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Introduction

The avian egg is a closed chamber that allows autonomous development of the embryo in an external environment. During this process, the eggshell physically protects the embryo against pathogen penetration, allows gaseous exchange and serves as a calcium source for the developing embryo [START_REF] Nys | Avian eggshell mineralization: Biochemical and functional characterization of matrix proteins[END_REF][START_REF] Hincke | The eggshell: Structure, composition and mineralization[END_REF]. The eggshell is a bioceramic structure made of 95% calcium carbonate (CaCO 3 ) in the calcite polymorph, contains occluded organic components (3.5%) and 1.5% water [START_REF] Nys | Avian eggshell mineralization: Biochemical and functional characterization of matrix proteins[END_REF][START_REF] Hincke | The eggshell: Structure, composition and mineralization[END_REF][START_REF] Gautron | Precursor matrix proteins in the uterine fluid change with stages of eggshell formation in hens[END_REF]. Shell biomineralization is initiated in the distal oviduct (isthmus), where eggshell membranes are deposited to support the calcified structure that is subsequently formed in the uterine segment. Shell formation is temporally controlled, and in chickens four main steps can be identified during the 17 h process (from 5 h to 22 h post-ovulation) [START_REF] Hernandez-Hernandez | Influence of eggshell matrix proteins on the precipitation of calcium carbonate (CaCO 3 )[END_REF][START_REF] Rodríguez-Navarro | Amorphous calcium carbonate controls avian eggshell mineralization: A new paradigm for understanding rapid eggshell calcification[END_REF][START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF]. The first one is the nucleation and stabilization of amorphous calcium carbonate (ACC) on the outer eggshell membrane fibers and at specific nucleation sites (mammillary knobs). The ACC is then transformed into calcitic aggregates at these sites (2 nd step).

Calcite crystals rapidly grow to form larger crystal units (3 rd step). The interaction with eggshell organic matrix components inhibits calcite crystal faces parallel to the c-axis, thus causing elongated crystal growth in this direction. Calcite crystals growing with their c-axis nearly perpendicular to the surface block the growth of adjacent crystals with less favorable orientations resulting in the development of columnar calcite units. Finally, mineralization is terminated and a thin proteinaceous layer (cuticle) is deposited on the shell surface (4 th step). Numerous in vitro experimental evidence has demonstrated that eggshell fabric is controlled by organic matrix components. This organic matrix determines which calcium carbonate polymorph phase (i.e., calcite) is selected/precipitated, in addition to facilitating their nucleation and influencing the size and morphology of crystals [START_REF] Hernandez-Hernandez | Influence of eggshell matrix proteins on the precipitation of calcium carbonate (CaCO 3 )[END_REF]. The role of organic matrix is also shown in vivo when exploring genetic and physiological factors influencing changes in chicken eggshell microstructure and/or its mechanical properties [START_REF] Nys | Avian eggshell mineralization: Biochemical and functional characterization of matrix proteins[END_REF][START_REF] Rodríguez-Navarro | Mineral fabrics analysis using a low-cost universal stage for X-ray diffractometry[END_REF][START_REF] Dunn | Poultry breeding for egg quality: Traditional and modern genetic approaches[END_REF].

Across a large number of avian species, a strong correlation is observed between egg mass or eggshell thickness and shell strength [START_REF] Ar | The avian egg: Water vapor conductance, shell thickness and functional pore area[END_REF][START_REF] Ar | The avian egg: Mass and strength[END_REF], indicating that the solidity of shells is similar in a majority of birds, once corrected for eggshell thickness. However, this correlation does not apply to Guinea fowl (Numida meleagris) eggshell, which has a greater breaking strength than expected compared to that of other birds [START_REF] Panheleux | Organic matrix composition and ultrastructure of eggshell: A comparative study[END_REF]. Part of the greater strength in Guinea fowl shell results from higher shell thickness (eggshell weight represents 15% and 10% of the total egg weight in Guinea fowl and in chicken, respectively) [START_REF] Alkan | Determination of phenotypic correlations between internal and external quality traits of Guinea fowl eggs[END_REF][START_REF] Panheleux | Features of eggshell formation in guinea fowl: Kinetics of shell deposition, uterine protein secretion and uterine histology[END_REF]. The length of the shell deposition process is 2.5 h longer in Guinea fowl than in chicken, resulting in a thicker eggshell (500 µm in Guinea fowl vs 350 µm in chicken) [START_REF] Panheleux | Features of eggshell formation in guinea fowl: Kinetics of shell deposition, uterine protein secretion and uterine histology[END_REF][START_REF] Song | A comparison of egg quality of pheasant, chukar, quail and guinea fowl[END_REF]. However, the amount of material deposited in the shell cannot solely explain the superior mechanical properties of the Guinea fowl eggshell [START_REF] Panheleux | Features of eggshell formation in guinea fowl: Kinetics of shell deposition, uterine protein secretion and uterine histology[END_REF]. Indeed, when Guinea fowl and chicken eggshell of similar thickness are compared, that of Guinea fowl is two times stronger than its chicken correspondant [START_REF] Petersen | The strength of guinea fowl (Numida meleagris) egg shells[END_REF]. Guinea fowl eggshell possesses a particular structure that confers greater resistance to fracture [START_REF] Petersen | The strength of guinea fowl (Numida meleagris) egg shells[END_REF][START_REF] Danilova | Chicken and guinea fowl egg shell strength and chemical content[END_REF][START_REF] Pérez-Huerta | Comparison of the structure, crystallography and composition of eggshells of the guinea fowl and graylag goose[END_REF]. In other biomineralization models such as molluskan shells, the different types of textures (nacre, prismatic and cross-lamellar layers [START_REF] Checca | Organic membranes determine the pattern of the columnar prismatic lyer of mollusc shells[END_REF][START_REF] Agbaje | Architecture of crossed-lamellar bivalve shells: The southern giant clam (Tridacna derasa, Roding, 1798)[END_REF]) are known to exhibit a difference in their strength in addition to the effect of shell thickness [START_REF] Chateigner | Mollusc shell microstructures and crystallographic textures[END_REF][START_REF] Song | Effects of nanostructures on the fracture strength of the interfaces in nacre[END_REF][START_REF] Avery | Microstructural differences in the reinforcement of a gastropod shell against predation[END_REF]. Guinea fowl eggshell mineralization initially follows the same pattern described in chickens resulting in the characteristic columnar structure of most birds. However, a sharp change in the size and orientation of crystals occurs at 11 hours p.o. when one-third of the final eggshell thickness has been deposited [START_REF] Panheleux | Features of eggshell formation in guinea fowl: Kinetics of shell deposition, uterine protein secretion and uterine histology[END_REF][START_REF] Pérez-Huerta | Comparison of the structure, crystallography and composition of eggshells of the guinea fowl and graylag goose[END_REF]. At this point, the large columnar calcite units break up into smaller crystal units with varying crystallographic orientations forming a microstructure with an intricate interlacing of calcite crystals. These changes in the structure and organization of Guinea fowl eggshell from the macro to micro are described in detail in an accompanying paper (Rodriguez-Navarro AB et al., unpublished). That study underlines the bilayer microstructure of Guinea fowl eggshell, and that the shift in eggshell fabric (texture) between these layers is accompanied by changes in the distribution and amount of intracrystalline organic matter. Thus, the organic matrix is predicted to firstly induce the initial structural shift between these layers, followed by a secondary nucleation event involving smaller crystals with increasing misorientation. This particular organization is responsible for the exceptional mechanical properties of Guinea fowl eggshell by comparison to that of other birds.

In such a context, our objectives were to characterize the Guinea fowl eggshell proteome, and then to use quantitative proteomics to analyze the change in protein profile throughout the steps of eggshell deposition prior to, during and after the main shifts in the size and orientation of calcite crystals. This study identified for the first time 149 Guinea fowl matrix proteins that we compared to proteins previously identified in eggshells of four other bird species and one non-avian reptile. We have quantified these proteins and herein describe a protein toolkit associated with the modification in calcite crystal size and orientation that confers remarkable strength on the Guinea fowl eggshell.

Material and methods

Ethical statement, animals handling and housing

All experiments, including all animal-handling protocols were handled and 

Collection of egg samples

Twenty-nine Guinea fowl hens (40-47 weeks of age) were individually caged and subjected to a cycle of 14 h of light and 10 h of darkness. Each bird was fed with a layer mash ad libitum as recommended by the Institut National de la Recherche Agronomique (INRA). Each cage was equipped with a device for automatic recording of oviposition (time of egg laying). Eggs were sampled by euthanasia of animals at one of five stages: 4 h (eggshell=5), 10 h (eggshell=6), 11 h (eggshell=6), 12 h (eggshell=6) and 18 h (eggshell=6) post-ovulation (p.o., i.e. time after the previous egg) when the nucleation sites appear and early mineralization starts (4 h p.o.), or just before (10 h p.o.), during (11-12 h p.o.) and after the shift in crystal orientation (18 h p.o.). Eggs were removed from the oviduct, broken and the forming eggshells were washed with water to remove egg white residues. Eggshells were air dried and stored at -20°C until the extraction of proteins.

