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The shell matrix and microstructure of the Ram's Horn squid: molecular and structural characterization.

Introduction

Molluscs, including chitons, oysters, mussels, snails, slugs, octopus and squids, constitute one of the most diversified phyla in the animal kingdom on the basis of shape, anatomy, size, development, habitat or number of living and fossil species [START_REF] Bouchet | How many species of molluscs are there in the world's oceans, and who is going to describe them? Mémoires du[END_REF][START_REF] Mora | How many species are there on earth and in the ocean?[END_REF][START_REF] Ponder | Biology and Evolution of the Mollusca[END_REF][START_REF] Vinther | The origins of molluscs[END_REF]. Many molluscs possess an external calcified shell, which protects and anchors the soft tissues of the organisms. This acellular multi-layered mineralized exoskeleton results from the secretory activity of a specialized epithelium that delineates the mantle, the ciliated organ that coats the inner surface of the shell [START_REF] Checa | Physical and biological determinants of the fabrication of molluscan shell microstructures[END_REF][START_REF] Simkiss | Biomineralization. Cell biology and mineral deposition[END_REF]. The shell fabrication requires specific cellular and molecular machinery: the mineral deposition is indeed controlled by an extracellular organic matrix, which is subsequently occluded. Since its discovery as a key-player in regulating shell biomineralization, the organic matrix has been the subject of a large number of biochemical analyses focused on its protein moieties [START_REF] Crenshaw | The soluble matrix from Mercenaria mercenaria shell[END_REF][START_REF] Hare | Amino Acids in the Proteins from Aragonite and Calcite in the Shells of Mytilus californianus[END_REF][START_REF] Marin | Molluscan shell proteins[END_REF][START_REF] Rusenko | Purification and characterization of a shell matrix phosphoprotein from the american oyster[END_REF][START_REF] Sarashina | Molecular evolution and functionally important structures of molluscan dermatopontin: implications for the origins of molluscan shell matrix proteins[END_REF][START_REF] Weiner | Mollusk shell formation: isolation of two organic matrix proteins associated with calcite deposition in the bivalve Mytilus californianus[END_REF]. Most of these studies concentrated their efforts on bivalves and gastropods, the two modern largest mollusc classes. Far less studied are the cephalopods. They represent however an important class, with about 800 living and more than 10 000 fossil species (http://cephbase.eol.org/; [START_REF] Nishiguchi | Cephalopoda[END_REF]. The fossil record indicates that the first indisputable cephalopods appeared in the Middle Cambrian [START_REF] Kröger | Cephalopod origin and evolution: a congruent picture emerging from fossils, development and molecules: Extant cephalopods are younger than previously realised and were under major selection to become agile, shell-less predators[END_REF] but they may have been present as early as the Lower Cambrian with

Tannuella elinorae (~530 Ma, [START_REF] Brock | A new species of Tannuella (Helcionellida, Mollusca) from the early Cambrian of South Australia[END_REF][START_REF] Kröger | Cephalopod origin and evolution: a congruent picture emerging from fossils, development and molecules: Extant cephalopods are younger than previously realised and were under major selection to become agile, shell-less predators[END_REF][START_REF] Vinther | The origins of molluscs[END_REF].

Since then, cephalopods experienced a complex evolutionary history with important Ordovician, Devono-Carboniferous, Triassic and Cenozoic radiations and major crises, including the end-Permian and end-Cretaceous mass extinctions [START_REF] Brayard | Good genes and good luck: Ammonoid diversity and the end-permian mass extinction[END_REF][START_REF] Murray | Atlas of invertebrate macrofossils[END_REF][START_REF] Nishiguchi | Cephalopoda[END_REF]. From a "biomineralization" viewpoint, cephalopods have a singular evolutionary trajectory [START_REF] Klug | Anatomy and evolution of the first Coleoidea in the Carboniferous[END_REF], with a general trend to shell size reduction and internalization (cuttlefish bone), a drastic mineralization decrease (the organic squid pen), leading ultimately to complete loss of skeletal structures, in the most recently appeared cephalopods, i.e., octopuses. Although the clade is commonly recognized as monophyletic, several uncertainties remain regarding the phylogenetic relationships among the major lineages of extant coleoid cephalopods, including that of the internally shelled sepiids (cuttlefishes) and Spirula [START_REF] Lindgren | Assessing the utility of transcriptome data for inferring phylogenetic relationships among coleoid cephalopods[END_REF][START_REF] Strugnell | Whole mitochondrial genome of the Ram's Horn Squid shines light on the phylogenetic position of the monotypic order Spirulida (Haeckel, 1896)[END_REF][START_REF] Tanner | Molecular clocks indicate turnover and diversification of modern coleoid cephalopods during the Mesozoic Marine Revolution[END_REF]. In addition, the molecular mechanism of shell formation remains poorly known for these taxa.

In this general framework, we focused on the Ram's Horn squid Spirula spirula [START_REF] Linné | Systema naturae per regna tria naturae :secundum classes, ordines, genera, species, cum characteribus, differentiis, synonymis[END_REF]. This species is a small-sized mesopelagic cephalopod (Coleoidea, Decabrachia), rarely observed in its natural environment. It is considered as a monospecific genus [START_REF] Haring | New DNA sequence data on the enigmatic Spirula spirula (Linnaeus, 1758)(Decabrachia, suborder Spirulina)[END_REF][START_REF] Neige | Just how many species of Spirula are there ? A morphometric approach[END_REF] and even a monospecific order, whose shell exhibits peculiar characteristics. Some of them are reminiscent of the distantly related Nautilus, such as planispiral coiling and a chambered shell where chambers are separated by concave septa and communicate via a siphuncle, a primordial morphology (plesiomorphic character) within cephalopods. However, the siphuncle of S. spirula is in proximal position, while that of Nautilus is more centered in the septa. Furthermore, in contrast to Nautilus sp., the shell of S. spirula is fully internal and its microstructure is not nacreous (as it is in all nautiloids), both characters being considered as derived. These features, among others, are shared with some other coleoids, such as cuttlefishes and relatives [START_REF] Kröger | Cephalopod origin and evolution: a congruent picture emerging from fossils, development and molecules: Extant cephalopods are younger than previously realised and were under major selection to become agile, shell-less predators[END_REF][START_REF] Strugnell | Whole mitochondrial genome of the Ram's Horn Squid shines light on the phylogenetic position of the monotypic order Spirulida (Haeckel, 1896)[END_REF].

Even though the biology of S. spirula remains largely elusive [START_REF] Ohkouchi | A preliminary estimate of the trophic position of the deep-water ram's horn squid Spirula spirula based on the nitrogen isotopic composition of amino acids[END_REF], it is quite common to find shells on beaches of the Atlantic, Indian and West Pacific oceans [START_REF] Bruun | The biology of Spirula spirula (L.)[END_REF][START_REF] Clarke | Growth and development of Spirula spirula[END_REF] and different studies have investigated their microstructure [START_REF] Cuif | Etude des caractéristiques de la phase minérale dans les structures prismatiques du test de quelques mollusques[END_REF], Bandel and Boletzky v., 1979[START_REF] Dauphin | Microstructure des coquilles de céphalopodes. I. Spirula spirula L. (Dibranchiata, Decapoda)[END_REF][START_REF] Dauphin | Microstructure et flottabilité chez la spirule (Cephalopoda)[END_REF]. Nevertheless, the shell biochemistry has been explored only very superficially [START_REF] Dauphin | The organic matrix of coleoid cephalopod shells: molecular weights and isoelectric properties of the soluble matrix in relation to biomineralization processes[END_REF][START_REF] Dauphin | The compositional analysis of recent cephalopod shell carbohydrates by Fourier transform infrared spectrometry and high performance anion exchange-pulsed amperometric detection[END_REF][START_REF] Degens | Paleobiochemistry of molluscan shell proteins[END_REF]. The aim of this work is to determine the biochemical characteristics of the shell matrix of S. spirula, with a view to understanding its multiple molecular functions in biomineralization. The second objective of our study is to compare our data with that obtained from better known representatives of the class Cephalopoda and, by extension, of the phylum Mollusca, in order to draw macroevolutionary conclusions.

Material and Methods

Shell sampling

All Spirula spirula shell samples used in this study were collected on the beach. They were provided by four of us (R. H., J. M. S., P. N. and A. L.). For subsequent analyses, we used complete shells (Fig. 1) or almost complete, with the exception of the first chamber, frequently (Townsville, Queensland). B, specimen from Thailand. Note that the first specimen still possesses its initial chamber, while it is missing in the second one.

missing. Two batches, consisting of dozens of shells were collected in two locations: the beaches of Lanzarote (Playa de Famara), Canary Islands (R. H., sampling in November 2005), and the beaches of Tamandaré, Pernambuco State, Brazil (sampling in July 2007 and donation to P. N.). Additional material in lesser quantities came from East Australian coast (Townsville, Queensland) (J. M. S.) and from Maldives Islands, Thailand, and Canary Islands (A. L.).

Shell embedding and microstructure analysis

Shell embedding was performed according to the manufacturer's instructions (Fluka):

briefly, benzoyl peroxide (catalyst) was dissolved in the LR White resin monomer solution (9.9 g per 500 mL) for 24 hours, at room temperature, under constant stirring. Complete dried specimens were immersed in sample vials containing the resin solution at room temperature, subsequently placed for a few hours in a desiccator under vacuum. The preparations were incubated at 60 °C to allow polymerization (three days). The resin blocks were sliced with a saw microtome (Leica SP1600). Shell sections were mirror-polished (0.05 µm aluminium oxide paste) and slightly etched with EDTA solution (1% wt/vol) for two minutes in an ultrasonic bath, before being rinsed, dried and carbon or gold-coated. The samples were observed with a Hitachi TM-1000 tabletop SEM or with a JEOL JSM-IT 100 InTouchScope™.

Shell matrix extraction

The shells were coarsely powdered with a mortar and bleached in a 10-times diluted sodium hypochlorite solution (Merck, 6-14% active chlorine, ref 105614) for 17 to 20 hours.

