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Breaking the long-standing morphological paradigm: Individual prisms in the pearl oyster shell grow perpendicular to the c-axis of calcite
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Introduction

Mollusk shells are a mixture of mineral (calcium carbonate, CaCO 3 ) and organic components [START_REF] Hérissant | Eclaircissemens sur l'organisation jusqu'ici inconnue d'une quantité considérable de productions animales, principalement des coquilles des animaux[END_REF][START_REF] De Bournon | Traité de minéralogie. Première partie. Introduction à la minéralogie en général, la théorie de la cristallisation[END_REF], which act in synergy producing different structures or layers. Two polymorphs of CaCO 3 , aragonite and/or calcite, are used as building blocks. The aragonitic crossed-lamellar layer is the main architecture in Bivalvia and Gastropoda, but the most studied arrangement is rather rare nacro-prismatic one. In nacro-prismatic shells, the prisms are built of either calcite or aragonite (Boggild, 1930).

The large-size and nearly honeycomb morphology of the prismatic blocks of Pinna were already noticed by [START_REF] Carpenter | On the microscopic structure of shells[END_REF] and [START_REF] Bowerbank | On the structure of the shells of molluscous and conchiferous animals[END_REF]. Pinna, Atrina and Pinctada are tightly connected from a taxonomical point of view: they all are Pteriomorphia. In the three taxa, it is relatively easy to separate nacre and prisms, a helpful feature for detailed analyses.

The shapes of the calcitic prisms in these three taxa are simple: elongated columns with polygonal transverse sections. Based on these observations, it is often assumed that their structure, composition and properties are similar. In particular, these calcitic prisms have been defined as "simple prisms", despite [START_REF] Watabe | On the shell structures of Japanese pearl oyster, Pinctada martensii (Dunker). (I) Prismatic layer[END_REF], using transverse thin sections of Pinctada martensi in polarized light, found that "each prism extinguishes in several smaller blocks" (see also [START_REF] Taylor | The shell structure and mineralogy of the Bivalvia. I. Introduction. Nuculacae -Trigonacae[END_REF]. Later on [START_REF] Taylor | The structural evolution of the bivalve shell[END_REF], it was stated that in the simple prismatic structure, "the crystallographic c axis is generally parallel to the long axis of the prisms". The shape of the prisms of Pinna and Atrina is in accordance with the usual assertion for abiotic calcite: "prismatic crystals parallel to the c axis are lengthfast" (Gribble and Hall, 1992). In Pinna, frequently used as a model of prismatic growth, the calcite c-axis is normal to the layer's surface, i.e. nearly parallel to the long morphological axis of the polygonal prisms [START_REF] Chateigner | QTA of prismatic calcite layers of some bivalves, a link to trichite ancestrals[END_REF]. This assertion is now regularly taken as granted when being applied to pteriomorph shells [START_REF] Checa | The nature and formation of calcitic columnar prismatic shell layers in pteriomorphian bivalves[END_REF][START_REF] Macdonald | Alignment of crystallographic c-axis throughout the four distinct microstructural layers of the oyster Crassostrea gigas[END_REF][START_REF] Suzuki | Studies on the chemical structures of the organic matrices and their functions in the biomineralization processes of molluscan shells[END_REF]. There is a general agreement about the nearly single-crystalline structure of the prisms in Pinna and Atrina [START_REF] Wada | Crystal growth of molluscan shells[END_REF][START_REF] Cuif | Observations sur l'origine de l'individualité cristallographique des prismes de Pinna nobilis L[END_REF][START_REF] Dauphin | In situ chemical speciation of sulfur in calcitic biominerals and the simple prism concept[END_REF], though careful high-resolution synchrotron X-ray diffraction measurements revealed small misorientation angles (about 1.5 o , as maximum) within individual prisms of Pinna nobilis [START_REF] Metzger | Nanostructure of biogenic calcite and its modification under annealing: Study by high-resolution X-ray diffraction and nanoindentation[END_REF].

More serious discrepancies exist in the literature dedicated to the pearl oyster Pinctada. Using thin sections examined in crossed-polarized light, [START_REF] Wada | Electron microscopic observations on the shell structures of pearl oyster (Pinctada martensis). I. Observations of the calcite crystals in prismatic layers[END_REF] and [START_REF] Watabe | On the shell structures of Japanese pearl oyster, Pinctada martensii (Dunker). (I) Prismatic layer[END_REF] have shown diverse extinction patterns within the prisms of Pinctada. They reported that the c-axes are "oriented nearly perpendicular to the shell surfaces". This orientation relationship was confirmed by [START_REF] Wada | Crystal growth of molluscan shells[END_REF]. However, [START_REF] Checa | Crystallographic orientation inhomogeneity and crystal splitting in biogenic calcite[END_REF], using electron backscatter diffraction (EBSD), found some misorientation angles (up to 20 o ) between the c-axis and the normal to the shell surface in the prismatic layer of Pinctada margaritifera. Even larger misorientation angles (up to 50 o ) were found in the prisms of Pinctada fucata by [START_REF] Gilbert | Measurement of c-axis angular orientation in calcite (CaCO3) nanocrystals using X-ray absorption spectroscopy[END_REF] using X-ray absorption spectroscopy.