Extraction of organic matrix proteins from eggshells

The organic matrix was extracted from each eggshell according to the protocol previously described [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Gautron | Ovocalyxin-32, a novel chicken eggshell matrix protein. isolation, amino acid sequencing, cloning, and immunocytochemical localization[END_REF]. Briefly, eggshells were washed in 154 mM NaCl buffer containing protease inhibitors (2.5 mM benzamidine-HCl, 50 mM aminon-caproic acid, 0.5 mM N-ethylmaleimide and 1 mM phenylmethylsulfonyl fluoride) and then ground under liquid nitrogen. Eggshell powder was completely demineralized by shaking with 20% acetic acid overnight at 4°C. The resulting turbid suspensions were placed in dialysis tubing (cut-off 3,500 Da), dialyzed against demineralized water for 24 hours at 4°C and then lyophilized. Eggshell extracts were shaken overnight at 4°C using the following solution: 4 M guanidine hydrochloride, 5 mM benzamidine hydrochloride, 0.1 M ε-amino-n-caproic acid, 10 mM EDTA, 50 mM sodium acetate and 1 mM phenylmethylsulfonyl fluoride. Samples were then dialyzed (cut-off 3,500 Da) against 0.5 M sodium acetate pH 7.4 for 24 hours at 4°C. Samples were centrifuged for 10 min, 2000xg at 4°C and supernatants were retained. Proteins were quantified using the BioRad DC Protein Assay kit II, with bovine serum albumin as standard.

Electrophoresis and Western blotting

Proteins were prepared in the Laemmli/β-mercapto-ethanol buffer and boiled 5 min at 90°C for electrophoresis for mass spectrometry analyses and Western blotting. We used biological replicates for each stage: 4 h (eggshell=5), 10 h (eggshell=6), 11 h (eggshell=6), 12 h (eggshell=6) and 18 h (eggshell=6) postovulation, totaling 29 eggshells as explained in Figure 1. To test the homogeneity of eggshell samples at each stage (step #1 in Figure 1), each biological replicate per stage (15 g) was loaded on a 12.5% gel for rapid electrophoresis (10 min) in order to obtain a single band. After staining with Coomassie Blue, the single band per lane was excised. The 29 excised single bands were in-gel digested using trypsin (Sequencing grade, Roche diagnostics, Paris, France), and separately subjected to nanoLC-MS/MS analysis in triplicate (technical replicates). The analysis of a single band does not allow identifying a maximum of proteins at each stage, so we pooled 16 μg of extracted proteins from each of 5 biological replicates at 4 h, and 13.33 μg of extracted proteins from each 6 of the biological replicates at 10 h, 11 h, 12 h and 18 h p.o. (step #2, Figure 1) to obtain 80 μg of equaly pooled biological replicates for each of the 5 post-ovulation stages. For each stage, the 80 μg was loaded on a 4-20% gel for SDS-PAGE and was entirely migrated (100 min), followed by staining with Coomassie Blue. Each of the 5 lanes was sectioned into 20 gel slices (step #2, Figure 1), totaling 100 bands. These bands were in-gel digested with bovine trypsin (Sequencing grade, Roche diagnostics, Paris, France) and then subjected to nanoLC-MS/MS analysis. For Western blot analyses, 10 μg of protein from each pooled biological replicate was electrophoresed on 12.5% gels and then transferred to nitrocellulose membranes (0.2 μm, GE Healthcare, Little Chalfont, England) for 1 h in 1X TBS (50 mM Tris, 150 mM NaCl, pH 7.4), 10% ethanol.

Membranes were blocked 1 h at room temperature in Odyssey® Blocking Buffer (TBS) (LI-COR, Bad Homburg, Germany) and then incubated in blocking buffer for 1h at room temperature with anti-OVAL (1/5000; Sigma Aldrich, C6534) or anti-Ovocleidin-17 (1/5000; [START_REF] Hincke | Purification and immunochemistry of a soluble matrix protein of the chicken eggshell (ovocleidin 17)[END_REF]) polyclonal antibodies. Membranes were washed three times 5 min in 1X TBS, 0.1% Tween 20 and then incubated for 1h in the dark in Odyssey® Blocking Buffer (TBS) with AlexaFluor® 680 goat anti-rabbit antibody (1/20000; Invitrogen, A21109). After three washes of 5 min in 1X TBS, 0.1% Tween 20 and one wash in 1X TBS, membranes were scanned using the Odyssey® CLx Imaging System (LI-COR, Bad Homburg, Germany) with the 700 nm channel.

Nano-LC-MS/MS analyses

Peptides resulting from trypsin digestion of the 29 bands from individual biological replicates per stage and 100 bands from pooled biological replicates per stage were analyzed using the LTQ Orbitrap Velos Mass Spectrometer (Thermo Fisher Scientific, Bremen, Germany) coupled to an Ultimate® 3000 RSLC Ultra High Pressure Liquid Chromatographer (Dionex, Amsterdam, The Netherlands). Five microliters of each sample were loaded in three technical replicates onto a trap column for desalting. Subsequently, peptide separation was performed using a nano-column (Acclaim PepMap C18, 75 μm inner diameter, 50 cm long, 3 μm particle size, 100 Å pores). The mobile phases consisted of (A) 0.1% formic acid, 97.9% water, 2% acetonitrile (v/v/v) and (B) 0.1% formic acid, 15.9% water, 84% acetonitrile (v/v/v). The gradient consisted of 4-55% B for 90 min at 300 nl/min flow rate. Data were acquired using Chromeleon Software (v6.8 SR11, Dionex, Amsterdam, The Netherlands) and Xcalibur software (v2.1; Thermo Fisher Scientific, San Jose, CA). The LTQ Orbitrap Velos instrument was operated in a positive data-dependent mode.

Resolution of the Orbitrap was set to R = 60,000. In the scan range of m/z 300-1800, the 20 most intense peptide ions with charge states ≥2 were fragmented using Collision Ion Dissociation (CID). Dynamic exclusion was activated for 30 s with a repeat count of 1. Polydimethylcyclosiloxane ions (m/z, 445.1200025, (Si(CH 3 ) 2 O) 6 ) were used as a lock mass for internal calibration.

The raw mass spectrometric data have been deposited to PRIDE via the ProteomeXchange Consortium (https://www.ebi.ac.uk/pride/archive/) with the project accession PXD011333 and project DOI 10.6019/PXD011333.

Protein identification and validation

Mass spectrum ion searches were performed using MASCOT search engine (v2.3, Matrix Science, London, UK). Interrogation was made against the Chordata section of the non-redundant NCBI database (January 2018). Enzyme specificity was set to trypsin with 2 missed cleavages, using carbamidomethylcysteine, oxidation of methionine and N-terminal protein acetylation as variable modifications. The tolerance of the ions was set to 5 ppm for parent and 0.8 Da for fragment ion matches. Mascot results obtained from the target database searches were subjected to Scaffold v4.8.2 software (Proteome Software Inc., Portland, USA). Peptide Decoy was selected to detect false-positive results. Peptide identifications were accepted if they could be established at greater than 95% probability by the Peptide Prophet algorithm [START_REF] Keller | Empirical statistical model To estimate the accuracy of peptide identifications made by MS/MS and database search[END_REF]. Protein identifications were accepted if they could be established at greater than 95% probability and contained at least two unique peptides. Protein probabilities were assigned by the Protein Prophet algorithm [START_REF] Nesvizhskii | A statistical model for identifying proteins by tandem mass spectrometry[END_REF]. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide identity were grouped into clusters. Keratin, bovine albumin and trypsin protein identifications were deleted from our dataset as they result from external contaminants (human keratin) and the digestion procedure (bovine trypsin).

Statistical analyses

Six eggshells were used per biomineralization stages (five stages).

Electrophoretic profile of eggshell organic matrix were compared within each stage and one individual from stage 4 h p.o. was removed because of its too different electrophoretic profile. The six or five individual samples were pooled for each stage. Individual and pooled samples were analyzed by Mass spectrometry in triplicate.

The quantity of extracted organic matrix from each eggshell and the eggshell weights at each stage were statistically analyzed using the Kruskal-Wallis test and pairwise comparison, with the significance threshold at p<0.05, as they are twenty-nine independent samples. After nanoLC-MS/MS analysis of all samples (individual biological replicates and pooled biological replicates), relative quantification of identified proteins inside each sample was performed using Exponentially Modified Protein Abundance Index (emPAI) and Normalized Spectral Abundance Factor (NSAF).