After several rinsing steps in ultrapure water, the powder was dried at 37 °C and finely ground manually then divided into two batches. The first one was immediately weighed and decalcified overnight at 4 °C by adding progressively cold dilute acetic acid (10% vol/vol) at a flow rate of 0.1 mL every 5 sec, under constant stirring (according to the protocol described by [START_REF] Pavat | The shell matrix of the pulmonate land snail Helix aspersa maxima[END_REF]. The second batch was bleached in sodium hypochlorite solution (same concentration)

for additional 17-20 hours, rinsed, dried then weighed and decalcified similarly to the first batch.

For each batch, the clear solution was centrifuged (3900 G, 30 min). The supernatant containing the acid soluble matrix (ASM) was filtered (5µm, Millipore) on a Nalgene filtration device before being ultrafiltered for volume reduction on an Amicon cell (400 mL; cutoff 10 kDa). The solution (10-15 mL) was then extensively dialyzed against Milli-Q water for three days (6 water changes) and lyophilized. In parallel, the precipitate (i.e. pellet) containing the acid insoluble matrix (AIM) was rinsed via 5 cycles of resuspension in Milli-Q watercentrifugation, each supernatant being added to the ASM. Finally, the AIM pellet was lyophilized. All the lyophilisates were weighed on a precision balance (Sartorius Quintix35-1S) three to five times, and the mean value was calculated. In total, three extractions from the Canaries samples were performed, and two from the Brazil ones, leading each time to four batches of extracts, both ASM (ASM1b ASM2b, ASM1c ASM2c) and AIM (AIM1B AIM2B, AIM1C AIM2C).

Fourier Transform Infra-Red spectroscopic characterization (FT-IR)

FT-IR spectroscopy was performed to identify the shell mineralogy of S. spirula, as well as the overall chemical characteristics of the extracted matrices (ASMs and AIMs). In both cases, minute amounts of samples (shell powder or freeze-dried chips (<1 mg) of ASM and AIM) were analysed with an FT-IR Bruker Alpha spectrometer (Bruker Optics Sarl, Marne-la-Vallée, France) fitted with an Attenuated Total Reflectance (ATR) ALPHA-P device equipped with a mono-reflection diamond crystal in the 4000-375 cm 1 wavenumber range (24 scans at a spectral resolution of 4 cm 1 ). The qualitative assignment of absorption bands was performed by comparison with previous spectra descriptions, achieved by our group or available in the literature. An additional spectrum was acquired from commercial crab chitin (Sigma, C9752 [START_REF] Stejskal | Magic-angle spinning and polarization transfer in proton-enhanced NMR[END_REF].

All experiments employed: 5.0 μs /2, 10.0 μs  pulse widths, and an echo interval of 100 μs identical to the rotor period TR; TPPM 1 H decoupling [START_REF] Bennett | Heteronuclear decoupling in rotating solids[END_REF] with rf field strength of 100 kHz. The Hartmann-Hahn CP employed 50 kHz rf level for the X-channel ( 

Mono-dimensional PAGE

The shell extracts were analyzed by conventional mono-dimensional denaturing SDS-PAGE (Bio-Rad, Mini Protean III gels), on precast gradient gels (Mini-PROTEAN TGX Gel 4-15% acrylamide, 90 x 70 mm, Bio-Rad) or on homemade gels (12% polyacrylamide). Prior to migration, the samples were treated as follows: lyophilisates (both ASM and AIM) were dissolved in 2X Laemmli Sample Buffer (LSB) to a final matrix concentration of 5 µg/µL. Both preparations were heat-denatured at 100 °C: 5 min. for the ASM and 10 min. for the AIM. Note that the AIMs are not fully solubilized by the Laemmli treatment: only the soluble fractions, referred as Laemmli-Soluble AIMs or LS-AIMs, can be visualized on gels. The preparations were cooled down and shortly centrifuged before being applied on the top of the gel.

Subsequently, gels were stained by silver nitrate [START_REF] Morrissey | Silver stain for proteins in polyacrylamide gels: a modified procedure with enhanced uniform sensitivity[END_REF], carbocyanine, i.e., "Stainsall" [START_REF] Campbell | Staining of the Ca 2+ -binding proteins, calsequestrin, calmodulin, troponin C, and S-100, with the cationic carbocyanine dye "Stains-all[END_REF] and with Bio-Rad blue dye. Other staining methods, such as PAS for glycoproteins and Alcian blue for polyanionic substances, were applied too, but did not produce significant results.

Protein-calcium interaction

The effect of the Spirula spirula ASM on the growth of calcium carbonate crystals was tested in vitro, as previously described [START_REF] Albeck | Interactions of various skeletal intracrystalline components with calcite crystals[END_REF] with some modifications [START_REF] Pavat | The shell matrix of the pulmonate land snail Helix aspersa maxima[END_REF]. In this assay, crystal growth is obtained by slow diffusion of NH4HCO3 vapor into the CaCl2 solution. To this end, a 10 mM solution of CaCl2 solutions was prepared fresh and filtered (5 m pore size) and used for serial dilutions of ASM in the range [0.25-16 g/well, i.e., 1.25 to 80 µg/mL]. The solutions were incubated in a 16-well culture slide (Lab-Tek, Nunc/Thermo Scientific, Rochester, NY, USA, 200 µL per well), which was covered with a plastic cover that had been pierced in the middle of each well to allow vapor diffusion. The whole system was sealed using parafilm "M" laboratory film (Neenah, WI, USA). Finally, the slide was placed in a desiccator containing ammonium bicarbonate crystals that was subsequently closed and placed under vacuum. In parallel, blank controls were performed without ASMs.

After incubation, the slides were carefully dried by gently removing the solution using a blunt-ended syringe needle connected to a vacuum pump. Slides were dis-assembled and the glass plate was observed using a TM1000 tabletop scanning electron microscope (Hitachi) in back-scattered electron mode. To guarantee the reproducibility of the results, the crystallization assay was performed 5 times, each time with a blank control.

Enzyme-Linked Lectin Assay (ELLA)

Screening of Spirula spirula ASMs by Enzyme-Linked Lectin Assay (ELLA) was performed using a set of 21 biotinylated lectins (Vector Labs, Kits I to III, ref. BK-1000, BK-2000, BK-3000 respectively). The binding preferences and specificities of each lectin are indicated in [START_REF] Kanold | Spine and test skeletal matrices of the Mediterranean sea urchin Arbacia lixula -a comparative characterization of their sugar signature[END_REF], which compiles data from different bibliographical sources.

The test was carried out in 96-well microplates (MaxiSorp, NuncTM, Rockslide, Denmark): the Spirula ASM diluted in TBS buffer (200 ng/well) was incubated for 90 min at 37 °C, immediately followed by three washing steps with TBS/Tween20. Wells were blocked with 1X concentrated Carbo-free blocking solution (Vector Labs, for at least 30 min at 37 °C. The diluted lectins (in TBS/Tween20) were incubated into the microplate for 90 min at 37 °C, at the following dilution factors: 200 times for kits I and II, and 100 times for kit III. After three washes with TBS/Tween20, the microplates were incubated with a diluted A second search was performed with the 16405 sequences of the protein-translated transcriptome built from the mantle tissue of Spirula spirula. In each case, the enzyme specificity was trypsin's and up to one missed tryptic cleavage was tolerated. The precursor mass tolerance was set to 4 ppm and the fragment mass tolerance to 20 mmu for Q-Exactive data. Carbamidomethylation of cysteins and oxidation of methionines were set as variable modifications. Hits with human keratines were ignored.

The hits found with the Spirula spirula transcriptome were analysed according to different bioinformatic tools: the identified proteins were blasted against the NCBI dataset "Mollusca", using either BLASTp or Smart BLAST at NCBI; the descriptive protein parameters (molecular weight, isoelectric point, amino acid composition) were assessed with ProtParam and the presence of signal peptide, with SignalP, both tools sheltered by the Expasy Bioinformatics Resources Portal in proteomics (https://www.expasy.org/proteomics).

Sequences from the Spirula spirula database that were identified by proteomics were all checked for the presence of conserved domains with CD-Search at NCBI [START_REF] Lu | CDD/SPARCLE: the conserved domain database in 2020[END_REF].

Results

Shell microstructures

The different shell microstructures identified in the S. spirula are shown in Figure 2.

SEM observations confirmed that the shell wall is constituted of two layers: inner and outer.

However, we noticed that the internal one is irregular semi-prismatic (Fig. 2C), while the external one appears as tuberculated and regular semi-prismatic (Fig. 2D), with well-developed spicular crystals. Between these two layers, we can observe a thin blackish layer. Moreover, the septa show a lamello-fibrillar pattern (Fig. 2E), which differs from a nacreous microstructure sensu stricto. We also noticed that the septa progressively insert into the shell wall in the form of a bevel. An observation made at higher magnification revealed that the internal layer progressively changes into the septa (Fig. 2E) with very gradual transition from the prisms to the lamello-fibrillar aspect of the septa. Finally, we noticed a little bulge in the aboral side of the septa, in the top corner between them and the shell wall (Fig. 2F).

Quantification of the organic matrix in the shell

Matrix quantification of the last extraction is shown in Table 1. However, we did not detect any significant variations between the different extractions, in term of absolute quantities of matrices, both ASM and AIM. Thus, we can consider that this quantification reflects accurately the amount of organics in the shell of S. spirula. After a single bleaching step, the composition of the matrix is dominated by acetic acid-insoluble components (AIM) that represent between two-third and four-fifth of the total matrix (around 70%). The latter accounts for about 1% of the shell powder weight (0.7 and 1.09%, respectively). The second bleaching has a drastic effect on the AIM, since the weight values of this matrix collapse to unquantifiable amounts for the Brazil samples. The effect is less pronounced for the ASM, the absolute quantity of which is divided by a factor 2 to 2.5. fractions are also characterized by a high density of absorption bands between 1500 and 1000 cm 1 , very similar to those observed for commercial -chitin. The most significant are located at 1420, 1373, 1310 and 1260 cm 1 , and can be attributed to (CH2), s(CH3), (CH) and amide I bands, respectively. Moreover, absorptions of stretching vibrations of saccharidic moieties are clearly revealed by the presence of intense absorptions at 1153, 1063 and 1006 cm 1 corresponding to s(COC), as(COC), and (CO), respectively [START_REF] Kaya | Extraction and Characterization of α-Chitin and Chitosan from Six Different Aquatic Invertebrates[END_REF] . The spectra from both origins -Canary Islands and Brazilare very similar. It is interesting to note that the AIM2B spectrum exhibits additional bands, sharp and of medium intensities, between 1000 and 400 cm 1 (located at 913, 538, 468 cm 1 ). To the best of our knowledge, and based on the existing bibliography, these bands suggest the presence of phosphate groups (PO4 3 ) [START_REF] Radev | In Vitro bioactivity of collagen/calcium phosphate silicate composites, cross-linked with chondroitin sulfate[END_REF]. Thus, the band at 913 cm -1 can be assigned to the stretching P-O vibrations and those at 538 and 468 cm 1 can be related to the bending O-P-O vibrations of phosphate groups [START_REF] Jastrzbski | Infrared spectroscopy of different phosphates structures[END_REF]. At this stage of investigations, the reason of this variance from other samples remains still undetermined. However, in recent studies on other shells of marine animals, such as Pinctada margaritifera [START_REF] Schmitt | Pearl grafting: tracking the biological origin of nuclei by straightforward immunological methods[END_REF] and Porites australiensis [START_REF] Takeuchi | Biochemical characterization of the skeletal matrix of the massive coral, Porites australiensis -The saccharide moieties and their localization[END_REF], we already made the same spectroscopic observations on AIM fractions leading to comparable suppositions about the presence of PO4 3 groups.

