (Promega), 0. transcripts. EF1 was found as a reliable normalization gene as no significant difference (p<0.05) of Ct values was observed between the different samples compared. Coefficient of variation of EF1 was less than 5%. Thus, the relative level of each gene expression was calculated for one copy of the EF1reference gene by using the following formula:

N = 2 (Ct EF1 -Ct Cg-cDNA)
. The PCR amplification efficiency (E; E = 10 (-1/slope) ) for each primer pair was determined by linear regression analysis of a dilution series to ensure that E ranged from 1.98 to 2.02. The specificity of the primer pairs was confirmed by melting curve analysis at the end of each RT-qPCR run.

Statistical analysis

Gene expression levels between different tissues and between samples at different reproduction stages were compared using one-way ANOVA followed by a Tukey post hoc test. Expression levels between fed and starved animals were compared using an unpaired Student's t test.

Significance was set at p < 0.05.

Results:

Molecular characterization of an oyster tachykinin receptor (Cragi-TKR).

The unique sequence displaying homology with vertebrate and protostome TKRs was retrieved from GigaTON, an oyster comprehensive transcriptomic database [START_REF] Riviere | GigaTON: An extensive publicly searchable database providing a new reference transcriptome in the pacific oyster Crassostrea gigas[END_REF]. Alignment of C. gigas receptor (Cragi-TKR) with other receptors of the family displays an overall identity of 42%

with Octopus TKRPR and 32% with Drosophila DTKR and human TKR1 (Fig. 1). A phylogenetic analysis clearly showed that Cragi-TKR clustered with predicted or functionally characterized mollusc TKRs and as a separate branch from the insect TKRs. Annotated orphan nematode TKRs appeared more distant and emerged as a separate branch. All vertebrate TKrelated receptors including the three distinct classes of NK receptors (NK1R, NK2R and NK3R) formed a distinct clade (Fig. 2). Alignment of the Cragi-TKR cDNA with C. gigas genomic sequence (http://www.oysterdb.com) identified a gene (CGI_10007698) organized into 5 exons with 4 introns shared at conserved positions and with the same intron phasing with the receptors from vertebrate and protostome species [START_REF] Kawada | A novel tachykinin-related peptide receptor: Sequence, genomic organization, and functional analysis[END_REF][START_REF] Mirabeau | Molecular evolution of peptidergic signaling systems in bilaterians[END_REF] suggesting an evolution from a gene already present in the bilaterian common ancestor.

Oyster TKs specifically activate Cragi-TKR.

A calcium mobilization assay was used to identify the cognate ligands of Cragi-TKR [START_REF] Bigot | Functional characterization of a short neuropeptide F-related receptor in a lophotrochozoan, the mollusk Crassostrea gigas[END_REF].

Transiently transfected HEK293T cells expressing the oyster receptor and the promiscuous G protein Gα16 were challenged with the three oyster synthetic TKs (Cragi-TK1: FGFAPMRamide, Cragi-TK2: ARFFGLR-amide and Cragi-TK3: FRFTALR-amide). These TKs are derived from the Cragi-TK neuropeptide precursor by posttranslational processing (Fig. 3A) and have previously been characterized as part of C. gigas' repertoire of neuropeptides [START_REF] Stewart | Neuropeptides encoded by the genomes of the Akoya pearl oyster Pinctata fucata and Pacific oyster Crassostrea gigas: a bioinformatic and peptidomic survey[END_REF]. Since Cragi-TKR was equally activated with high doses (10 -5 M) of all three Cragi-TK peptides in presence or absence of the promiscuous Gα16 protein (supplementary Figure 1), a dosedependent activation of Cragi-TKR was recorded by omitting the Gα16 protein (Fig. 3B). Half maximal effective concentrations (EC50) were of 4.1 nM for Cragi-TK2, 4.6 nM for Cragi-TK1 and 11.5 nM for Cragi-TK3. No signal was observed with cells transfected with an empty vector or with high concentrations (10 -5 M) of the oyster GALRF-amide unrelated peptide used as negative control [START_REF] Bigot | Functional characterization of a short neuropeptide F-related receptor in a lophotrochozoan, the mollusk Crassostrea gigas[END_REF].