The relative quantification of protein abundance between the five conditions, in the absence of labeling ("label-free"), was carried out according to the Weighted Spectral count (WS) and the eXtracted Ion Chromatogram (XIC) methods. The WS method enumerates the number of weighted spectra assigned for each protein as defined by Scaffold and the XIC is a quantification of proteins according to the area under the spectrometer peaks. The analysis of variance for each identified protein at the five stages of eggshell biomineralization was performed with WS (threshold ≥5 spectra) and XIC values using the appropriate one-way ANOVA test, followed by a pairwise Tukey postHoc test to determine significant differences in protein abundance between the five stages (p<0.05).

Accession numbers of identified eggshell proteins from four birds and one crocodile proteomes [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Mann | Proteomic analysis of the acid-soluble organic matrix of the chicken calcified eggshell layer[END_REF][START_REF] Mann | The proteome of the calcified layer organic matrix of turkey (Meleagris gallopavo) eggshell[END_REF][START_REF] Mann | Proteomic analysis of quail calcified eggshell matrix: A comparison to chicken and turkey eggshell proteomes[END_REF][START_REF] Mann | The calcified eggshell matrix proteome of a songbird, the zebra finch (Taeniopygia guttata)[END_REF][START_REF] Mikšík | Analysis of siamese crocodile (Crocodylus siamensis) eggshell proteome[END_REF] were listed and protein amino acid sequences were recovered from NCBI (https://www.ncbi.nlm.nih.gov), UniProt (https://www.uniprot.org) and NODAI (http://www.nodai-genome.org) databases. Each proteome dataset was locally blasted against the Numida meleagris proteome using BLAST+ suite 2.6.0+ [START_REF] Camacho | BLAST+: Architecture and applications[END_REF] on Genotoul server (http://bioinfo.genotoul.fr).

Results

Guinea fowl eggshell proteome

Forming eggshell samples were collected at five calcification stages, around the time of shift in the eggshell ultrastructure and crystallographic texture of Guinea fowl eggshells. These were the initial stage corresponding to the first events of mineral deposition at 4 hours post-ovulation (4 h p.o.); the growth of large columnar calcite units just prior to the shift of crystal size (10 h p.o.); during the period when the microcrystalline layer begins to be deposited at 11 h p.o., and at 12 h p.o.. And finally, the last stage (18 h p.o.) was collected at a time when the growth of the microcrystalline layer is ongoing and secondary nucleation events continue to occur.

For this study, we used biological replicates: 5 eggshells at 4 h and 6 eggshells for each 10 h, 11, h, 12 h and 18 h p.o. stages. Data from mass-spectrometry analysis of the single band per biological replicate (Figure 1) were found to be homogenous and consequently validated our methodology for the quantification of proteins at different stages using pooled biological replicates (Supplementary data 1, sheet #1 and sheet #2). Indeed, in each stage, biological replicates were similar as major proteins were identified in the 5 or 6 biological replicates (Supplementary data 1, sheet #1).

The profiles of the matrix proteins extracted at these 5 key steps of Guinea fowl eggshell formation and pooled in equally quantity per stage are shown on a 4-20% SDS-PAGE gel (Figure 1). Proteins smaller than 25 kDa were less abundant at 4 h p.o. than at the other stages. The main changes between protein profiles of shell collected from 10 to 18 hours concerned the intensity of the electrophoretic bands. To further analyze these modifications, the entire lane at each calcification stage was sectioned into 20 single bands. To determine the variability of sample populations at each stage, individual shell samples (5 or 6 per stage) were briefly run on polyacrylamide gels (without fractionation) allowing single bands containing all proteins to be excised. All gel slices were digested using trypsin and the resulting peptides were analyzed by nanoLC-MS/MS, in triplicate. Mass spectra from peptides were assigned using the NCBI Chordata database.

NanoLC-MS/MS analysis of pooled eggshells at the five post-ovulation stages allowed us to identify 162 clusters of proteins, which were assigned using the non-redundant NCBI database for chordate taxa. After manual removal of redundancy, enzymatic trypsin used for digestion and contaminating proteins (bovine serum albumin, keratins and casein; Supplementary data 2), 149 nonredundant proteins were identified, which represents the first description of Numida meleagris eggshell proteome (Supplementary data 3, sheet #1). We used the Exponentially Modified Protein Abundance Index (emPAI), which is based on unique peptide count for each protein, to classify the relative abundance of the different proteins within individual stages (4, 10, 11, 12 and 18 h p.o.; Supplementary data 3, sheet #2 to 5). Table 1 reports 

Comparison with the eggshell proteome of other archosaurian species

To date, four bird eggshell proteomes have been studied quite extensively; 699 proteins were identified in chicken (Gallus gallus) [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Mann | Proteomic analysis of the acid-soluble organic matrix of the chicken calcified eggshell layer[END_REF], 697 proteins in turkey (Meleagris gallopavo) [START_REF] Mann | The proteome of the calcified layer organic matrix of turkey (Meleagris gallopavo) eggshell[END_REF], 622 proteins in quail (Coturnix japonica) [START_REF] Mann | Proteomic analysis of quail calcified eggshell matrix: A comparison to chicken and turkey eggshell proteomes[END_REF] and 475 proteins in zebra finch (Taeniopygia guttata) [START_REF] Mann | The calcified eggshell matrix proteome of a songbird, the zebra finch (Taeniopygia guttata)[END_REF]. Recently, the first proteome of the crocodile eggshell, from Crocodylus siamensis, was published with a total of 58 proteins [START_REF] Mikšík | Analysis of siamese crocodile (Crocodylus siamensis) eggshell proteome[END_REF]. These five proteomes were compared with the Guinea fowl eggshell proteome (present study) using the blastp method. The number of identified proteins varied largely between the studies, as those concerning crocodile and Guinea fowl eggshells are less extensive, possibly due to incomplete annotation of these diverse genomes. Results of this analysis showed that N. meleagris current eggshell proteome shared 86.6%, 62.4%, 75.8% and 61.7% of its proteins with the chicken, quail, turkey, and zebra finch, respectively whereas 14.1% (21 proteins) were shared with the proteome of the crocodile eggshell (Figure 2A; Supplementary data 4). Among the 149 proteins identified in the Guinea fowl eggshell proteome, 9 of these proteins were not detected in the five other archosaurian species. The majority of proteins (119) were shared between Guinea fowl and at least one bird species, and among them 54 were shared by all 5 bird species (Supplementary data 4). However, only 21 proteins overlapped with those of the crocodile species (Figure 2B). The 9 proteins unique to Guinea fowl eggshell (Table 2) were Dromaiocalcin-1like (DCA-1-like), Phosphatidylethanolamine-binding protein 4 (PEBP4), Small basic protein1-like (SBP-1-like), Uncharacterized protein At5g39570-like (LOC110408336), ribonuclease UK114 (RIDA), Cell growth regulator with EFhand domain protein 1 (CGREF1), granulins (GRN), Growth/differentiation factor 6 (GDF6) and Sushi repeat-containing protein SRPX (SRPX) (Table 2, Figure 2B). Among these 9 proteins, Dromaiocalcin-1-like possessed the highest emPAI value (from 42.3 at 4 h p.o. to 809.1 at 18 h p.o.). The 8 other proteins exhibited lower emPAI.

Proteins identified and variation of their abundances at various stages during the Guinea fowl eggshell mineralization

In a first approach, we used the list of identified proteins based on unique peptide count (emPAI) to determine the specificity of proteins during the shell deposition. We first observed an increase in the diversity of matrix proteins in the shell explaining the increasing number of identified proteins from 4 h p.o.