FT-IR spectroscopy

When compared to AIMs, ASMs show a decrease in intensity of the amplitude of their absorption bands in the 1200-1420 cm 1 range. It is the same for the saccharidic bands of ASMs also showing a relative intensity decrease in comparison to that of amide absorptions. Finally, we observe that the second bleaching treatment alters the amplitude of the absorption bands in the 1200-1420 cm 1 range, without modifying the overall appearance of spectra.

Solid State Nuclear Magnetic Resonance

The 13 C CP MAS NMR spectra of the two Spirula spirula extracts (AIM1) and of chitin standard are shown in Figure 4. The spectra from both origins -Canary Islands and Brazil are closely identical, and are dominated by the characteristic chitin peaks. The latter are superimposed on a much weaker set of partially resolved peaks between 20 and 55 ppm, which are consistent with small residual proteinaceous content. The merged C3 and C5 peaks, the broadened methyl peak, and the chemical shifts of C1 and C4 peaks (103.9 and 83.9 ppm) in the 13 C CP MAS spectra of the S. spirula samples are consistent with -chitin [START_REF] Jang | Physicochemical characterization of α-chitin, β-chitin, and γ-chitin separated from natural resources[END_REF][START_REF] Kaya | On chemistry of γ-chitin[END_REF]. and the more aggressive of AIM2), we conclude that the observed P-species are inseparable from the proteinaceous content. We have previously reported similar 31 P peak for decalcified molluscs shells [START_REF] Agbaje | Biomacromolecules within bivalve shells: Is chitin abundant?[END_REF], and also here we ascribe this peak to represent phosphorylation, most likely of tyrosine and/or serine side chains.

SDS-PAGE of the shell matrix extracts

The results obtained after migrating the eight matrices in denaturing conditions are illustrated in Figure 6. In the silver stained gel (Fig. 6A), all of them are characterized by the abundance of smearing macromolecules along the whole lane, in particular in the LS-AIMs extracts. In addition, discrete bands, either blurred like the ones of low molecular weights (< 17 kDa) in lanes 1, 3, 5 and 7, or thin and tenuous such as in the middle of the lanes 3 and 7, can be observed. We notice that the electrophoretic profiles produce superimposable patterns between similar extracts but from the two locations (such as those of lanes 1 and 5, 3 and 7).

The effect of the second bleaching treatment is mainly visible on the ASMs extracts:

disappearance of the high molecular diffused black band (above 170 kDa, lanes 1 and 5 versus lanes 3 and 7, respectively), and appearance of a set of four bands between 30 and 43 kDa (respectively 32.4, 35.88, 38.69 and 42.05 kDa). The Bio-Rad blue dye (Fig. 6B) stains mainly low molecular weight macromolecules, in particular the 17kDa band, observed in lanes 4, 5, 7 and 8. Note that lanes 4 and 8 (LS-AIMs) are equally stained along their length, except a very high molecular weight fraction, which is intensely marked. The carbocyanine dye, which is supposed to stain calcium-binding macromolecules (Fig. 6C), discriminates the ASMs from the LS-AIMs: the first ones are stained blue, and the second, purple. None of the discrete bands observed in silver stained gels are visible with carbocyanine, except the migration front, which is intensely dyed in all cases. For all LS-AIMs, one notices in the migration front the superimposition of an additional greenish color (lanes 2, 4, 6, 8) that may suggests the presence of low molecular weight colored components, such as pigments. In some of our other attempts, we could lightly stain in the ASMs two discrete bands, one at 17kDa and another one at very high molecular weight (supplementary Fig. 3).

In vitro crystallization assay

The effect of the addition of the two soluble extracts, ASM1 and ASM2, when tested in the range [0 -16 µg/well], is shown in Figure 7, which only presents few of the tested concentrations (0, 1, 4 and 16 µg/well). We notice that the effect of the first one (upper panel)

is limited at all tested concentrations: we do not observe any significant differences with the blank, up to 4 µg/well. Starting from 8 µg/well (not shown here), the effect becomes 
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specifically to mannose-N-acetylglucosamine dimers and is also considered as a mannosebinding lectin when this residue is part of N-linked oligosaccharides. Succinylated-WGA has similar binding properties as native WGA, but its binding capacity is inhibited by sialic acid.

Thus, linking the reactivities of native and succinylated WGAs informs on the degree of sialylation of the tested extract. GSL-II and DSL bind either oligomers (DSL) or monomers (GSL-II) of N-acetylglucosamine, the latter one binding specifically the terminal residues. The third category groups all the other lectins that give weak or no signal with the tested extracts, and will not be discussed further.

Although the reactivity patterns are very similar between ASM1 and ASM2, it is interesting to notice that the second bleaching step modifies the signal given by few lectins, suggesting that the saccharidic groups targeted by the diverse lectins are differentially exposed to sodium hypochlorite: in particular, STL collapses drastically, while, inversely, Jacalin increases significantly. Other minor variations are recorded: Succ-WGA and DSL tend to decrease whereas ConA rises substantially. Our proteomic in silico investigation on the four extracts (ASM1, AIM1, ASM2, AIM2) was performed on two databases: in the first case, we searched against "Other metazoans" NCBI dataset, and, in the second case, against the Spirula spirula transcriptome. The results of the first approach are summarized in Table 3. In addition, Table 4 represents the list of peptides identified for each extract and Table 5,the hits shared by the different extracts . The overall proteomic results are available in the Supplementary Table 1. In total, 141 hits are obtained, and after suppressing duplicates, 91 (Table 3A). This score is particularly low. We notice that the two ASMs extracts yielded less hits than their insoluble counterparts. Unique hits represent about 40-45% of the total number of identified hits, except for ASM1, where it only accounts for 29%. In short, 22 hits are unique to AIM1, 19 to AIM2, 5 to ASM1 and 15 to ASM2. By focusing on shared hits (Table 3B), we notice that AIM1 and AIM2 are the most similar (21 hits), followed by ASM2, which exhibits some similarities with insoluble extract (14 shared hits with AIM1, and 15 with AIM2). ASM1 appears to be the most different extract from the four ones. Table 3C shows the number of identified peptides, combined to the occurrence of the main amino acid residues in each shell extract. It shows that very few hits (less than 20% of the total matches per extract) are identified by two or more peptides, the remaining hits being recognized by only one peptide. A brief survey of the number of identified peptides per extract confirms our previous finding, namely that both AIMs exhibit higher number of peptides than ASMs. In each extract, the most represented AA residues are the hydrophobic ones, with a peculiar emphasis on leucine, isoleucine and valine in all extracts. However, we observe that all hydrophobic residues are more abundant in the insoluble matrices. The two acidic residues (Asp, Glu) account for about 14% of all residues, and the hydroxylated ones, around 13%.

Proteomic analysis

All the peptides identified per extract are listed in Table 4. The shortest ones comprise 7 residues while the longest, 30. One can notice some variation on the identified number of peptides, depending on the bleaching. We observe that there is a slight decrease of the number of peptides from AIM1 to AIM2, and a significant increase from ASM1 to ASM2.

All the hits identified in 2, 3 or 4 extracts are summarized in Table 5. Of particular relevance are the hits with specific enzymes that are putatively involved in biomineralization, such as "putative tyrosinase-like protein Tyr-3", a "probable chitinase 2", and a "serine protease 

Protein hits AIM1 ASM1 AIM2 ASM2

Table 5: Summary of the main proteomic hits obtained by MASCOT and their presence/absence (full box/empty box) within each fraction of the organic matrix. The hits mentioned here only represent those shared by, at least, two fractions; the list of the hits that are unique to each extract is available in the supplementary data binding from Crassostrea gigas, CBR-CYN-5 from Caenorhabditis briggsae and AGAP008053-PA from Anopheles gambiae str. PEST. More strangely, we also find two hits with the cytoskeletal protein actin (found in three extracts), and one hit with a histone, a nuclear protein (also found in three extracts). Nine hits (on 31) are found with either hypothetical or predicted proteins, most of them from invertebrate models, including two molluscs. So far, we do not find any hits corresponding to proteins that exhibit either Low Complexity Domains (LCDs) or Repetitive Low-Complexity domains (RLCDs).

The results of the search against the S. spirula transcriptome brought additional results that are summarized in Table 6. In total, we obtained 39 hits: 27 with AIM1, 31 with AIM2, 10 with ASM1 and 12 with ASM2. Among them, 22 are shared: 6 between the 4 extracts, 7 between 3 of them and 9 between 2. In the shared hits, the percentage of coverage varies from almost 60 to 1.4%. Furthermore, 17 hits are unique to one of the four extracts: 6 to AIM1, 9 to AIM2, 1 to ASM1 and 1 to ASM2. It is interesting to note that he two AIMs generate more hits than the ASMs, and the second extracts (AIM2, ASM2), more than the first ones (AIM1, ASM1). Among the 6 hits shared by the four extracts, 4 of them are invariably the ones with the highest peptidic coverage. They include a true transferrin, a serine protease inhibitor (elastase-inhibitor like), a matrilin, and actin. The two other "shared by four" hits are an uncharacterized protein with a heme-binding domain and a peptidyl prolyl cis trans isomerase.