In post-larval shells of Pinctada margaritifera, the very first prisms have singlecrystalline characteristics [START_REF] Baronnet | Crystallization of biogenic Ca-carbonate within organo-mineral micro-domains. Structure of the calcite prisms of the Pelecypod Pinctada margaritifera (Mollusca) at the submicron to nanometre ranges[END_REF]. The prism morphology in P. fucata was investigated in both transversal and longitudinal sections by SEM imaging and EBSD analyses [START_REF] Okumura | Characteristics of biogenic calcite in the prismatic layer of a pearl oyster, Pinctada fucata[END_REF]. The crystalline orientations in the sectors of a prism are similar, but not identical. According to [START_REF] Okumura | Microstructural control of calcite via incorporation of intracrystalline organic molecules in shells[END_REF], the differences between the prisms of Atrina (nearly single-crystalline) and Pinctada (polycrystalline) could be linked to the spatial distribution of the intra-crystalline organic matrix. In the growing zone of the shell of Pinctada, [START_REF] Suzuki | Initial formation of calcite crystals in the thin prismatic layer with the periostracum of Pinctada fucata[END_REF] have observed that the "platelet calcite crystals immediately after the nucleation" are single-crystalline, and that the c-axis is "almost parallel to the growth direction of prismatic crystals". In P. margaritifera, there is a main feature in the growth of the prisms: the young prisms of an adult shell or the prisms in a post-larval shell are nearly single-crystalline, whereas the adult prisms are more polycrystalline. The change from single-to poly-crystalline behavior is visible in thin sections examined in polarized light, and also on the outer longitudinal surface of the prisms [START_REF] Checa | Crystallographic orientation inhomogeneity and crystal splitting in biogenic calcite[END_REF][START_REF] Cuif | Evidence of a biological control over origin, growth and end of the calcite prisms in the shells of Pinctada margaritifera (Pelecypod, Pterioidea)[END_REF][START_REF] Checa | Organic membranes determine the pattern of columnar prismatic layer of mollusk shells[END_REF].

Up-to-now, all published data show that the prisms of Pinna (or Atrina) are nearly single-crystalline throughout the life span of the animal, and that the c-axis practically coincides with the prisms' growth direction. Moreover, it was recently shown that the average number of edges in individual prism in Pinna nobilis (and some other shells) during its growth tends to six [START_REF] Bayerlein | Selfsimilar mesostructure evolution of the growing mollusc shell reminiscent of thermodynamically driven grain growth[END_REF][START_REF] Zöllner | Morphogenesis of biomineralized calcitic prismatic tissue in Mollusca fully described by classical hierarchical grain boundary motion[END_REF]. This is interpreted as the consequence of the classical two-dimensional grain coarsening scenario (Mullins, 1952), which is thermodynamically favorable [START_REF] Smith | Some elementary principles of polycrystalline microstructure[END_REF]. On the contrary, the literature dedicated to the calcitic prismatic layer of the pearl oyster is controversial. The co-existence of single-and polycrystalline prismatic units seems to be unique among the mollusc shells.

Moreover, the orientation of the c-axis is not yet well established.

In this study, we therefore examine the structure, mineralogy, composition and growth of the prisms in juvenile shells of the pearl oyster, Pinctada margaritifera, and their subsequent evolution in adult shells. The focus is on the orientation of the calcite c-axis with respect to the growth direction. In addition, we quantitatively analyze the difference between "single-crystalline" and "polycrystalline" prisms in terms of preferred orientation.

Materials and Methods

Materials

Pinctada belongs to the subclass Pteriomorphia and Pteriidae superfamily. In French Polynesia, P. margaritifera, cultivated to produce black pearl, is called the black lipped pearl oyster, because the outer margin of the nacreous layer is black. Adult shells of P. margaritifera (Fig. 1a) were collected in various farms in French Polynesia. Juvenile pearl oyster shells (Fig. 1b,c) were grown at the IFREMER hatchery headed at the biological station of Taravao-Vairao (Tahiti). They are cultivated at optimal conditions with respect to nutrients in a controlled sanitary environment, avoiding any contamination frequently observed in specimens from the lagoon. The samples were preserved in a 30% ethanol/ seawater solution.