(51 proteins), to the shift period (119, 113 and 114 at 10, 11 and 12 h p.o., respectively) (Figure 3A). This observation is in agreement with the fact that the expulsed eggshells contain the constituents of the earlier stages when the egg is expulsed at a later time point. We observed a decreased number of identified proteins at the later stage (62 at 18 h p.o.), like in the analysis of biological replicates for which up to 16 proteins at 4 h, 32 proteins at 10 h, 28 proteins at 11 h, 29 proteins at 12 h and 18 proteins at 18 h were identified (Supplementary data 1, sheet #1). This decrease was probably due to deposition of highly abundant proteins at this stage that hinder the detection of fainter proteins. For instance, at 18 h p.o. the average of emPAI values of biological replicates for DCA-1-like protein is 147.6, while it is 115.8, 124.1 and 113.8 at 10 h, 11 h and 12 h p.o., respectively (Supplementary data 1, sheet #2). Venn diagrams (Figure 3B) showed the distribution of identified proteins according to the stage of shell formation. We found 25 proteins common to all five stages of eggshell formation. Seven proteins were specific to the onset of calcification ( 4 In a second approach, we extended the qualitative approach described above using quantitative methods to determine the abundance of proteins at each stage of shell mineralization. The amount of eggshell matrix was highest at 18 hours and significantly different than at other stages (Figure 4). Two quantitative proteomic methods, the Weighted Spectral count (WS) and the eXtracted Ion Chromatogram (XIC), allowed us to determine the relative abundance between stages of the 149 proteins constituting the Guinea fowl eggshell proteome (105 proteins according to WS threshold and 149 proteins using XIC methods). The number of proteins with significant differences in abundance according to the calcification stage was 89 and 86 with WS and XIC methods, respectively, and 64 of them were differentially abundant using both methods (Supplementary data 6). The mass spectrometry quantification was validated by Western blot analyses using antibodies to chicken Ovocleidin-17 and Ovalbumin that crossreacted with their Guinea fowl orthologs (Supplementary data 7).

Qualitative (unique petide count) and quantitative (Weighted Spectra) approaches were finally used to identify proteins associated with the main structural shift between microstructurally distinct eggshell layers in which the size of crystals is greatly reduced (shift period). We identified 61 proteins unique to the shift region of the eggshell and 17 proteins present at various stages but significantly overabundant at this site (Supplementary data 5, sheet #1 and sheet #2). P-values were added in both tables for the five stages of shell calcification. Proteins were classified in three groups according to their functions identified in the gene ontology section of Uniprot (www.uniprot.org).

Two groups corresponded to proteins with functions ascribed to shell biomineralization (direct or indirect roles), the third group corresponding to other proteins with functions not related to biomineralization. This analysis highlighted 78 proteins associated to the shift period. Clusterin (CLU) and Ovocalyxin-32-like (OCX-32-like/RARRES1-like) are the most abundant during the main structural shift and were previously described in chicken eggshell. In contrast, Growth/differentiation factor 6 (GDF6) and sushi repeatcontaining protein (SRPX) are specific to Guinea fowl eggshell and unique to the structural shift.

Discussion

The Guinea fowl eggshell proteome in evolutionary context

The aim of this study was to characterize and quantify Guinea fowl eggshell matrix proteins in order to decipher how they are related to the particular ultrastructure of this shell. The present study is the first proteomic investigation of Guinea fowl eggshell during shell deposition and allowed us to compare the proteins involved in its biomineralization with eggshell of other archosaurian species (i.e. four birds and one crocodile).

The nanoLC-MS/MS approach allowed us to identify 149 non-redundant proteins. In other eggshell proteomes, 699, 622, 697 and 475 proteins were identified in chicken, quail, turkey and zebra finch, respectively [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Mann | Proteomic analysis of the acid-soluble organic matrix of the chicken calcified eggshell layer[END_REF][START_REF] Mann | The proteome of the calcified layer organic matrix of turkey (Meleagris gallopavo) eggshell[END_REF][START_REF] Mann | Proteomic analysis of quail calcified eggshell matrix: A comparison to chicken and turkey eggshell proteomes[END_REF][START_REF] Mann | The calcified eggshell matrix proteome of a songbird, the zebra finch (Taeniopygia guttata)[END_REF]. The Guinea fowl genomic sequence and transcriptomics databases are quite recent, and its gene annotation is based on the chickem genome. Moreover, this preliminary draft has not yet been thoroughly reviewed for accuracy (Cedric Cabault and Alain Vignal, personal communication). This limits the power of bioinformatics to accurately assign all the MS spectra to predicted protein fragments. In such a context, there was reduced ability to identify all protein constituents of the Guinea fowl eggshell proteome. Regarding other known archosaurian eggshell proteomes, a total of 14 common proteins were identified in the four birds (Gallus gallus, Coturnix japonica, Meleagris gallopavo and Taeniopygia guttata), the crocodilian species (Corcodylus sinensis) and the Guinea fowl eggshell proteome (Figure 2B and2C). This suggests a common set of at least 14 proteins recruited to the process of eggshell formation by the archosaurian ancestor, about 219 Myrs ago [START_REF] Chiari | Phylogenomic analyses support the position of turtles as the sister group of birds and crocodiles (Archosauria)[END_REF]. These proteins are OVOT, HAPLN3, OVST, A2ML1, LOXL2, HIS H2B, ACTB, HBAA, MUC5AC, SDF4, TUBB, Ezrin, SERPINE2 and VTG1. They can be classified into three main groups: protease inhibitors (A2ML1, OVST and SERPINE2), proteins already known to be involved in shell mineralization (OVOT, HAPLN3, LOXL2, MUC5AC and SDF4) and proteins with intracellular functions (HIS H2B, ACTB, HBAA and TUBB). OVOT, HAPLN3 and LOXL2 have been identified as overabundant proteins during the first events of eggshell biocalcification in chicken [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF]. MUC5AC was previously identified in the organic matrix proteome of invertebrate metazoan CaCO 3 skeletons and in gallstone formation in humans [START_REF] Sayers | Gallbladder mucin production and calcium carbonate gallstones in children[END_REF][START_REF] Kasprzak | Polysaccharides and mucin 5AC (MUC5AC)[END_REF]. These observations demonstrate that essential functions that these proteins play during eggshell biomineralization were already present in the archosaurian ancestor. As the protocols for organic matrix extraction and technologies for proteomics used for these 6 proteomes were different, and database annotation is still incomplete for various species, we assume that the eggshell proteomes are still incomplete and that the set of common proteins in archosaurs is likely larger. However, we are likely to have identified the most abundant members of this biomineralization toolkit.

The avian group (Aves; Figure 2C) emerged more than 91 Myrs ago and is divided into Palaeognathae (ostrich, emu, rhea…) and Neognathae (chicken, Guinea fowl, zebra finch…), which appeared about 85 Myrs ago [START_REF] Claramunt | Evolutionary Ecology: A new time tree reveals Earth history's imprint on the evolution of modern birds[END_REF]. Among the 119 proteins shared by Guinea fowl and at least one other bird, 54 proteins are common to all Neognathae species considered in this study, which have been consistently recruited in this taxa for the shell formation process [START_REF] Mann | The proteome of the calcified layer organic matrix of turkey (Meleagris gallopavo) eggshell[END_REF][START_REF] Mann | Proteomic analysis of quail calcified eggshell matrix: A comparison to chicken and turkey eggshell proteomes[END_REF][START_REF] Mann | The calcified eggshell matrix proteome of a songbird, the zebra finch (Taeniopygia guttata)[END_REF]; in contrast, 12 proteins were not found in the Neoaves eggshell proteome (zebra finch). Among the 119 proteins, we noticed the presence of four proteins related to the biomineralization process (Nucleobindin-2 (NUCB2), extracellular serine/threonine protein kinase (FAM20C), Milk Fat Globule-EGF factor 8 protein (MFGE8) and Calbindin D-28K (CALB1)). NUCB2 is a calciumbinding protein (two EF-hand domains) highly suspected to be involved in the chicken eggshell biomineralization process [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Jonchère | expression in gallbladder mucosa of young patients with gallstones as evaluated by spatial visualization and quantification[END_REF][START_REF] Rose-Martel | Novel identification of matrix proteins involved in calcitic biomineralization[END_REF]. Its role as pro-osteogenic activator in bones of mammals [START_REF] Li | The novel pro-osteogenic activity of NUCB21-83[END_REF] reinforces this hypothesis. FAM20C also named DMP4 is involved in the regulation of biomineralization as previously shown in the teeth and bone formation [START_REF] Tagliabracci | Secreted kinase phosphorylates extracellular proteins that regulate biomineralization[END_REF][START_REF] Cui | A secretory kinase complex regulates extracellular protein phosphorylation[END_REF] and its transcript was previously shown as overexpressed in the chicken uterus [START_REF] Jonchère | expression in gallbladder mucosa of young patients with gallstones as evaluated by spatial visualization and quantification[END_REF]. Recently, the role of this protein kinase was demonstrated in the biomineralization process of the pearl oyster Pinctada fucata [START_REF] Du | Fam20C participates in the shell formation in the pearl oyster, Pinctada fucata[END_REF], suggesting an ancient origin of its recruitment to participate in biomineralization. MFGE8 possesses calcium-binding domains and was identified as a strong candidate involved in chicken eggshell mineralization [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Jonchère | expression in gallbladder mucosa of young patients with gallstones as evaluated by spatial visualization and quantification[END_REF]. CALB1, a calcium-binding protein, is present in the chicken uterine cells as the main cytosolic calcium transporter during eggshell deposition, but this protein is known to be intracellular. Consequently, its presence in the shell could be the result of passive accumulation and not an active process related to shell deposition [START_REF] Nys | Effects of suppression of eggshell calcification and of 1,25(OH) 2 D3 on Mg2 + , Ca2+ and Mg 2+ HCO 3 -ATPase, alkaline phosphatase, carbonic anhydrase and CaBP levels--I. The laying hen uterus[END_REF][START_REF] Nys | Estrogen and a calcium flux dependent factor modulate the calbindin gene expression in the uterus of laying hens[END_REF][START_REF] Bar | Differential regulation of calbindin in the calcium-transporting organs of birds with high calcium requirements[END_REF][START_REF] Jonchère | Identification of uterine ion transporters for mineralisation precursors of the avian eggshell[END_REF]. The 50 other proteins are involved in catalytic and binding functions.