To determine the residues that are critical for receptor activation, a series of alanine-substituted analogues of Cragi-TK2 were assessed (Fig. 4). The activity of the different analogues can be ranked into three main groups, a first one including the peptides displaying a high EC50 corresponding to the [Arg 7 ] and [Phe 3 ] alanine-substituted peptides, a second group comprising [Arg 2 ] and [Phe 4 ] alanine-substituted peptides for which the modification only moderately affected the potency and a third group including the [Gly 5 ] and [Leu 6 ] alanine-substituted peptides displaying a higher potency than the naturally occurring peptides (Table 1). All these agonists displayed the same efficacy. None of the three naturally occurring peptides or the alanine substituted peptides activate the cAMP signalling pathway even at concentrations as high as 10 -5 M.

Gene expression of Cragi-TKR and Cragi-TK.

The expression of Cragi-TKR and of Cragi-TK genes was analysed by RT-qPCR. Cragi-TKR was found to be mainly expressed in the visceral ganglia and to a lower level in a majority of adult tissues including, the gills, the adductor muscle, the heart, the mantle, the gonads, the labial palps and the digestive gland (Fig. 5A). To determine a possible involvement of TK signalling in the regulation of oyster reproduction, Cragi-TKR gene expression was assayed in the visceral ganglia and in the gonads along the reproductive cycle (Fig. 5B). Except a slight peak of expression in females during vitellogenesis (stage2), Cragi-TKR gene expression did not fluctuate significantly in the visceral ganglia. In the gonads, Cragi-TKR gene expression was maximal in undifferentiated gonads (Stage 0) and gradually declined along the reproductive cycle in both males and females. Besides, Cragi-TK gene was chiefly expressed in the visceral ganglia and at basal levels in the mantle, the adductor muscle and the labial palps (Fig. 5C). No significant differential expression of Cragi-TK gene was noticed along the reproductive cycle in the visceral ganglia (Fig. 5D). Interestingly, Cragi-TK gene, but not Cragi-TKR gene, was significantly more expressed in four weeks starved animals than in fed animals (Fig. 5E andF).

Discussion.

TK signalling systems have been extensively studied in a vast number of animal species. Mature

TKs were first biochemically isolated and identified and as a result of the development of molecular biology approaches and genomics, the characterization of their precursor as well as their cognate receptors has become accessible. By mining C. gigas comprehensive transcriptomic [START_REF] Riviere | GigaTON: An extensive publicly searchable database providing a new reference transcriptome in the pacific oyster Crassostrea gigas[END_REF] and genomic [START_REF] Zhang | The oyster genome reveals stress adaptation and complexity of shell formation[END_REF] databases, a unique receptor (Cragi-TKR) displaying consistent homology and phylogenetic proximity with vertebrate and insect TKRs has been identified. In contrast, vertebrate [START_REF] Steinhoff | Tachykinins and their receptors: contributions to physiological control and the mechanisms of disease[END_REF] and Drosophila [START_REF] Monnier | NKD, a developmentally regulated tachykinin receptor in Drosophila[END_REF][START_REF] Birse | Widely distributed Drosophila G-Protein-Coupled Receptor ( CG7887 ) is activated by endogenous tachykinin-related peptides[END_REF] genomes encode respectively three and two TKR types. Diverse TKs (SP, NKA, NKB) derived from distinct peptide precursor genes, activate vertebrate TKR with distinct potencies [START_REF] Steinhoff | Tachykinins and their receptors: contributions to physiological control and the mechanisms of disease[END_REF]. In Drosophila, all TK peptides derived from the TK-related neuropeptide precursor gene activate the DTKR with different potencies [START_REF] Poels | Functional comparison of two evolutionary conserved insect neurokinin-like receptors[END_REF]. The other Drosophila receptor (NKD), is activated in vitro by only one of these six TKs (DTK-6) albeit at high concentrations [START_REF] Poels | Characterization and distribution of NKD, a receptor for Drosophila tachykininrelated peptide 6[END_REF]. Finally, NKD turned out to represent the bona fide receptor for Drosophila natalisins, a family of insect neuropeptides that are derived from a distinct neuropeptide precursor gene. Natalisins promote insect reproduction and also display the C-terminal FXXXRamide motif common to all protostomian TKs [START_REF] Jiang | Natalisin, a tachykinin-like signaling system, regulates sexual activity and fecundity in insects[END_REF].