Among the 7 hits shared by 3 extracts, four of them exhibit a peptidic coverage higher than 10% of their sequence. They include -2 macroglobulin, collagen (N-terminus), a protein/nucleic acid deglycase and a histone. 

Discussion

The present paper describes the shell structure and biochemistry of the Ram's Horn squid Spirula spirula. To our knowledge, this work represents the first exhaustive characterization of the shell matrix of this species. We describe both the microstructural features of the shell and the matrix biochemical fingerprint, with a particular emphasis on sugars and protein content.

From a microstructural viewpoint, our investigation confirms that the shell wall is made of two layers, as previously suggested [START_REF] Dauphin | Microstructure des coquilles de céphalopodes. I. Spirula spirula L. (Dibranchiata, Decapoda)[END_REF][START_REF] Dauphin | Microstructure et flottabilité chez la spirule (Cephalopoda)[END_REF][START_REF] Cuif | Etude des caractéristiques de la phase minérale dans les structures prismatiques du test de quelques mollusques[END_REF]. However, we do not recognize the homogeneous semi-prismatic pattern described by these authors. We rather describe the internal layer as a succession of block-like/irregular semi-prismatic structures, and the external tuberculated layer as a regular semi-prismatic unit. A thin blackish layer between the two previous units is observable, which has already been noticed [START_REF] Dauphin | Microstructure des coquilles de céphalopodes. I. Spirula spirula L. (Dibranchiata, Decapoda)[END_REF][START_REF] Dauphin | Microstructure et flottabilité chez la spirule (Cephalopoda)[END_REF] and described as purely organic by [START_REF] Cuif | Etude des caractéristiques de la phase minérale dans les structures prismatiques du test de quelques mollusques[END_REF] after an enzymatic treatment.

We also observe the lamello-fibrillar microstructure of the septa, usually considered as a nacreous layer [START_REF] Barskov | Microstructure of the skeletal layers of Sepia and Spirula compared with the shell layers of other mollusks[END_REF][START_REF] Bøggild | The shell structure of the mollusks. K. Dan[END_REF][START_REF] Dauphin | Microstructure des coquilles de céphalopodes. I. Spirula spirula L. (Dibranchiata, Decapoda)[END_REF][START_REF] Mutvei | On the shells of Nautilus and Spirula with notes on the shell secretion in noncephalopod molluscs[END_REF].

Macroscopically, the septa exhibit indeed iridescence properties. However, we feel that the "nacreous" terminology is misleading and we follow the assertion of [START_REF] Erben | Uber die Bildung und das Wachstum von Perlmutt[END_REF] who claimed that the nacre of Spirula and other coleoids is rather a 'false nacre' and recommended the use of "lamello-fibrillar" terminology. This expression is entirely justified in view of a very recently published work [START_REF] Lemanis | The role of mural mechanics on cephalopod palaeoecology[END_REF], which precisely visualizes the substructures of the lamello-fibrillar layer, and describes it as the stacking of "thin lamellae that are themselves composed of aragonitic rods that tend to be parallel within a lamella." The lamello-fibrillar terminology was also used by [START_REF] Fuchs | Taxonomy, morphology and phylogeny of Late Cretaceous spirulid coleoids (Cephalopoda) from Greenland and Canada[END_REF] to describe the septal microstructure of ancestral spirulid coleoids. Two patterns are of particular importance: the insertion of the septa in the shell walls, and the presence of what resembles cameral deposit at the back of the insertion zone. The first one, although mentioned in earlier works [START_REF] Bandel | A comparative study of the structure, development and morphological relationships of chambered cephalopod shells[END_REF][START_REF] Dauphin | Microstructure des coquilles de céphalopodes. I. Spirula spirula L. (Dibranchiata, Decapoda)[END_REF][START_REF] Hoffmann | Traumatic events in the life of the deep-sea cephalopod mollusc, the coleoid Spirula spirula[END_REF], was neither fully described, nor schematized [START_REF] Bandel | A comparative study of the structure, development and morphological relationships of chambered cephalopod shells[END_REF]. We confirm that the septa are sandwiched as a bevel in the internal wall.

Such structures were also observed among the fossil relatives of Spirula [START_REF] Doguzhaeva | Two early Cretaceous spirulid coleoids of the north-western Caucasus: their shell ultrastructure and evolutionary implications[END_REF] and defined as "mural flap" [START_REF] Fuchs | Longibelus gen. nov., a new Cretaceous coleoid genus linking Belemnoidea and early Decabrachia[END_REF]: this character state may be an apomorphy of the Spirulida order. Given the thinness of the S. spirula shell, one can assume that a "sandwich" insertion considerably reinforces the overall shell mechanical properties and was consequently selected by evolution. However, [START_REF] Lemanis | The role of mural mechanics on cephalopod palaeoecology[END_REF] questioned such hypotheses, demonstrating that mural flaps have "no notable structural function". The second patterndeposits in the dorsal septal corner and mentioned by Appelöf (1893), [START_REF] Bøggild | The shell structure of the mollusks. K. Dan[END_REF] and [START_REF] Dauphin | Microstructure des coquilles de céphalopodes. I. Spirula spirula L. (Dibranchiata, Decapoda)[END_REF] -may evoke cameral deposits found in nautiloids [START_REF] Mutvei | Cameral deposits in Paleozoic cephalopods[END_REF]. They are defined by different terminologies: "supraseptal annular ridges" [START_REF] Mutvei | On the shells of Nautilus and Spirula with notes on the shell secretion in noncephalopod molluscs[END_REF], or "adapical ridge", "mural ridge" and "septal ring" [START_REF] Lemanis | The role of mural mechanics on cephalopod palaeoecology[END_REF]. Their function is also to increase the overall mechanical properties of the shell. However, their set-up appears enigmatic: as noted by [START_REF] Dauphin | Microstructure des coquilles de céphalopodes. I. Spirula spirula L. (Dibranchiata, Decapoda)[END_REF] and confirmed by our observations, their microstructure is in continuity with the internal wall layer on which they lay. This suggests either a continuous growth from the internal wall, or an epitaxial growth after a growth stop between the secretion of the wall and that of the supraseptal annular ridges. The chronology of the different secretory steps of shell construction is not discussed further here.

Beside the microstructure overview, the biochemical characterization of the shell of S.

spirula represents the core of the paper. To limit potential biases due to the geographical source of the samples, we performed our experiments on two batches of specimens from two spots, distant from each other (Canaries Islands, and Brazil). Our investigations revealed that the biochemical fingerprints do not depend on the geographical origin: there is no significant difference between the two batches, whatever technique used. From now, we will no longer consider the provenance of the specimens, but only focus on the biochemical signature.

After a superficial bleaching, the total shell matrix of S. spirula represents, in all our extractions, about 1% of the shell weight, a value that classifies it among the matrix-rich shells such as nacro-prismatic ones [START_REF] Palmer | Calcification in marine molluscs: how costly is it?[END_REF][START_REF] Palmer | Relative cost of producing skeletal organic matrix versus calcification: Evidence from marine gastropods[END_REF]. Similarly to these latter, a large proportion of the matrix is insoluble in acetic acid, representing around 70% of the organic content. A second thorough bleaching treatment decreases drastically the amount of matrix, in particular of the insoluble fraction. Following the criteria defined primarily by Crenshaw [START_REF] Crenshaw | The soluble matrix from Mercenaria mercenaria shell[END_REF], this obviously suggests that the shell matrix of S. spirula -including the soluble fraction -is predominantly intercrystalline and not protected by the mineral phase during the second bleaching step. Another argument in favor of an intercrystalline position of the matrix is the moderate capacity of the soluble fraction to interact with the in vitro precipitation of calcium carbonate and the absence of any sign of inhibition even at high matrix concentration (16 µg/well and higher, not shown), these two properties being often associated to acidic, i.e. Asprich intracrystalline proteins [START_REF] Albeck | Interactions of various skeletal intracrystalline components with calcite crystals[END_REF]. This suggests that most of the soluble fraction of S. spirula is not strongly bound to the mineral phase.

Our combined biochemical and physical investigations show that the saccharidic moieties constitute a notable fraction of the matrix. In particular, the FTIR spectra reveal high amplitude bands compared to those of proteinaceous moieties (amide), in both ASMs and AIMs. This finding is further substantiated by the SS-NMR spectra acquired for the AIM extracts which identify β-chitin and also additional polysaccharides that together constitute ~80% of the insoluble fraction. This percentage is higher than that indicated in earlier works, which found a protein/chitin ratio around two [START_REF] Degens | Paleobiochemistry of molluscan shell proteins[END_REF][START_REF] Hunt | A comparative study of protein composition in the chitin-protein complexes of the beak, pen, sucker disc, radula and oesophageal cuticle of cephalopods[END_REF].

However, this latter value is certainly overestimated (in favor of proteins) because these authors employed harsh hydrolytic conditions that have likely degraded a part of the saccharide moieties. In our case, the abundance of chitin identified by SS-NMR confirms earlier findings based on monosaccharide analysis, which showed that both ASM and AIM are composed predominantly of the deacetylated form -due to hydrolytic conditions -of N-acetylglucosamine, the monomer of chitin [START_REF] Dauphin | The compositional analysis of recent cephalopod shell carbohydrates by Fourier transform infrared spectrometry and high performance anion exchange-pulsed amperometric detection[END_REF]. Such a composition where sugars predominate is rather unusual for matrices associated with mollusc shells: most of the works published so far on this type of materials tend to show that the saccharidic moieties are often much less abundant than the protein ones [START_REF] Agbaje | Biomacromolecules within bivalve shells: Is chitin abundant?[END_REF][START_REF] Immel | The shell of the invasive bivalve species Dreissena polymorpha: biochemical, elemental and textural investigations[END_REF].