Finally, this comparative study singles out 9 proteins, which are unique to the Guinea fowl eggshell when compared to other Neognathae (Table 2; Figure 2C). Two of them possess putative calcium-binding domains: uncharacterized protein At5g39570-like (LOC110408336) with 12.7% aspartic acid residues, and Cell Growth Regulator with EF-hand domain protein 1 (CGREF1). Highly acidicproteins are important proteins in molluskan shell matrix, and strongly interact with calcium due to their high negative charge [START_REF] Gotliv | Asprich: A novel aspartic acid-rich protein family from the prismatic shell matrix of the bivalve Atrina rigida[END_REF]. LOC110408336 is an acidic protein that appears to be unique to Guinea fowl eggshell. The role of this particular protein should be investigated in relation with the particular shell structure in order to determine its potential role in the crystal shift, particularly since its stretches of poly-aspartic acid resemble the mineral-interacting motifs of osteopontin (SPP1). The C-type lectin (CTL) Dromaiocalcin-1-like (DCA-1like), a homolog of Ovocleidin-17 (OC-17), belongs to this group of Guinea fowl unique proteins. The presence of pairs of CTL paralogs as major constituents of the eggshell proteome has been observed in the Pekin duck [START_REF] Zhu | iTRAQ-Based quantitative proteomic analysis of duck eggshell during[END_REF], and in ostrich, emu and rhea [START_REF] Mann | Ostrich (Struthio camelus) eggshell matrix contains two different C-type lectin-like proteins. Isolation, amino acid sequence, and posttranslational modifications[END_REF][START_REF] Mann | Amino acid sequences and phosphorylation sites of emu and rhea eggshell C-type lectin-like proteins[END_REF]. However, proteins only identified in the Guinea fowl eggshell are important candidates in relation to the remarkable features of its shell, and could constitute a specific toolkit to build the unique ultrastructure of this bioceramic in a highly controlled way.

The first events and massive deposition of Guinea fowl eggshell

Proteins and proteoglycans that constitute the shell organic matrix are believed to play a key role in shell formation. This controlled biomineralization process occurs in a confined space (lumen of the uterus) where ionic concentrations (calcium and bicarbonates) are highly supersaturated relative to calcite [START_REF] Nys | Whitening of brown-shelled eggs: Mineral composition of uterine fluid and rate of protoporphyrin deposition[END_REF].

Previous work explored early shell mineralization mechanisms in chicken

eggshell and highlighted the importance of the formation of a transient amorphous mineral phase (ACC) at the initial stage of eggshell mineralization [START_REF] Rodríguez-Navarro | Amorphous calcium carbonate controls avian eggshell mineralization: A new paradigm for understanding rapid eggshell calcification[END_REF]. The recent investigation of the structural organization at early stages of Guinea fowl eggshell mineralization from 4 h to 5 h p.o. showed that initial process of calcification is identical to that observed in chickens (Rodriguez-Navarro AB et al., unpublished). Consequently, it is not surprising to observe, among the 15 most abundant Guinea fowl proteins at this stage, 10 proteins analogous to that observed in chicken at the same stage (OVAL, OVM, OVOT, HPX, LYZ C, OC-17-like, HAPLN3, CST3, HBAA and CLU) (Table 1). OVAL, LYZ, OC-17, HAPLN3 are proteins previously identified as overabundant at the initiation stage of chicken eggshell mineralization and are known to play a direct role on the CaCO 3 precipitation (Figure 5) [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF]. Lysozyme can also play a role in the transformation of ACC into calcite crystals [START_REF] Hincke | Identification and localization of lysozyme as a component of eggshell membranes and eggshell matrix[END_REF][START_REF] Jimenez-Lopez | Influence of lysozyme on the precipitation of calcium carbonate: A kinetic and morphologic study[END_REF][START_REF] Zhao | Crystal growth of calcite mediated by ovalbumin and lysozyme: Atomic force microscopy study[END_REF], but does not stabilize the ACC phase [START_REF] Wolf | Strong stabilization of amorphous calcium carbonate emulsion by ovalbumin: Gaining insight into the mechanism of "Polymer-Induced Liquid Precursor" processes[END_REF]. OVAL locally increases the concentration of calcium ions, to create nucleation sites, to modify the morphology of calcite crystals and can promote ACC [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Zhao | Crystal growth of calcite mediated by ovalbumin and lysozyme: Atomic force microscopy study[END_REF][START_REF] Wolf | Strong stabilization of amorphous calcium carbonate emulsion by ovalbumin: Gaining insight into the mechanism of "Polymer-Induced Liquid Precursor" processes[END_REF][START_REF] Pipich | Nucleation and growth of CaCO 3 mediated by the egg-white protein ovalbumin: A time-resolved in situ study using small-angle neutron scattering[END_REF][START_REF] Wang | Influence of ovalbumin on CaCO 3 precipitation during in vitro biomineralization[END_REF]. OVOT is thought to influence CaCO 3 nucleation and crystal growth in chicken [START_REF] Gautron | Ovotransferrin is a matrix protein of the hen eggshell membranes and basal calcified layer[END_REF], in addition to its well-known antibacterial role as iron chelator [START_REF] Valenti | Studies of the antimicrobial activity of ovotransferrin[END_REF][START_REF] Baron | Ovotransferrin plays a major role in the strong bactericidal effect of egg white against the Bacillus cereus group[END_REF]. A similar role might be ascribed to HPX, which is a heme transporter able to bind metal ions [START_REF] Grieninger | core protein of a molecular cloning and ultrastructural localization of the core protein of an eggshell matrix proteoglycan, ovocleidin-116[END_REF]62]. It is overabundant at 4 h p.o. as in the chicken eggshell, nevertheless, its role in CaCO 3 formation is not yet confirmed. Proteoglycans are major actors in biocalcification and have been detected in eggshells [START_REF] Carrino | The avian eggshell extracellular matrix as a model for biomineralization[END_REF][START_REF] Fernandez | Eggshells are shaped by a precise spatio-temporal arrangement of sequentially deposited macromolecules[END_REF][START_REF] Nakano | Extraction of glycosaminoglycans from chicken eggshell[END_REF][START_REF] Nakano | Galactosaminoglycan composition in chicken eggshell[END_REF].

These macromolecules, such as MEPE (OC-116-like) combine a protein core with negatively charged dermatan sulfate [START_REF] Hincke | Molecular cloning and ultrastructural localization of the glycosaminoglycans: An equilibrium dialysis study[END_REF], which highly interact with calcium [START_REF] Hunter | Binding of calcium to[END_REF], suggesting a role in eggshell mineralization. HAPLN3, which possesses proteoglycan-binding properties, is also overabundant at the onset of calcification in both Guinea fowl and chicken eggshell [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Rose-Martel | Novel identification of matrix proteins involved in calcitic biomineralization[END_REF][START_REF] Spicer | A hyaluronan binding link protein gene family whose members are physically linked adjacent to chrondroitin sulfate proteoglycan core protein genes. The missing links[END_REF].

Other proteins are indirectly related to the calcification process, as they are involved in the regulation of proteins driving mineralization. We also observed overabundant proteins belonging to this group in both chicken and Guinea fowl eggshell at the initiation stage of mineralization. OVM, a trypsin inhibitor [START_REF] Feeney | The specificities of chicken ovomucoid and ovoinhibitor[END_REF], and CST3, a cysteine protease inhibitor [START_REF] Abrahamson | Identification of the probable inhibitory reactive sites of the cysteine protease inhibitors human cystatin C and chicken cystatin[END_REF] would have an indirect role in the calcification process by controlling the activity of eggshell matrix proteins, either by inhibiting protein degradation or by modifying the maturation of precursor proteins [START_REF] Jonchère | expression in gallbladder mucosa of young patients with gallstones as evaluated by spatial visualization and quantification[END_REF][START_REF] Brionne | Hen uterine gene expression profiling during eggshell formation reveals putative proteins involved in the supply of minerals or in the shell mineralization process[END_REF][START_REF] Marie | Quantitative proteomics and bioinformatic analysis provide new insight into protein function during avian eggshell biomineralization[END_REF].