In all lophotrochozoan species investigated so far, only one specific TKR has been identified [START_REF] Kanda | A novel tachykinin-related peptide receptor of Octopus vulgaris -Evolutionary aspects of invertebrate tachykinin and tachykinin-related peptide[END_REF][START_REF] Kawada | A novel tachykinin-related peptide receptor: Sequence, genomic organization, and functional analysis[END_REF]. The occurrence of a natalisin type of receptor is unlikely in C. gigas since no homologous neuropeptide has been found among the exhaustive neuropeptide repertoires of oyster [START_REF] Stewart | Neuropeptides encoded by the genomes of the Akoya pearl oyster Pinctata fucata and Pacific oyster Crassostrea gigas: a bioinformatic and peptidomic survey[END_REF] and other Lophotrochozoa [START_REF] Zatylny-Gaudin | Neuropeptidome of the cephalopod Sepia officinalis: identification, tissue mapping, and expression pattern of neuropeptides and neurohormones during egg laying[END_REF][START_REF] Conzelmann | The neuropeptide complement of the marine annelid Platynereis dumerilii[END_REF]. Moreover, our phylogenetic study suggests that arthropod-specific natalisin receptors may have arisen from a recent duplication during the evolution of arthropods.

Cragi-TKR behaves as a genuine TKR. Similar to its vertebrate and protostome counterparts, it is specifically and slightly selectively activated by all three oyster TKs encoded by the oyster TK precursor at concentration ranges similar to those required for the activation of TKRs in other species [START_REF] Kawada | A novel tachykinin-related peptide receptor: Sequence, genomic organization, and functional analysis[END_REF][START_REF] Poels | Functional comparison of two evolutionary conserved insect neurokinin-like receptors[END_REF][START_REF] Liu | Pharmacological and biochemical investigation of receptors for the toad gut tachykinin peptide, bufokinin, in its species of origin[END_REF]. Similar to the Octopus TKR [START_REF] Kanda | A novel tachykinin-related peptide receptor of Octopus vulgaris -Evolutionary aspects of invertebrate tachykinin and tachykinin-related peptide[END_REF], Cragi-TKR triggers in vitro only the phospholipase C-mediated calcium transduction pathway, a feature distinct to some insect and vertebrate receptors which additionally transduce their signal via an increase in cAMP levels [START_REF] Birse | Widely distributed Drosophila G-Protein-Coupled Receptor ( CG7887 ) is activated by endogenous tachykinin-related peptides[END_REF][START_REF] Poels | Pharmacology of stomoxytachykinin receptor depends on second messenger system[END_REF][START_REF] Nakajima | Direct linkage of three tachykinin receptors to stimulation of both phosphatidylinositol hydrolysis and cyclic AMP cascades in transfected Chinese hamster ovary cells[END_REF][START_REF] He | Activation of BNGR-A24 by direct interaction with tachykinin-related peptides from the silkworm Bombyx mori leads to the Gq and Gs-coupled signaling cascades[END_REF]. Although distinct in sequence, Cragi-TKs exhibit only minor potency differences suggesting that they may be functionally redundant. To determine the essential amino acids of Cragi-TKs, a structure activity relationship analysis was performed using a series of synthetic analogues of Cragi-TK2 (ARFFGLR-amide) in which each amino acid was sequentially replaced by the neutral alanine residue. Considering the C-terminal consensus FX1GX2Ramide sequence of protostome TKs, only the replacement of the terminal Arginine or the first Phenylalanine showed drastic negative effects consistent with the high conservation of these two residues possibly due to a strong selective pressure during the evolution of protostome TKs. This also reflects the low activity reported for chordate-type TKs (harbouring a C-terminal methionine instead of an arginine) on protostome receptors [START_REF] Kanda | A novel tachykinin-related peptide receptor of Octopus vulgaris -Evolutionary aspects of invertebrate tachykinin and tachykinin-related peptide[END_REF][START_REF] Kawada | A novel tachykinin-related peptide receptor: Sequence, genomic organization, and functional analysis[END_REF][START_REF] Torfs | Analysis of C-terminally substituted tachykinin-like peptide agonists by means of aequorin-based luminescent assays for human and insect neurokinin receptors[END_REF]. Change of the Nterminal extension of Cragi-TK2 did not alter significantly the neuropeptide activity. As expected, change of the flexible residue (X1) of the consensus sequence resulted in only limited effects on the activation of Cragi-TKR. Surprisingly, Cragi-TKR showed higher sensitivity to peptide analogues with an alanine replacing either the conserved Glycine or the penultimate (X2) residue. The glycine residue does not appear to be crucial since the three naturally occurring oyster TKs display a variability of residues at this position. Interestingly both Cragi-TK3 and the bivalve mollusc Anodonta cygnea TK hold an alanine at this position [START_REF] Fujisawa | An invertebrate-type tachykinin isolated from the freshwater bivalve mollusk, Anodonta cygnea[END_REF]. Such naturally occurring alanine-containing TKs also exist in insects [START_REF] Predel | Tachykinin-related peptide precursors in two cockroach species: Molecular cloning and peptide expression in brain neurons and intestine[END_REF][START_REF] Torfs | Pharmacological characterization of STKR, an insect G protein-coupled receptor for tachykinin-like peptides[END_REF], and were proven more potent than their glycine-containing counterparts but behave as partial agonists due to reduced maximal calcium mobilisation efficacy [START_REF] Poels | Substitution of conserved glycine residue by alanine in natural and synthetic neuropeptide ligands causes partial agonism at the stomoxytachykinin receptor[END_REF]. Partial agonistic activity and transduction pathway plasticity in insect and mammalian neurokinin signalling were suggested to reflect the existence of multiple receptor conformation states [START_REF] Poels | Substitution of conserved glycine residue by alanine in natural and synthetic neuropeptide ligands causes partial agonism at the stomoxytachykinin receptor[END_REF][START_REF] Palanche | The neurokinin A receptor activates calcium and cAMP responses through dstinct conformational states[END_REF] that may disclose a potential fine-tuning of physiological processes. Unexpectedly such a situation does not appear to exist in oyster since all peptides show equivalent efficacy.