Similarities of ASMs profiles with chitin, seen by FTIR, are also in agreement with the ELLA test, since the main chitin-binding lectins such as WGA, STL and LEL give the highest reactivity. The presence of chitin in ASMs may appear odd as this polymer is supposed to be particularly insoluble. This suggests different potential explanations that do not mutually exclude each other: 1. Soluble non-crossed-linked chitin may exist per se in the ASM, which would be rather unusual. 2. N-acetylglucosamine oligomers (that "mimic" chitin and are consequently targeted by chitin-binding lectins) are bound to soluble protein core. 3. From our discussion above, the chitin framework occupies an intercrystalline position in the biominerals;

consequently, this framework is partly cleaved chemically in a random manner by sodium hypochlorite during the bleaching treatment, and then, released in solution during decalcification. Then, the cleaved fragments remain large enough not to be eliminated by subsequent ultrafiltration. It is interesting to notice that if chitin represents about 80% of the AIM, and that AIM itself accounts for about 70% of the whole matrix, this means that chitin represents between 50 and 60% of the matrix: in other words, this means that the matrix is more chitinous than proteinaceous. This character brings it close to the cuttlefish matrix [START_REF] Stegemann | Proteine (Conchagene) und chitin im stützgewebe von tintenfischen[END_REF], and consequently, to the Sepiidae.

Both insoluble extracts, AIM1 and AIM2, of S. spirula show phosphorous content that is inferred as being an integral part of the proteinaceous content most commonly through phosphorylation of the abundant tyrosine and/or serine sidechains (13% as shown above). We therefore propose that the P-signals we have found, both via IR and SS-NMR, are likely associated with post-translationally modified amino acids. While phosphates in general, and phosphorylation in particular, are implicated in regulation of biomineralization, their exact identity and role herein, remain to be studied [START_REF] Brauer | Phosphorus-31 nuclear magnetic resonance studies of phosphorylated proteins[END_REF][START_REF] Lowenstam | Minerals formed by organisms[END_REF][START_REF] Sviben | A vacuole-like compartment concentrates a disordered calcium phase in a key coccolithophorid alga[END_REF].

To investigate further the biochemical fingerprint of the matrix, we performed proteomics followed by two in silico investigations: one based on NCBI search on heterologous metazoan models, the second one, on the recently acquired transcriptome of Spirula spirula.

The first approach identified around 200 peptides, from 7 to 30 residues long, but no complete protein sequences. We are fully aware that this relatively small number of peptides -although very informative -gives a very partial picture of its shell proteome and that this picture may be biased. For example, among all the identified peptides -regardless of the matrix extract -the hydrophobic amino acid residues are predominantly represented in our analysis, a property often encountered in mollusc shell matrices [START_REF] Marin | Molluscan shell proteins: primary structure, origin, and evolution[END_REF]. However, in the single bulk amino acid analysis published so far on the shell matrix of S. spirula [START_REF] Degens | Paleobiochemistry of molluscan shell proteins[END_REF], glutamic acid, serine and aspartic acid are more abundant than glycine, alanine and leucine.

However, the two sets of data cannot be compared for several reasons: one of them is that Degens and coworkers analysed only the insoluble matrix, obtained after a harsh decalcification with a mixture of HCl/TCA followed by 6N hydrochloric acid hydrolysis.

Other technical biases, not discussed here, may hamper the interpretation of the proteomic results (see [START_REF] Marin | Organic matrices in metazoan calcium carbonate skeletons: Composition, functions, evolution[END_REF] for more details). Interestingly, the number of identified peptides significantly increased between ASM1 and ASM2. Similarly to what likely happens to chitin during the second bleaching treatment, we suggest that insoluble proteins are randomly cleaved by sodium hypochlorite and consequently, partly solubilized, becoming components of the ASM2 fraction. In total, the overall peptides lead to the identification of 91 protein hits, which constitutes a low score, given the number of peptides. In any event, the peptides recognized several interesting hits, namely specific enzymes, such as tyrosinase, chitinase and serine protease, which constitute a part of the molecular toolkit frequently found in shell matrices [START_REF] Marie | Different secretory repertoires control the biomineralization processes of prism and nacre deposition of the pearl oyster shell[END_REF][START_REF] Marin | Synthesis of calcium carbonate biological materials: How many proteins are needed?[END_REF]. Tyrosinase is thought to be biomineralization-linked either by being involved in the melanin biosynthesis or in the periostracum formation [START_REF] Arivalagan | Insights from the shell proteome: Biomineralization to adaptation[END_REF][START_REF] Nagai | Tyrosinase localization in mollusc shells[END_REF][START_REF] Zhang | A novel putative tyrosinase involved in periostracum formation from the pearl oyster (Pinctada fucata)[END_REF], while chitinase and serine protease are associated to organic matrix remodelling [START_REF] Marin | Organic matrices in metazoan calcium carbonate skeletons: Composition, functions, evolution[END_REF][START_REF] Yonezawa | Molecular cloning and functional analysis of chitinases in the fresh water snail, Lymnaea stagnalis[END_REF]. We also identified a set of sequences that can be related to nonmolluscan calcium-binding proteins, with either EF-hand, or EGF-like domains, both belonging to the "high-affinity -low capacity" category. Among the unexpected hits, one finds actin, the main cytoskeletal protein, and histone, a nuclear protein. The actin identified here is identical to that found in the cephalopods to Idiosepius paradoxus and Octopus vulgaris. The significance of the presence of actin and histone in a shell matrix is discussed below. We also found the putative presence of IgG-Fc binding protein, a candidate that binds immunoglobulins, and which is involved in immune protection [START_REF] Arivalagan | Insights from the shell proteome: Biomineralization to adaptation[END_REF][START_REF] Harada | Human IgGFc binding protein (FcγBP) in colonic epithelial cells exhibits mucin-like structure[END_REF]. We did not detect proteins that exhibit Low Complexity Domains (LCDs) or Repetitive Low Complexity Domains (RLCDs) such as aspartic acid-rich proteins, with one exception: a peptide matching with a hypothetical protein from Helobdella robusta (Californian leech) that exhibits a very large C-terminal region composed of D-rich Low Complexity repeats.

The second approach we employed, based on the S. spirula transcriptome, generated another set of proteins: some of them, like actin, histones or calcium-binding, confirmed the hits found with MASCOT against the "other metazoans" database. Others, not identified before, are relevant in the context of biomineralization. Among the protein list shared with the four extracts, one finds the highly covered transferrin, a serine protease inhibitor, a matrilin and a peptidyl prolyl cis-trans isomerase B-like, in addition to actin and to an unknown protein with a heme-binding domain. Transferrin is a ferritic-ion-binding glycoprotein that controls the level of free iron in biological fluids and its activation requires the presence of an anion, preferably carbonate CO3 2-. At first sight, transferrin might be involved in the incorporation of iron in the shell. However, its presence in the organic matrix may appear odd and the link between iron and calcium carbonate is rather tenuous. Indeed, unpublished data on the iron content of Spirula spirula shell (Y. Dauphin, pers. comm.) show that the different shell layers contain between 67 and 110 ppm of this element, values that do not reflect any exceptional enrichment and fall in the range of most aragonitic mollusc shells [START_REF] Masuda | Chemoical composition of some moderm pelecypod shells[END_REF]. We may consequently have to infer other functions than "iron incorporation". Interestingly, transferrin has been identified in the biomineral-associated matrices of two other calcifying systems: the cichlid fish otolith [START_REF] Weigele | Not all inner ears are the same: otolith matrix proteins in the inner ear of sub-adult cichlid fish, Oreochromis Mossambicus, reveal insights into the biomineralization process[END_REF] and the hen's eggshell [START_REF] Nys | Avian eggshell mineralization[END_REF]. In the first model, a true transferrin has been clearly identified together with a transferrin domain-containing protein, OMP-1 (otolith matrix protein-1). It was suggested, without any experimental evidence, that transferrin is associated to the occurrence of ferric ions in the otolith, and to the presence of magnetite particles that are geomagnetic sensors. In the second model, transferrin is suspected to be multifunctional, by interacting with the formation of calcium carbonate and by playing a role in natural immunity [START_REF] Giansanti | Physiological roles of ovotransferrin[END_REF]. It is also suspected to act as a strong antimicrobial substance, by depriving bacteria of iron (Gautron, personal comm.). It is to note that beside the full-length transferrin present in the four extracts, we also identified a shortened variant of this protein present only in the two AIMs. The two transferrin sequences are 48% identical (69% similar) and may display different functions. In addition to transferrins, we detected in the four extracts a nameless protein (covered at 7 to 13%) with a SOUL hemebinding domain (pfam04832) which putatively complexes iron. This protein is 45% identical to an unknown protein (NCBI reference sequence XP_014780085.1) from the octopus Octopus bimaculoides. To broaden the circle of the relation between iron and biomineralization to other mollusc models, let's mention another protein with analogous functions, i.e., iron binding and storage: ferritin; ferritin was reported to be involved in shell formation of the pearl oyster Pinctada fucata but its function was not elucidated [START_REF] Zhang | A novel ferritin subunit involved in shell formation from the pearl oyster (Pinctada fucata)[END_REF]. All these arguments combined together emphasize the underestimated -but not yet understood -role of iron in calcium carbonate biomineralization.

The elastase inhibitor-like isoform is a member of the SERPIN family (SERine Proteinase INhibitor), a large group of proteins that inhibit the activity of hydrolytic enzymes, such as elastase or cathepsin G. In the last decade, members of this protein family have been recurrently detected as major components of the matrices of multiple calcified tissues, including mollusc shell [START_REF] Calvo-Iglesias | MSP22.8 is a protease inhibitor-like protein involved in shell mineralization in the edible mussel Mytilus galloprovincialis[END_REF][START_REF] Marie | Proteomic analysis of the acid-soluble nacre matrix of the bivalve Unio pictorum: detection of novel carbonic anhydrase and putative protease inhibitor proteins[END_REF][START_REF] Marin | Synthesis of calcium carbonate biological materials: How many proteins are needed?[END_REF]. Although the molecular activity has never been firmly tested in vitro, protease inhibitors are usually believed to be part of a protective system that prevents the degradation of the calcifying matrix during mineral deposition, by proteolytic enzymes. More generally, they may also be involved in immune functions.

Third candidate of interest, matrilin is an acidic (theoretical pI 4.57) proteoglycanassociated protein and a major component of extracellular matrices (ECM) of various tissues.