Another protein, Lysyl oxidase like 2 (LOXL2), is not in the 15 major proteins at 4 h p.o. but is overabundant at this stage compared to other stages, as in the chicken [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF]. This protein is responsible for collagen cross-linking and is localized in the eggshell membranes of the chicken egg [START_REF] Kaweewong | Solubilization and identification of hen eggshell membrane proteins during different times of chicken embryo development using the proteomic approach[END_REF][START_REF] Ahmed | In-depth comparative analysis of the chicken eggshell membrane proteome[END_REF]. Altogether, these results suggest that the primary events of transformation of ACC into calcite are associated with a similar group of proteins, which have a putative role in the precipitation and/or stabilization of CaCO 3 , in eggshell membrane formation, and/or to participate in antimicrobial defense in both chicken and Guinea fowl. Beside these proteins in common in both species, this study also revealed proteins that were overabundant in Guinea Fowl eggshell only at the onset of calcification. This is the case of Avidin-like (AVD-like), a heparin/biotinbinding protein, which plays an antimicrobial role [START_REF] White | Availability of avidin-bound biotin to the chicken embryo[END_REF][START_REF] Kett | Avidin is a heparin-binding protein. Affinity, specificity and structural analysis[END_REF][START_REF] Guyot | Proteomic analysis of egg white heparin-binding proteins: Towards the identification of natural antibacterial molecules[END_REF]. We paid a particular interest in Cell Growth regulator with EF-hand domain protein-1 (CGREF1), which is one of the nine proteins only observed in Guinea fowl eggshell, because it possesses an EF-hand motif that would bind calcium ion with high affinity. Its concentration in the shell decreases during the shift (10-12 h p.o.) and it is not present in the shell at 18 h p.o.. Because of its species specificity, its likely calcium-binding property, and its overabundance at the onset of shell calcification, we propose that CGREF1 could be an important candidate for the first nucleation events associated to mammillary knob mineralization during initial shell calcification.

Unique proteomic signature of the Guinea fowl eggshell main structural shift

In Guinea fowl eggshell, the result of the matrix-mineral interaction around 11 h p.o. is a new organization of mineral during which the size and orientation of calcite crystal units changes abruptly, which is responsible for its exceptional mechanical properties. We paid particular attention to this mineralization period in order to determine intra-crystalline matrix components and key molecular actors involved at this period. We observed an increase in the organic matrix content from 10 to 12 h p.o.. This result is in agreement with those observed in unpublished study of Rodriguez-Navarro AB et al., who observed a higher content of shell matrix during the main structural shift. Using proteomics, we identified 61 proteins only present during the shift period (from 10 h to 12 h p.o.; Supplementary data 5, sheet #1) and among them, 27 have their maximum of abundance at 11 h p.o. (Supplementary data 5, sheet #1). Additionally, 17 proteins were identified as differentially abundant, according to WS and/or XIC results, with an increased abundance from 4 h to the shift period and then the stabilization or the decrease in abundance at 18 h p.o. (Supplementary data 5, sheet #2). These proteins represent potential candidates of the secondary nucleation events and consequently we describe below in more detail their potential functions related to biomineral deposition.

We identified calcium-binding proteins during the shift (Supplementary data 5, sheet #1 and sheet #2; Figure 5). Nephronectin isoform X1 (NPNT X1), protein S100-A6, Calbindin D-28K (CALB1), Annexin A1 and A2 (ANXA1 and ANXA2) are only detected during the shift. ANXA1 and 2, only detected at 11 h p.o., and are known to induce the mineralization of dentin and endochondral bone [START_REF] Golub | Role of matrix vesicles in biomineralization[END_REF][START_REF] Wuthier | Matrix vesicles: Structure, composition, formation and function in calcification[END_REF]. ANXA2 was previously detected in the eggshell proteome of the chicken [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Cordeiro | Quantitative proteomics analysis of eggshell membrane proteins during chick embryonic development[END_REF] and in the chorioallantoic membrane during embryonic development [START_REF] Matschke | Annexins as cell-type-specific markers in the developing chicken chorionallantoic membrane[END_REF]. Protein S100-A6 was shift specific and overabundant at 11 h p.o.. This protein possesses two EF-hand domains suggesting that it binds calcium ions [START_REF] Cheng | Calcium-binding proteins annexin A2 and S100A6 are sensors of tubular injury and recovery in acute renal failure[END_REF]. We also noticed in this group the presence of NPNT X1 and CALB1. Both Ca 2+ -binding proteins were differentially abundant from 10 h to 12 h p.o.. CALB1 is the essential uterine transporter of calcium ions during eggshell mineralization and its abundance increased until 12 h p.o but its role in the shell is not clear. Cadherin-2 (CDH2) and EDIL3 X2 were not shift specific (Supplementary data 5, sheet #2) but were overabundant during the crystal shift period. CDH2 is a cell adhesion protein able to bind calcium ions [START_REF] Nagar | Structural basis of calciuminduced E-cadherin rigidification and dimerization[END_REF][START_REF] Parisini | The crystal structure of human E-cadherin domains 1 and 2, and comparison with other cadherins in the context of adhesion mechanism[END_REF][START_REF] Vunnam | Sequential binding of calcium leads to dimerization in neural cadherin[END_REF] and was previously detected in the chicken eggshell proteome at 16h p.o. [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF]. EDIL3 X1, which possesses three EGF-like domains, is also present in the chicken eggshell proteome, where its levels increase during the initial phase of shell mineralization process (from the first ACC deposit to the formation of large crystal units) [START_REF] Mann | Proteomic analysis of the acid-soluble organic matrix of the chicken calcified eggshell layer[END_REF][START_REF] Marie | Quantitative proteomics and bioinformatic analysis provide new insight into protein function during avian eggshell biomineralization[END_REF]. In Guinea fowl, EDIL3 X1 was overabundant during the main structural shift period then decreased at 18 h p.o. after the secondary nucleation events has occurred.

Proteoglycans, such as OC-116/MEPE [START_REF] Hincke | Molecular cloning and ultrastructural localization of the glycosaminoglycans: An equilibrium dialysis study[END_REF], are strong candidates to regulate the biomineralization process. Tsukushin (TSKU) is a proteoglycan suspected to have a role in the eggshell biomineralization because of its high expression in the chicken uterus during eggshell formation [START_REF] Brionne | Hen uterine gene expression profiling during eggshell formation reveals putative proteins involved in the supply of minerals or in the shell mineralization process[END_REF]. The heparan sulfate proteoglycan, Glypican-4 (GPC4), appeared at 11 h and increased at 12 h p.o.. It was previously identified as an overabundant protein with high emPAI value during the active growth phase in the chicken eggshell [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF]. Proteins that bind proteoglycans were also identified at the stage when crystal size and orientation change. They are Receptor-type tyrosine-protein phosphatase S (PTPRS) and Pleiotrophin (PTN), Vitronectin (VTN) and Follistatin-related protein 1 (FSTL1).