The expression of Cragi-TKR in a wide variety of oyster organs and tissues clearly conforms with the pleiotropic regulatory role of TKs in other animal groups. As for other molluscs, the central nervous system represents the unique source of TKs, a situation different from insects where gut endocrine cells also contribute to the production of this family of peptides [START_REF] Winther | Intestinal peptides as circulating hormones: release of tachykinin-related peptide from the locust and cockroach midgut[END_REF] suggesting a possible link with the digestive processes and feeding. The increased expression level of the Cragi-TK gene in the CNS of starved oysters suggests a role in feeding behaviour.

However, it is not well-defined whether this activity is exerted centrally, likely initiated through nutrient sensing, via the control of neuronal feeding circuits or peripherally at the level of the gills and labial palps -the main food collector organs-or the digestive tract. In mice, Tac1

(SP/neurokinin A) controls circadian feeding behaviour and metabolism [START_REF] Maguire | Altered circadian feeding behavior and improvement of metabolic syndrome in obese Tac1-deficient mice[END_REF]. Likewise in insects, TKs injected in starved Bombyx mori larvae induce a stimulatory effect in feeding behaviour by reducing the period of latency to the first bite [START_REF] Nagata | Effects of neuropeptides on feeding initiation in larvae of the silkworm, Bombyx mori[END_REF]. The content of mature TKs was also affected in the brain of honey bees in association with nectar and pollen foraging suggesting a role in this social behaviour [START_REF] Brockmann | Quantitative peptidomics reveal brain peptide signatures of behavior[END_REF]. Given the involvement of TKs in olfactory and locomotion behaviour in Drosophila [START_REF] Winther | Tachykinin-related peptides modulate odor perception and locomotor activity in Drosophila[END_REF], it was proposed that TK signalling could play a role in the perception, the localisation of a food source and its collection [START_REF] Brockmann | Quantitative peptidomics reveal brain peptide signatures of behavior[END_REF]. Such hypothesis fits the presence of Cragi-TKR in the gills and the labial palps, the oyster organs implicated in the collection and sieving of food particles. In vertebrates and insects, the digestive tract also represents an important target for TKs. In the mammalian intestine, TKs mainly released from neurons control the activity of neuronal networks, influence fluid secretion and act on smooth muscles [START_REF] Shimizu | Tachykinins and their functions in the gastrointestinal tract[END_REF]. Similarly, TKs stimulate in vitro contractions of the gut in insects [START_REF] Schoofs | Locustatachykinin III and IV : two additional insect neuropeptides with homology to peptides of the vertebrate tachykinin family[END_REF] and also regulate enterocyte lipid production and systemic lipid homeostasis in Drosophila [START_REF] Song | Control of lipid metabolism by tachykinin in Drosophila[END_REF].