It comprises a von Willebrand type A domain (vWF-type A, simplified in VWA), commonly found in extracellular matrix proteins. This domain can bind several proteins of the ECM and is involved in cell adhesion [START_REF] Whittaker | Distribution and evolution of von Willebrand:integrin a domains: widely dispersed adhesion and elsewhere[END_REF]. It has been identified in diverse molluscan shell matrix proteins such as PIF [START_REF] Suzuki | An acidic matrix protein, Pif, is a key macromolecule for nacre formation[END_REF] and many others (Arivalagan et al., 2017;[START_REF] Feng | Identification of conserved proteins from diverse shell matrix proteome in Crassostrea gigas: characterization of genetic bases regulating shell formation[END_REF]. In vertebrate calcified tissues, the VWA-containing matrilin is thought to act as an "organizing" protein of the ECM [START_REF] Fresquet | Structural and functional investigations of Matrilin-1 A-domains reveal insights into their role in cartilage ECM assembly[END_REF]. In particular, it mediates interactions between collagens and proteoglycans. Its multiple functions are related to its ability to form filaments [START_REF] Klatt | Molecular structure and tissue distribution of matrilin-3, a filament-forming extracellular matrix protein expressed during skeletal development[END_REF]. It is interesting to note that our analysis identified three other VWA domain-containing proteins that exhibit high similarity with diverse -collagens.

The identified peptidyl prolyl cis-trans isomerase B-like is an enzyme that exhibits a cyclophilin domain, which regulates protein folding by catalysing the cis-trans isomerization of proline imidic peptidic bonds. It has been shown to be involved in collagen maturation in general, but, more specifically, in the maturation of the tooth extracellular matrix during development in murine model [START_REF] Pandya | Integrative temporospatial, mineralogic, spectroscopic, and proteomic analysis of postnatal enamel development in teeth with limited growth[END_REF]. Interestingly, in the shell matrix of S.

spirula, beside the full-length member, we detected a shortened version of peptidyl prolyl cistrans isomerase B, with a reasonably good 17% peptidic coverage, and corresponding to 60% of the C-terminus of the first sequence. This fragment is not identical but a variant that exhibits 75% identity (and 89% similarity) with the complete form. Curiously, while the latter is present in the four extracts, the short variant has been detected only in the two AIMs, which suggests that it is cross-linked with other matrix components.

In the protein set identified in three, two or one extract, some other hits are relevant in the biomineralization context. Our biochemical characterization underlines the quantitative importance of the carbohydrate moieties, in particular of chitin. Consequently, the proteomic analysis evidences logically enzymes that are involved, near or far, in the assembly, degradation and modification of extracellular saccharides, and more specifically, in the remodeling of the chitin scaffold: they include chitobiase, heparan sulfate glucosamine sulfrotransferase, a Nacetyl-galactosaminidase, chitin-deacetylase, the UDP-glucuronic acid decarboxylase. They are accompanied by a set of putative carbohydrate-binding proteins, like the Cys-rich secretory protein. The case of deglycase is interesting since this enzyme, identified in three extracts on four, is thought to prevent the formation of Maillard products, i.e., the reaction between sugars and amino acids. Thus, deglycase can be placed in the category of saccharide-interacting enzymes.

Other candidates of importance, the two calcium-binding proteins. Both are acidic (theoretical pI 4.57 and 5.26, respectively) and exhibit the typical EF-hand motif that binds calcium ions with high affinity. These proteins have been often identified in calcium carbonate associated matrices [START_REF] Feng | Identification of conserved proteins from diverse shell matrix proteome in Crassostrea gigas: characterization of genetic bases regulating shell formation[END_REF]. They are thought to be part of the extracellular signaling machinery, rather than being involved in crystal nucleation or calcium ion transport for mineralization, a function that is usually attributed to low affinity -high capacity calciumbinding proteins, such as the aspartic-rich proteins, not detected here [START_REF] Marin | Molluscan shell proteins: primary structure, origin, and evolution[END_REF].

In Table 6, we identified a series of proteins that are not supposed to be present in the extracellular matrix since they are normally localized in the cytoplasmic or in the nucleus. The first ones include in particular cytoskeletal proteins, such as actin or tubulin, and other cytoplasmic partners that bind them, like elongation factors (actin-binding) or moesin/radixin.

Nuclear proteins are represented by different histones (H2A, H2B, H3, H4) and lamin. For cytoskeletal proteins, we cannot exclude that these proteins are all cellular contaminants, in spite of the thorough cleaning of the skeletal tissues by sodium hypochlorite. We cannot rule out neither that a tight link exists between these proteins and the extracellular matrix, several evidences show it, in particular when vesicles are involved in the process: actin was found to be a component of ECM [START_REF] Accinni | Actin in the extracellular matrix of smooth muscle cells. An immunoelectron microscopic study[END_REF]; in cartilage, it is associated to ECM in mineralizing/demineralizing vesicles [START_REF] Holliday | Actin and actin-associated proteins in extracellular vesicles shed by osteoclasts[END_REF][START_REF] Rosenthal | Proteomic analysis of articular cartilage vesicles from normal and osteoarthritic cartilage[END_REF]. In molluscs,

Weiss and coworkers evidenced the relationship between the cytoskeletal forces and the shell forming matrix [START_REF] Weiss | The chitin synthase involved in marine bivalve mollusk shell formation contains a myosin domain[END_REF], a concept that can be extended to other calcifying systems [START_REF] Tyszka | Form and function of F-actin during biomineralization revealed from live experiments on foraminifera[END_REF]. For histones, the identification of these very basic (lysine-rich) proteins in a calcium carbonate-associated matrix is not new. It is generally believed that histones or histone-derived peptides may function as antimicrobial agents. This hypothesis has been repeatedly evoked for the eggshell matrix [START_REF] Réhault-Godbert | Molecules involved in chemical defence of the chicken egg[END_REF] and somehow confirmed in another model: Molluskin, an antimicrobial peptide identified in several molluscs, was found to derive from histone H2A [START_REF] Sathyan | Identification and molecular characterization of Molluskin, a histone-H2A-derived antimicrobial peptide from molluscs[END_REF]. Clearly, the presence of nuclear or cytoplasmic proteins in the calcifying extracellular matrix needs to be reevaluated and explained accurately.

To summarize, the shell matrix of Spirula spirula, as seen by the MASCOT analysis of the protein-translated transcriptome of Spirula spirula, contains numerous molecular actors, including a minimum of 11 true enzymes and 28 proteins of very different functions. All these 39 members can be categorized as follows: extracelllular matrix proteins (matrilin, collagenlike) together with ECM-binding partners and ECM-interacting enzymes (like cis-trans isomerase) required for ECM protein folding and activation; a set of enzymes that regulate, modify and remodel the saccharidic moieties (chitin deacetylase, N-acetylgalactosaminidase...)

together with saccharide-binding proteins that are not enzymes; a set of cytoskeletal proteins (actin, lamin, tubulin) that function in extracellular environment together with their binding partners (elongation factor, moesin). The system includes also proteins involved in cell signaling (14-3-3 protein zeta, ubiquitin, protein with MMACH domain...) and calcium-binding proteins (hippocalcin-like, calmodulin-like). The system possesses also its protective functions at molecular and cellular levels, respectively: at molecular level, these are protease inhibitors on the one hand, and putative bactericidal factors (histones?), immunity-related proteins and possibly proteins that bind iron, on the other hand. Finally, the system contains a set of proteins of totally unknown functions, as exemplified by the unhealthy ribosome biogenesis protein 2 and GLIPR1 protein 1.

Are notably absent from this molecular landscape the following candidates usually found in skeletal matrices: carbonic anhydrase and low complexity domain containing proteins.

Carbonic anhydrase (CA) is a key-enzyme in calcium carbonate biomineralization. It reversibly catalyzes the conversion of CO2 to bicarbonate. In the protein-translated transcriptome of S. spirula, we identified three CA sequences, which possess tryptic cleavage sites (data not shown)

of which no peptide is present in the matrix proteomic results. This is a strong indication that CA is not incorporated as a shell matrix protein in the Ram's Horn model. This conclusion confirms earlier finding on the shell matrix of the abalone Haliotis tuberculata (Le [START_REF] Roy | The evolution of metazoan alpha-carbonic anhydrases and their roles in CaCO3 biomineralization[END_REF] and shows that CA, depending on the mollusc model is or is not a shell matrix protein.

The other absent players of the list are proteins that contain low complexity domains or repetitive low complexity domains. In calcium carbonate biomineralization, theses domains can be of several types, the most known being the acidic, aspartic acid-rich ones, and the hydrophobic "alanine/glycine-rich" domains [START_REF] Marin | Organic matrices in metazoan calcium carbonate skeletons: Composition, functions, evolution[END_REF]. We admit that their underrepresentation in the protein list may be due to technical bias, such domains having few or no trypsin cleavage sites. Clearly, the absence of peptides exhibiting low complexity sequences does not mean that the corresponding proteins are absent from the shell formingmachinery: a separate analysis of the proteome-translated transcriptome (not shown) reveals putative candidates, which -for an unknown reason -are not incorporated to the matrix.

From an evolutionary viewpoint, it is puzzling that most of the peptides obtained do not exhibit any similarity with already known molluscan shell proteins. Among the few hits with molluscan proteins, the majority belongs to a bivalve, the Pacific oyster Crassostrea gigas (5 hits in total), while there are only two hits with a cephalopod, the common octopus Octopus vulgaris. A comparison of our peptide list with already published data on Sepia [START_REF] Čadež | Formation and morphogenesis of a cuttlebone's aragonite biomineral structures for the common cuttlefish (Sepia officinalis) on the nanoscale: Revisited[END_REF][START_REF] Pabic | First proteomic analyses of the dorsal and ventral parts of the Sepia officinalis cuttlebone[END_REF] and Nautilus [START_REF] Marie | Nautilin-63, a novel acidic glycoprotein from the shell nacre of Nautilus macromphalus[END_REF][START_REF] Marie | Evolution of nacre: biochemistry and proteomics of the shell organic matrix of the cephalopod Nautilus macromphalus[END_REF] did not reveal any similarity.

When compared with the complete transcriptome of Octopus bimaculoides [START_REF] Albertin | The octopus genome and the evolution of cephalopod neural and morphological novelties[END_REF] our peptide dataset leads few hits, mainly with actin-like proteins (3 hits, exhibited by all the extract of the organic matrix of Spirula spirula) and H4 histones (9 hits in total, only with the ASM2 extract).