During the shift period, we also observed in Guinea fowl, the presence of proteins involved in the regulation of other proteins. These proteins are known to play an important role in the mineralization process by controlling the activity of proteins driving calcification [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF]. Of particular interest is the extracellular serine/threonine protein kinase FAM20C, overabundant during the shift, which phosphorylates proteins related to CaCO 3 precipitation such as Osteopontin (SPP1/OPN) and Ovocleidin-116 (OC-116/MEPE) [START_REF] Tagliabracci | Secreted kinase phosphorylates extracellular proteins that regulate biomineralization[END_REF]. These last two proteins exhibit high affinity for calcium and belong to the small integrin-binding ligand N-linked glycoproteins (SIBLINGs) family. SPP1 was identified in the chicken, quail and turkey eggshell and is proposed to play a critical role in chicken biomineralization [START_REF] Mann | The proteome of the calcified layer organic matrix of turkey (Meleagris gallopavo) eggshell[END_REF][START_REF] Mann | Proteomic analysis of quail calcified eggshell matrix: A comparison to chicken and turkey eggshell proteomes[END_REF][START_REF] Mann | Phosphoproteins of the chicken eggshell calcified layer[END_REF][START_REF] Hincke | Colloidal-gold immunocytochemical localization of osteopontin in avian eggshell gland and eggshell[END_REF][START_REF] Chien | Ultrastructural matrixmineral relationships in avian eggshell, and effects of osteopontin on calcite growth in vitro[END_REF][START_REF] Athanasiadou | Nanostructure, osteopontin, and mechanical properties of calcitic avian eggshell[END_REF]. We did not detect Guinea fowl SPP1 in the eggshell matrix during this study; however, the protein was immunolocalized in Guinea fowl eggshell (Rodriguez-Navarro AB et al., unpublished). Indeed, phosphoproteins require special proteomic approaches, and SPP1 was previously detected in chicken eggshell using a phosphoproteome methodology [START_REF] Mann | Phosphoproteins of the chicken eggshell calcified layer[END_REF] not used in the present study. Olfactomedin-like protein 3 (OLFML3), was also detected during the shift period with a maximum at 11 h p.o.. It is an inhibitor of chordin (CHD) known to be a bone morphogenetic protein (BMP) antagonist [START_REF] Larraín | BMPbinding modules in chordin: A model for signalling regulation in the extracellular space[END_REF][START_REF] Jasuja | Cell-surface heparan sulfate proteoglycans potentiate chordin antagonism of bone morphogenetic protein signaling and are necessary for cellular uptake of chordin[END_REF][START_REF] Harland | A protein scaffold plays matchmaker for Chordin[END_REF][START_REF] Umulis | The extracellular regulation of bone morphogenetic protein signaling[END_REF]. We did not observe BMP in the Guinea fowl proteome but it is noteworthy that GDF6, a BMP ligand known to play a role in bones and joints formation of limbs [START_REF] Settle | Multiple joint and skeletal patterning defects caused by single and double mutations in the mouse Gdf6 and Gdf5 genes[END_REF][START_REF] Indjeian | Evolving new skeletal traits by cisregulatory changes in bone morphogenetic proteins[END_REF], is specific to the period of the change in crystal size and orientation during the shift with an overabundance peak at 11 h p.o., when the first crystals composing the new layer are deposited. We suggest a regulation of chordin by OLFML3, which indirectly regulates GDF6 activity specifically during the change in the size and orientation of crystals. GDF6 was not identified in the eggshell proteome of other species (Figure 2), thus it can be considered as a key protein of the secondary nucleation events in Guinea fowl. Protein NOV homolog is another candidate that was only detected during the shift period; its function is associated with cartilage formation in mammals [START_REF] Kawaki | Cooperative regulation of chondrocyte differentiation by CCN2 and CCN3 shown by a comprehensive analysis of the CCN family proteins in cartilage[END_REF][START_REF] Janune | Novel effects of CCN3 that may direct the differentiation of chondrocytes[END_REF].

In addition to these functions, we notice the presence of molecular chaperone proteins essential for the proper folding of proteins, such as Clusterin (CLU) and Torsin-1B (TOR1B). CLU, overabundant during the shift (Supplementary data 5, sheet #2; Figure 5), and TOR1B specific to the shift (Supplementary data 5, sheet #1) have been suspected to prevent organic matrix aggregation during eggshell mineralization [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Mann | Ostrich (Struthio camelus) eggshell matrix contains two different C-type lectin-like proteins. Isolation, amino acid sequence, and posttranslational modifications[END_REF][START_REF] Mclean | TorsinA and heat shock proteins act as[END_REF]. As observed in chicken eggshell, CLU abundance decreases at the end of mineralization; the abundance of TOR1B increases during the active calcification stage in chicken eggshell while it is not detected at the same timing in Guinea fowl.

Other potential candidates are Pigment epithelium-derived factor (SERPINF1) and Ovocalyxin-32 (OCX-32/RARRES1). SERPINF1 belongs to the serpin family but does not exhibit serine protease inhibitory activity [100]. SERPINF1 enhances osteoblast differentiation and is involved in mineral deposition and bone homeostasis [START_REF] Baxter-Holland | Pigment epithelium-derived factor: A key mediator in bone homeostasis and potential for bone regenerative therapy[END_REF]. OCX-32 is an eggshell protein [START_REF] Checca | Organic membranes determine the pattern of the columnar prismatic lyer of mollusc shells[END_REF], for which SNPs have been associated with eggshell quality traits [START_REF] Fulton | Variation in the ovocalyxin-32 gene in commercial egg-laying chickens and its relationship with egg production and egg quality traits[END_REF].

The calcium carbonate biomineralization process requires bicarbonate in addition to calcium ions. All bird eggshell proteomes contain carbonic anhydrases (CAs) such as CA2 and CA4, which provide carbonate ions by catalysis of the reversible hydration of CO 2 [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Mann | Proteomic analysis of the acid-soluble organic matrix of the chicken calcified eggshell layer[END_REF][START_REF] Mann | The proteome of the calcified layer organic matrix of turkey (Meleagris gallopavo) eggshell[END_REF][START_REF] Mann | Proteomic analysis of quail calcified eggshell matrix: A comparison to chicken and turkey eggshell proteomes[END_REF][START_REF] Mann | The calcified eggshell matrix proteome of a songbird, the zebra finch (Taeniopygia guttata)[END_REF]. CA4 is overabundant at 11 h p.o. in Guinea fowl eggshell, while it is more abundant at 16h postovulation in chicken eggshell [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF]. Even if CA4 is not a shift-specific protein, it can play an essential role in bicarbonate supply during the change of calcite crystal size and orientation. Finally, other proteins, which are not shift-specific, can play a role in the main shift toolkit. Indeed, we noticed the presence of two key proteins with the highest abundance at this critical step in Guinea fowl eggshell formation: Dromaiocalcin-1-like (DCA-1-like) and Ocvocleidin-17-like (OC-17-like).

Orthologs of these two paralogous C-type lectins are also present in other bird eggshells (Pekin duck, ostrich, emu and rhea) [START_REF] Zhu | iTRAQ-Based quantitative proteomic analysis of duck eggshell during[END_REF][START_REF] Mann | Amino acid sequences and phosphorylation sites of emu and rhea eggshell C-type lectin-like proteins[END_REF]. They are the most abundant proteins in the Guinea fowl shell and their abundance increases with the calcification process and reaches their maximum from 10 h to 18 h p.o.. This study identified for the first time DCA-1-like protein in Neognathae eggshell. OC-17-like has been characterized in chicken (OC-17), Pekin duck, zebra finch and goose (ansocalcin) [START_REF] Hincke | Purification and immunochemistry of a soluble matrix protein of the chicken eggshell (ovocleidin 17)[END_REF][START_REF] Mann | The calcified eggshell matrix proteome of a songbird, the zebra finch (Taeniopygia guttata)[END_REF][START_REF] Zhu | iTRAQ-Based quantitative proteomic analysis of duck eggshell during[END_REF][START_REF] Mann | The amino acid sequence of Ovocleidin-17, a major protein of the avian eggshell calcified layer[END_REF][START_REF] Lakshminarayanan | Investigation of the role of ansocalcin in the biomineralization in goose eggshell matrix, Proc. molecular chaperones: Suppression of α-synuclein aggregation[END_REF][START_REF] Zhang | Integrating de novo transcriptome assembly and cloning to obtain chicken ovocleidin-17 full-length cDNA[END_REF]. In chicken, OC-17 is predicted to play a role in the eggshell mineralization process, and molecular simulation modeling suggests that it binds ACC to promote calcite formation [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF][START_REF] Reyes-Grajeda | Crystal structure of ovocleidin-17, a major protein of the calcified Gallus gallus eggshell: Implications in the calcite mineral growth pattern[END_REF][START_REF] Freeman | Simulations of ovocleidin-17 binding to calcite surfaces and its implications for eggshell formation[END_REF][START_REF] Freeman | Structural control of crystal nuclei by an eggshell protein[END_REF].

In addition, in goose, in vitro crystallization experiments showed the influence of ansocalcin upon calcite crystal morphology [START_REF] Lakshminarayanan | Investigation of the role of ansocalcin in the biomineralization in goose eggshell matrix, Proc. molecular chaperones: Suppression of α-synuclein aggregation[END_REF]. In Guinea fowl these two homologous proteins could also play a role in eggshell formation by binding calcite and/or ACC [START_REF] Wallace | Proteins from the past[END_REF]. These proteins are overabundant at the shift and during the formation of new layer in Guinea fowl eggshell, and consequently we suggest a predominant role for DCA-1-like and OC-17-like in the change of crystal size and orientation, and the formation of the new crystalline layer.