However, this later activity is mainly controlled by TKs released from enteroendocrine cells, the peptide content of which increases in starved animals. The weak expression of Cragi-TKR in the oyster digestive gland is consistent with a role of TKs in lipid metabolism. However, the lack of TK gene expression and the absence of endogenous TKs in this organ implies a regulation by TKs released as a circulating neurohormone. It is intriguing that, with the singular exception of the AKH signalling system [START_REF] Dubos | Molecular characterization of an adipokinetic hormone-related neuropeptide (AKH) from a mollusk[END_REF], most oyster neuroendocrine systems investigated so far appear sensitive to the nutritional status [START_REF] Bigot | Functional characterization of a short neuropeptide F-related receptor in a lophotrochozoan, the mollusk Crassostrea gigas[END_REF][START_REF] Bigot | Characterization of GnRH-related peptides from the Pacific oyster Crassostrea gigas[END_REF]. This reflects the complexity of the feeding control in animals and emphasizes the requirement of a fine regulation to support constant energy needs in a context of sporadic food availability. That TK signalling also regulates the activity of oyster gonad cells was suggested by the fluctuating Cragi-TKR expression during the reproductive cycle. This is reminiscent of the role of TKs in the regulation of reproduction-associated processes in both vertebrate and protostome species. Indeed, TKs were shown to participate in the neuroendocrine control of reproduction in mammals [START_REF] Rance | Neurokinin B and the hypothalamic regulation of reproduction[END_REF][START_REF] Fergani | Expanding the role of tachykinins in the neuroendocrine control of reproduction[END_REF] and fish [START_REF] Biran | Neurokinin Bs and neurokinin B receptors in zebrafish-potential role in controlling fish reproduction[END_REF], in the regulation of oocyte growth in the ascidian C. intestinalis [START_REF] Aoyama | A novel biological role of tachykinins as an up-regulator of oocyte growth: identification of an evolutionary origin of tachykininergic functions in the ovary of the ascidian, Ciona intestinalis[END_REF] and in the oviducal myotropic activity in the locust [START_REF] Schoofs | Locustatachykinin III and IV : two additional insect neuropeptides with homology to peptides of the vertebrate tachykinin family[END_REF].

Conclusion

We have characterized in the oyster C. gigas, a TK signalling system that appears to share common features with that of other animal species: (1) an involvement in the regulation in a variety of physiological processes implied by a distribution of the TK receptors in diverse organs (2) a potential feeding modulating activity of TK peptides suggested by a marked increase in expression of their encoding gene in the CNS of starved oysters, (3) a likely role in regulating reproduction processes in line with the variability of expression of TK signalling components along the reproductive cycle. In contrast to vertebrates and insects, oyster and other protostome species [START_REF] Satake | Insight into tachykinin-related peptides , their receptors , and invertebrate tachykinins : A review[END_REF] express their TK gene in the central nervous system but not in the gut.
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Supplementary table 1: Accession numbers and references of the TKR sequences used for the alignment in Figure1

* functionally characterized receptors.

Abbreviation

Species name Accession number

Phylum reference

Cragi Supplementary Figure 1 : Fluorescent signal induced by Cragi-TKR expressed in HEK293T cells and challenged by Cragi-TKs at the concentration of 10 -5 M in absence (Cragi-TKR) or presence (Cragi-TKR + G16) of the promiscuous protein G16. G16 expressed alone or cells transfected with an empty vector were used as negative controls. Vertical bars represent the standard error of the mean (SEM), number of replicates n=3.