Such a paucity of hits with already studied cephalopods is intriguing but may be related to the uncertainty about the phylogenetic position of Spirula and to its unique evolutionary history, i.e., its relative evolutionary remoteness from other members of this mollusc class: indeed, within Decabrachia, the placement of the order Spirulida has historically been contentious (reviewed within [START_REF] Lindgren | Assessing the utility of transcriptome data for inferring phylogenetic relationships among coleoid cephalopods[END_REF]. On the one hand, early phylogenetic studies based on a small number of genes proposed that Spirula occupies either a basal position relative to other Decabrachia [START_REF] Allcock | What can the mitochondrial genome reveal about higher-level phylogeny of the molluscan class Cephalopoda?[END_REF][START_REF] Warnke | Reflections on the phylogenetic position of Spirula (Cephalopoda): preliminary evidence from the 18S ribosomal RNA gene[END_REF] or that a sister taxa relationship exists between the two families Spirulidae and Sepiidae [START_REF] Strugnell | Molecular phylogeny of coleoid cephalopods (Mollusca: Cephalopoda) using a multigene approach; the effect of data partitioning on resolving phylogenies in a Bayesian framework[END_REF]. These views are congruent with morphological characters such as a well-developed shell with chambers and septa. On the other hand, recent studies, including those based on more comprehensive molecular datasets, have recovered a sister taxon relationship between Spirulida and a clade containing Oegopsida ('open eyed' squids) and Bathyteuthoidea (mesopelagic to bathopelagic squids) [START_REF] Lindgren | A multi-gene phylogeny of Cephalopoda supports convergent morphological evolution in association with multiple habitat shifts in the marine environment[END_REF][START_REF] Strugnell | Whole mitochondrial genome of the Ram's Horn Squid shines light on the phylogenetic position of the monotypic order Spirulida (Haeckel, 1896)[END_REF]. Similarly, Tanner et al.

(2017) reported a sister taxon relationship between spirulid and oegopsid squids. Although these authors did not include bathyteuthoid squids in their analyses, a close phylogenetic relationship between bathyteuthoids and oegopsids is well established (e.g. [START_REF] Lindgren | A multi-gene phylogeny of Cephalopoda supports convergent morphological evolution in association with multiple habitat shifts in the marine environment[END_REF][START_REF] Strugnell | Molecular phylogeny of coleoid cephalopods (Mollusca: Cephalopoda) using a multigene approach; the effect of data partitioning on resolving phylogenies in a Bayesian framework[END_REF]. Recent divergence time estimates, incorporating molecular and fossil data, suggest that spirulids and oegospids diverged around 128 Ma [START_REF] Tanner | Molecular clocks indicate turnover and diversification of modern coleoid cephalopods during the Mesozoic Marine Revolution[END_REF], which accords with appearance of stem group spirulids in the latest Cretaceous (~66-72 Ma) [START_REF] Fuchs | Taxonomy, morphology and phylogeny of Late Cretaceous spirulid coleoids (Cephalopoda) from Greenland and Canada[END_REF].

The absence of any similarity with Nautilus is not surprising, considering the deep divergence time between the subclasses Nautiloidea (Nautilus) and Coleoidea (octopus, cuttlefishes and squids) (~416 ± 60 Ma, [START_REF] Kröger | Cephalopod origin and evolution: a congruent picture emerging from fossils, development and molecules: Extant cephalopods are younger than previously realised and were under major selection to become agile, shell-less predators[END_REF]. In addition, our study suggests that Spirula and Sepia have completely different molecular tools to construct their shell. This result is also not surprising. Sepiids and spirulids both possess an internal calcareous shell with a phragmocone and, as a result, they have extensive fossil records in comparison to other extant decabrachian lineages that have lost their shell (i.e., oegopsids, myopsids). The phragmocone is a plesiomorphic character within cephalopods and, therefore, the fact that it is present within sepiids and spirulids does not indicate that these lineages are closely related. In support of this, several recent phylogenetic studies have recovered a sister taxon relationship between sepiids and all remaining decabrachians (including spirulids) [START_REF] Strugnell | Whole mitochondrial genome of the Ram's Horn Squid shines light on the phylogenetic position of the monotypic order Spirulida (Haeckel, 1896)[END_REF][START_REF] Tanner | Molecular clocks indicate turnover and diversification of modern coleoid cephalopods during the Mesozoic Marine Revolution[END_REF][START_REF] Uribe | Revisiting the phylogeny of Cephalopoda using complete mitochondrial genomes[END_REF] with divergence of these two clades estimated to have occurred in the mid Jurassic [START_REF] Tanner | Molecular clocks indicate turnover and diversification of modern coleoid cephalopods during the Mesozoic Marine Revolution[END_REF] or in the early Cretaceous [START_REF] Uribe | Revisiting the phylogeny of Cephalopoda using complete mitochondrial genomes[END_REF].

This lapse of time is long enough to allow the independent evolution of the organic matrix proteins: recent findings suggest indeed that several skeletal matrix proteins exhibit a fast evolution rate [START_REF] Jackson | A rapidly evolving secretome builds and patterns a sea shell[END_REF][START_REF] Mcdougall | Rapid evolution of pearl oyster shell matrix proteins with repetitive, low-complexity domains[END_REF]. However, a rapid evolution of matrix components is not incompatible with the occurrence of very conservative characters, such as the abundance of chitin or the overall morphological similarities (septate inner shell, for example). Given the modern phylogenetic view of coleoids, which brings Spirulida as a sister group of the non-calcifying oegopsids, it would be relevant to determine how the molecular functions of the proteins used for calcification within Spirula have evolved in this latter clade. Table 1: Summary of the quantity and proportion of each organic shell matrix fraction (ASM, AIM) after on (batch 1) or two (batch 2) bleaching treatments. Separate data were obtained for samples of two different geographical sources, Canary Islands and Brazil.
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Table 2: Summary of the reactivity pattern of lectins on both soluble fractions (ASM1 and ASM2) for both localities. 'XXXX' indicates a reactivity that exceeds 60%, 'XXX', a reactivity comprised between 40 and 60%, 'XX' between 20-40%, 'X', between 10-20% and '-' for a reactivity below 10%.

Table 3: Overview of the main proteomic results by MASCOT. A) Summary of the identified hits per extract. B) Cross-comparison of shared hits in the 4 extracts. C) Summary of the identified peptides per extract and occurrence of the most represented AA residues (sorted by decreasing order and colored according to their chemical properties: Blue: basic; red: acidic; orange; hydroxylated; green: hydrophobic) Table 4: List of the peptides identified by MASCOT within each organic fraction of the shell matrix of Spirula spirula. For each fraction, the numbers in parentheses correspond to the number of peptides (number of queries) detected in total.

Table 5: Summary of the main proteomic hits obtained by MASCOT and their presence/absence (full box/empty box) within each fraction of the organic matrix. The hits mentioned here only represent those shared by, at least, two fractions; the list of the hits that are unique to each extract is available in the supplementary data.

Figure 1 :

 1 Figure1: Spirula spirula. A, specimen from East Australian coast (Townsville, Queensland). B, specimen from Thailand. Note that the first specimen still possesses its initial chamber, while it is missing in the second one.

Figure 2 :

 2 Figure 2: Shell microstructures of Spirula spirula, in the insertion zone of a septum into the shell wall. A) General view, equatorial section. B) General view of the septum insertion in the outer wall. Note the beveled shape of the whole structure. C) Zoom on the very beginning of the septum into the shell outer wall, showing its organization into an internal unit, with an irregular semi-prismatic layer (s.irr. p). D) Zoom on the external unit of the shell wall, showing its tuberculated and regular semi-prismatic structure (t-r.p). E) Zoom on the lamello-fibrillar structure of the septum. F) Zoom on the contact zone between the septum and the internal shell unit, at the very beginning of the insertion, showing the transformation from the irregular semi-prismatic structure into the lamello-fibrillar one. G) Zoom on the supraseptal annular ridge, observed on the aboral side, dorsal corner, of the septum. In spite of a thin delimitation between the annular ridge and the internal unit, one notices a microstructural continuity.

  FT-IR (ATR) spectra acquired from eight extracts of AIM and ASM fractions are shown in Figure 3. Two additional spectra, corresponding to shell powder and commercial chitin (type), respectively, are also depicted at the top of the figure. For more details and to facilitate

  Fig.3(top spectrum-shell powder). In the 2500-4000 cm 1 range (not shown in Fig.3), the shell matrix samples exhibit one broad band located at 3271 cm 1 , which is usually attributed to the amide A group [(N-H)] (Kong and Yu, 2007). In addition, one low amplitude enlarged band centered at 2932 cm 1 can be observed, and usually assigned to the (CH) stretching vibrations. All extracts (8) show comparable fingerprints and a strong similarity in the distribution of their absorption bands. To facilitate comparisons, we have compiled the FT-IR profiles in pairs of samples from Brazil (B) and Canary Islands (C): AIM1B/AIM1C, AIM2B/AIM2C, ASM1C/ASM1B and ASM2C/ASM2B. Unambiguously, all spectra exhibit, in particular, the presence of amide absorption bands at 1638/43 and 1535/43 cm 1 , ascribed to the Amide I [(C=O)] and II [(C-N)] bands, respectively, that characterize protein moieties. In addition, AIM and ASM

Figure 3 :

 3 Figure 3: FT-IR spectra of the shell powder of Spirula spirula, of commercial α-chitin and of the different organic fraction of the shell matrix (AIM1, AIM2, ASM1, ASM2) from both localities (i.e. Canaries and Brazil). The "domains" of the characteristic absorption bands of protein and saccharidic moieties are highlighted, respectively, in pink and yellow. The values of the main absorption peaks are indicated under each of them, and colored in pink when identical to those of the commercial chitin.