Conclusions

The present work is the first Guinea fowl eggshell proteomic study, which allowed the identification of 149 proteins. Comparison of the Guinea fowl eggshell proteome with that of other bird species leads to the identification of 9 proteins that are only present in that of Guinea fowl. Among them, S100-A6 and GDF6 were only found during the shift of crystal size and orientation. We hypothesize that they could play a role in shell mineralization and especially by controlling crystal size and/or orientation, for instance, by binding to calcite crystal faces and blocking growth which would modify the mineralization process. In addition to these two proteins, we also report that 61 proteins are more abundant during the secondary nucleation events associated with the change in crystal orientation and the formation of the new layer. Additionally, we identify the most abundant proteins involved in the different phases of Guinea fowl shell formation (Figure 5), from the first events of biomineralization until the deposition of the new layer. Our study showed that proteins associated with early mineralization are similar in chicken and Guinea fowl, but also revealed candidate proteins, which may be involved in a dramatic shift in eggshell microstructure that is unique to Guinea fowl. The proteins more abundant during the shift were ANXA2, S100A6, CALB1, TSKU, FAM20C, GPC-4, DCA-1-like and GDF6. Further investigation is needed to determine the functional implications of these proteins in the secondary nucleation events that are specific to the Guinea fowl eggshell biomineralization process. Data for chicken are extracted from [START_REF] Marie | Quantitative proteomics provides new insights into chicken eggshell matrix protein functions during the primary events of mineralisation and the active calcification phase[END_REF]. Scanning electronic microscopy images (left) illustrate the ultrastructure of the Guinea fowl eggshell at three stages of shell formation. 
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 The Guinea fowl eggshell is twice as strong as chicken eggshell because of a dramatic shift in calcite crystal size and orientation.  We analyzed the protein composition and abundance at five stages of Guinea fowl eggshell biomineralization.  We identified 149 proteins in Guinea fowl eggshell using the nano-LC MS/MS approach.  Sixty-one [START_REF] Grieninger | core protein of a molecular cloning and ultrastructural localization of the core protein of an eggshell matrix proteoglycan, ovocleidin-116[END_REF] proteins are unique to the zone of microstructural shift, and are potential candidates to regulate this change in calcite texture. 
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  carried out in accordance with the European Communities Council Directives concerning the practice for the care and use of animals for Scientific Purposes and the French Ministry on Animal experimentation under the supervision of authorized scientists (authorization #1940, delivered on 2016, Feb, 29 th by the French ministry of Education and Research). Birds were kept in the experimental unit PEAT 1295 of INRA, which has permission to rear birds and to perform euthanasia of experimental animals (decree N° B37-175-1 of August 28 th 2012 delivered by the "Préfécture d'Indre et Loire" following inspection by the Direction of Veterinary Services). Our experimental protocol was approved by an ethical committee (Comité d'éthique de Val de Loire, officially registered under number 19 of the French National Ethics Committee for Animal Experimentation) under agreement number 00159.02.

  the 15 most abundant proteins classified by magnitude of abundance within each stage. Dromaiocalcin-1-like (DCA-1-like), Ovocleidin-17-like (OC-17-like), Extracellular Fatty Acid-Binding protein (ExFAB), Ovomucoid (OVM), Ovotransferrin (OVT), Ovalbumin isoform X2 (OVA X2), Lysozyme C (LYZ C), Cystatin C (CST3), Alpha-1-acid glycoprotein 2-like (AGP-like) and Clusterin (CLU) were 10 proteins systematically present in the 15 most abundant proteins, whatever the stage. Hemopexin (HPX) was in the top 15 proteins except for the last stage (18 h p.o.), when the growth of the new crystalline microstructure layer is stabilized a few hours after the mineral structural shift. Ovalbumin related protein Y (OVALY), Hyaluronan and proteoglycan link protein 3 (HAPLN3) and Hemoglobin subunit Alpha-A (HBAA) were in the 15 most abundant proteins only at 4 h p.o., when the first events of mineral deposition occurred. Conversely, Ovocleidin-116-like (OC-116-like/MEPE-like) was in the top 15 of the most abundant proteins for all stages except at 4 h p.o., the onset of shell calcification. Small Basic Protein-1like (SBP-1-like) and Beta-2-Microglobulin (B2M) were in top 15 most abundant proteins only at 18 h p.o.. Avidin-like (AVD-like) was one of the 15 most abundant proteins at 4, 10 and 11 h p.o.. Ovocalyxin-32-like (OCX-32like/RARRES1-like) and EGF-like repeat and discoidin I-like domaincontaining protein 3 (EDIL3) appeared to be present in the top 15 proteins at the stages bracketing the crystal shift (10-12 h p.o.). Finally, Albumin (ALB) was in list of 15 most abundant proteins just after the main structural shift (12 h and 18 h p.o.).

  h p.o.) (Olfactomedin-4 (OLFAL4), Sulfhydryl oxidase 1 (QSOX1), Lipocalin-like (LCNL1-like), Catalase (CAT), Hypothetical protein ASZ78_007562 (LOC110389945), Vitelline membrane outer layer protein 1 (VMO1) and Annexin A8 (ANXA8)). Sixty one proteins were only present at 10-12 h p.o. stages (Supplementary data 5, sheet #1) corresponding to the change in the size and orientation of crystals and only four (Soluble scavenger receptor cysteinerich domain-containing protein SSC5D-like, Glypican-1 isoform X1, Lymphocyte antigen 86 and Reticulocalbin-2 isoform 1 precursor) appeared to be associated with the steady accumulation of the new crystalline layer (18 h p.o.).
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Table 1 : List of the 15 most abundant proteins at the five stages of the Guinea fowl eggshell biomineralization.

 1 Average of emPAI values are indicated for each protein.

		4 h p.o.		10 h p.o.		11 h p.o.		12 h p.o.		18 h p.o.	
			e			e			e			e			e
			m			m			m			m			m
	Pr ot ei n	Acc essio n N°	P A I a ve	Pr ote in	Acc essio n N°	P A I a ve	Pr ote in	Acc essio n N°	P A I a ve	Pr ote in	Acc essio n N°	P A I a ve	Pr ote in	Acc essio n N°	P A I a ve
			ra			ra			ra			ra			ra
			ge			ge			ge			ge			ge
	O V A L X 2	XP_ 0212 4197 6.1	2 6 1, 8 5	D C A-1-lik e	XP_ 0212 3898 8.1	7 6 8, 8 9	D C A-1-lik e	XP_ 0212 3898 8.1	6 5 5, 1 4	D C A-1-lik e	XP_ 0212 3898 8.1	7 3 8, 6 7	D C A-1-lik e	XP_ 0212 3898 8.1	8 0 9, 1 1
	E xF A B X 2	XP_ 0212 6974 7.1	1 4 4, 9 9	Ex FA B X2	XP_ 0212 6974 7.1	7 7, 3 1	O C-17-lik e	XP_ 0212 3898 7.1	1 4 8, 3 8	O C-17-lik e	XP_ 0212 3898 7.1	1 2 3, 1 2	O C-17-lik e	XP_ 0212 3898 7.1	1 2 1, 6 8
	O V M	XP_ 0212 6656 4.1	1 0 8, 9 9	O C-17-lik e	XP_ 0212 3898 7.1	3 9, 0 0	O V A L X2	XP_ 0212 4197 6.1	2 9, 4 4	Ex FA B X2	XP_ 0212 6974 7.1	6 2, 6 5	Ex FA B X2	XP_ 0212 6974 7.1	4 0, 5 2
	O	XP_	8	O	XP_	1	O	XP_	2	O	XP_	1	O	XP_	1
	V	0212	3,	V	0212	9,	C-	0212	3,	C-	0212	4,	C-	0212	5,

Table 2 : The nine proteins uniquely identified in the Guinea fowl eggshell compared to other Neognathae, and their relative abundance according to Weight Spectra (WS) average at each stage.
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	Identified Proteins (9)	Protein short name	Accession N° (NCBI)	Gene ID	MW (kDa)	4 h	WS average 10 11 12 h h h	18 h
	dromaiocalcin -1-like	DCA-1-like	XP_021238 988.1	1103 9142 4	21	35 4. 6	285 4.7	165 6.0	286 0.0	360 4.5
	phosphatidylet									
	hanolamine-binding protein 4	PEBP4 X1	XP_021230 598.1	1103 8711 4	31	2. 4	29. 9	33. 1	27. 9	21. 8
	isoform X1									
	small basic protein 1-like	SBP-1-like	XP_021248 101.1	1103 9663 9	7	0. 0	2.6 3.4 2.4 5.1
	uncharacterize d protein At5g39570-like	LOC1104 08336	XP_021272 630.1	1104 0833 6	30	0. 5	1.2 2.0 5.1	12. 2
	ribonuclease UK114	RIDA	XP_021241 925.1	1103 9339 9	14	3. 5	26. 6	13. 8	12. 6	1.4
	cell growth									
	regulator with EF hand domain	CGREF1	XP_021248 455.1	1103 9688 4	26	10 .6	5.0 0.6 1.3 0.0
	protein 1									
	granulins	GRN	XP_021233 282.1	1103 8839 2	29	0. 0	1.8 3.1 4.5 8.8
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