  The chitin peaks exhibited by both S. spirula extracts deviate from those of the neat chitin peaks, showing broadening and reversed relative C6 and C2 peak intensities (increased and decreased, respectively); these deviations represent increased structural heterogeneity due to modification and/or disruption of local environments possibly as a result of the extraction procedure. Closer inspection of the spectra reveals additional partially resolved peaks (102.6, 86.3, and 71.5 ppm respectively; supplementary Fig. 2) that appear as shoulders of the C1, C4 and C5 peaks; these suggest contributions from other polysaccharides. Given the increased linewidths, the co-occurrence of the other chitin polymorphs cannot be ruled out. In conclusion, the spectra imply that over 80% of the insoluble organic extract content (AIM1) is chitinous/saccharidic. This determination is further substantiated by the lower S/N DE MAS spectrum shown in Figure 4. Both S. spirula AIM1 extracts show a broad -0.2 ppm phosphate peak in their 31 P CP MAS spectra (Figure 5), validating the above IR findings for the AIM2 samples. 13 C{ 31 P} CP MAS REDOR measurements applied to AIM1C showed no REDOR effect (not shown) therefore ruling out phosphorylation of any of the chitin carbons. In the absence of such measurable proximity and in view of the resilience of these Pspecies under the extraction procedures (AIM1

Figure 5 :

 5 Figure 5: 121.85 MHz 31P CP MAS NMR spectra of the acid insoluble extract (AIM1) of Spirula spirula shells from the Canaries and Brazil. The peaks are centered at -0.2 ppm and are of similar normalized intensities (accounting for sample weights of 16.8 and 6.0 mg, respectively). Each spectrum was obtained acquiring 2k transients.

Figure 4 :

 4 Figure 4: 75.4 MHz 13C CPMAS spectra of acid insoluble extracts (AIM1) of Spirula spirula shells from the Canaries and Brazil, and of α-chitin standard (shrimp) showing that the organic content of AIM1 consists primarily of chitin (the dashed lines denote the characteristic peaks of chitin).

Figure 6 :

 6 Figure 6: SDS-Page gel electrophoresis on Spirula spirula. A) Silver-staining; B) Bio-rad blue staining; C) Stains-all. PM: standard molecular weight (Fermentas).

Figure 7 :

 7 Figure 7: In-vitro crystallization assay performed on both soluble matrix extracts of Spirula spirula, ASM1 (top) and ASM2 (bottom). The black arrows indicate the increasing matrix concentration within each well, from 0 (blank) to 16 µg/well (200 µL per well).
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 3 Figure 3: FT-IR spectra of the shell powder of Spirula spirula, of commercial α-chitin and of the different organic fraction of the shell matrix (AIM1, AIM2, ASM1, ASM2) from both localities (i.e. Canaries, C, and Brazil, B). The "domains" of the characteristic absorption bands of protein and saccharidic moieties are highlighted, respectively, in pink and yellow. The values of the main absorption peaks are indicated under each of them, and colored in pink when identical to those of the commercial chitin.
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 7 Figure 7: In-vitro crystallization assay performed on both soluble matrix extracts of Spirula spirula (Canaries Islands) ASM1 (top) and ASM2 (bottom). The black arrows indicate the increasing matrix concentration within each well, from 0 (blank) to 16 µg/well (200 µL per well).
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Table 1 :

 1 

			Initial weight (g)	ASM extract (mg)	%ASM	AIM extract (mg)	%AIM
	Canary Islands	Batch 1 Batch 2	2.0832 2.0315	5.36 2.00	0.25% 0.1%	22.6 0.35	1.09% 0.01%
		Batch 1	1.6093	6.24	0.39%	11.2	0.7%
		Batch 2	1.6103	3.98	0.24%	N/A	N/A

Summary of the quantity and proportion of each organic shell matrix fraction (ASM, AIM) after on (batch 1) or two (batch 2) bleaching treatments. Separate data were obtained for samples of two different geographical sources, Canary Islands and Brazil. Brazil standard deviation = ± 0.02 mg

Table 2 :

 2 Summary

of the reactivity pattern of lectins on both soluble fractions (ASM1 and ASM2) for both localities. 'XXXX' indicates a reactivity that exceeds 60%,

'XXX', a reactivity comprised between 40 and 60%, 'X', 

for a reactivity below 10%.

Table 3 :

 3 

Overview of the main proteomic results by MASCOT. A) Summary of the identified hits per extract. B) Crosscomparison of shared hits in the 4 extracts. C) Summary of the identified peptides per extract and occurrence of the most represented AA residues (sorted by decreasing order and colored according to their chemical properties:

Blue: basic; red: acidic; orange; hydroxylated; green: hydrophobic) 

Table 4 :

 4 

List of the peptides identified by MASCOT within each organic fraction of the shell matrix of Spirula spirula. For each fraction, the numbers in parentheses correspond to the number of peptides (number of queries) detected in total.

  Harpegnathos

	Id	Name	Organism
	gi|268575272	C. briggsae CBR-MUP-4 protein	Caenorhabditis briggsae -nematode
	gi|405964315	Putative tyrosinase-like protein tyr-3	Crassostrea gigas -pacific oyster
	gi|405970334	IgGFc-binding protein	Crassostrea gigas -pacific oyster
	gi|268570024	C. briggsae CBR-CYN-5 protein	Caenorhabditis briggsae -nematode
	gi|158297124	AGAP008053-PA, partial	Anopheles gambiae str. PEST -african malaria mosquito
	gi|284999807	beta actin	Idiosepius paradoxus -nothern pygmy squid
	gi|323230	polyprotein [Bovine viral diarrhea virus 1-Osloss]	
	gi|510849995	core histone H2A/H2B/H3/H4	Ancylostoma ceylanicum -nematode
	gi|156359527	predicted protein	Nematostella vectensis -starlet sea anemone
	gi|170578661	Transmembrane cell adhesion receptor mua-3 precursor, partial	Brugia malayi -filarial nematode worm
	gi|675868340	hypothetical protein HELRODRAFT_161577	Helobdella robusta -californian leech
	gi|158300608	AGAP012043-PA, partial	Anopheles gambiae str. PEST -african malaria mosquito
	gi|768189576	hypothetical protein DICVIV_07943, partial	Dictyocaulus viviparus -bovine lungworm
	gi|669305641	hypothetical protein M513_09906	Trichuris suis -pig whipworm
	gi|163637123	ribosomal protein S3, partial	Crassostrea gigas -pacific oyster
	gi|223016075	actin	Octopus vulgaris -common octopus
	gi|524896874 PREDICTED: peptidyl-prolyl cis-trans isomerase B-like	Aplysia californica -california sea hare
	gi|170586872	hypothetical protein Bm1_33780	Brugia malayi -filarial nematode worm
	gi|33321997	gamma-glutamyl phosphate reductase, partial	Lactobacillus delbrueckii subsp. Lactis -bacteria
	gi|676489609	hypothetical protein LOTGIDRAFT_236342	Lottia gigantea -owl limpet
	gi|748378928	homeobox domain protein, partial	Ancylostoma duodenale -nematode
	gi|1360640	14-3-3 zeta protein	Xenopus laevis -African clawed frog
	gi|156544592	PREDICTED: alpha-L-fucosidase-like	Nasonia vitripennis -jewel wasp
	gi|193591718	PREDICTED: signal peptide, CUB and EGF-like domain-containing protein 1	Acyrthosiphon pisum -pea aphid
	gi|542607731	carbomoylphosphate synthase, partial	Culicoides immaculatus -diptera
	gi|307203534	Probable chitinase 2	

K12H4.7 precursor". Other candidates of interest are proteins that exhibit calcium-binding properties (CBR-MUP-4 protein, transmembrane cell adhesion receptor MUA-3 precursor, and a hypothetical protein HELRODRAFT_161577) and an immunoglobulin protein (IgGFcbinding protein). Five identified proteins are thus found into the four matrices extracts: CBR-MUP-4 from Caenorhabditis briggsae, putative tyrosinase-like from Crassostrea gigas, IgGFcsaltator -Jerdon's jumping ant gi|358337009 monocarboxylate transporter 14, partial Clonorchis sinensis -chinese liver fluke gi|585686849 PREDICTED: collagen alpha-3(VI) chain isoform X1 Elephantulus edwardii -cape elephant shrew gi|225718928 serine protease K12H4.7 precursor Caligus clemensi -sea louse gi|8272602 82 kDa heat shock protein 3, partial Philodina roseola -rotifer

 Leu: 13.7 Leu: 13.6 Leu: 10.5 Leu: 10.8 Ile: 8.7 Val: 8.9 Ile: 9.6 Ile, Val: 8.4 Asp: 8.3 Ala, Arg, Glu: 8.4 Val: 8.8 Thr: 8.1 Arg: 7.5 Pro, Ser: 6.3 Asp, Gly: 8.0 Glu: 7.9 Ala: 7.2 Asp, Thr: 5.8 Arg: 7.8 Arg: 7.4 Glu: 7.0Ile: 5.2 Ala: 7.1 Ala: 6.9 Gly, Val, Ser: 6.4Ser: 6.8 Asp: 6.7 Thr: 6.0 Pro: 6.4 Ser: 6.2 Pro: 5.5 Thr: 6.3 Pro: 5.5 Glu: 5.8
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Table 6: Summary of the protein hits identified by MASCOT against the proteintranslated transcriptome of Spirula spirula. Each of the four fraction was analysed separately.

The left column indicates the proteins identified, from the most (top) to the least (bottom) one represented. For each protein, the central colum indicates its occurrence in each fraction (X), the peptidic coverage of the sequence (in %) and the three successive numbers, its length (number of AA residues), its molecular weight (in kDa) and its isoelectric point, respectively.

Five sequences exhibit an additional number in parentheses, indicating the full length of the sequence with it signal peptide. The central column lists the functional domains, identified by CD-search at NCBI, and some motifs, identified manually and currently found in skeletal matrix proteins. The numbers in parentheses indicate the starting and final AA residue of the conserved domains, and their accession number. Finally, the right column lists the putative function of the identified protein, in relation to shell formation. In particular, several proteins that are primarily cytoplasmic or nuclear (like histones) can also be found in extracellular environment. For these proteins, we tentatively list their function(s) in the context of extracellular biomineralization. Supp. Fig. 1: Complete FT-IR spectra (extended to 4000 cm -1 ) of, the shell powder of Spirula spirula, of commercial α-chitin and of the different organic fraction of the shell matrix. Supp. Fig. 2: Additional SDS-Page gels after carbocyanine (Stains-all) staining, showing two more discrete bands on the ASMs, one at 17kDa and another one at very high molecular weight. Supp. Table 1: List of the proteomic hits identified in one fraction only on the four tested. MASCOT was used against the "other metazoans" dataset.