Pinna nobilis (Linnaeus, 1758) shells, examined for comparison, were collected alive in the Mediterranean Sea. P. nobilis (Bivalvia, Pteriomorphia), also called fan mussel, has a large orange/red shell (up to 80 cm in size) (Fig. 1d). This shell comprises a thick outer orange/red prismatic layer and a thin inner white nacreous layer in the lower half of the shell (Fig. 1e). Transverse polished sections of the outer prismatic layer near the growing edge were prepared, in which the polygonal shape of the prisms is clearly visible.

Light Microscopy

Optical microscopy included examination in transmission mode (using both polarized and non-polarized light) of ultra-thin sections cut perpendicular and parallel to the surface of the shells. Polarized light microscopy was also applied in reflected (episcopic or epi) mode for the opaque polished transverse sections. An Axio Imager D2m (Zeiss) was used with the Archimed software (Microvision) (Centre de recherche sur la conservation, USR 3224).

Scanning Electron Microscopy (SEM)

Surfaces and sections, cut perpendicular and parallel to the growth direction, were prepared for SEM imaging. Polished sections and some fractured parts were etched for better resolution of microstructural features. More details on the samples' preparation are given in the legends of Figs. 2 and3. SEM imaging was accomplished using a Philips 505, a Philips XL30 and a JEOL JCM 6000 instruments in secondary electron (SE) mode on Au-Pd coated samples. Uncoated specimens were examined using a Phenom ProX and a FEI FESEM Quanta F600 in backscattered electron mode (BSE).

Atomic Force Microscopy (AFM)

Samples were also examined using a Nanoscope IIIa Dimension 3100 scanning probe microscope operated in tapping mode in air. In this mode, the tip is not in contact with the sample surface providing lateral resolution on the order of a few nanometers. Measurements are made in three dimensions, within the horizontal (X-Y) plane and along vertical (Z) direction. Tip-sample force interactions cause changes in amplitude, phase, and the resonance frequency of the oscillating cantilever. The spatial distributions of the induced changes are presented as height (topography) or contact force (amplitude and/or phase) images that can be collected simultaneously. All this provides important information on material properties.

Previous studies have shown that AFM images obtained on gently etched and polished surfaces, as well as on untreated fractures, are similar (e.g. [START_REF] Dauphin | Nanostructures of the aragonitic otolith of cod (Gadus morhua)[END_REF]. Therefore, in this research most images were obtained using etched and polished longitudinal or transversal sections of the prismatic layer. Other details are given in the legends of Figs. 2 and3.

Raman Spectroscopy

Raman spectra were collected using a InVia Raman micro-spectrometer (Renishaw), combined with a 532 nm laser and controlled by the WiRE software. For these measurements, polished transverse sections of the prismatic layers from Pinctada margaritifera and Pinna nobilis, were prepared. Data were collected within the spectral window, 100 -3200 cm -1 , using 0.05 % of the laser power. Four different prisms were analyzed, as representative of small prisms, and five -of large prisms. For each prism, 30 spectra were co-added. Spot positioning was made using a 50x magnification objective, giving an analytical spot size of approximately 2 µm in diameter. Spectral peak positions were calibrated with a silicon standard.

X-Ray Diffraction (XRD)

XRD measurements were carried out with pristine young and adult shell sections (not powder diffraction), cut perpendicular to the prisms' growth direction (see Fig. S1). In these measurements we used a Rigaku SmartLab diffractometry system. It is equipped with a 9 kW rotating anode (Cu) generator, operating at 45 kV and 200 mA, and advanced optics for appropriate shaping of the incident and diffracted X-ray beams. Measurements were performed in the Bragg scattering geometry, utilizing parallel beam optics of the incident beam, which include a parabolic mirror, β-filter, a 5° Soller collimator and 1-mm-wide incident beam slit. Diffracted X-rays were registered by a conventional scintillation detector with two 1-mm-wide receiving slits installed in front of it. The symmetric theta/2theta scans were carried out in a continuous mode at a speed of 0.3 o /min. In this mode of measurement, diffraction intensity comes from different crystallographic planes situated in differently oriented crystal grains, but all these planes are parallel to the surface of the sample (specular reflection).

Electron Backscatter Diffraction (EBSD)

EBSD measurements were carried out with a Bruker QUANTAX EBSD system attached to a field emission gun high-resolution digital SEM (ZEISS Ultra Plus). In these measurements, the energy of primary electrons was chosen to be 20 keV. We used the same samples as for XRD measurements. The surface of studied samples was mirror-polished and coated with a 5 nm thick analytically pure carbon. The samples were clamped within a specially designed frame by a clamping screw. The frame then was mounted onto a pretilted sample holder; the angle between the electron probe and the normal to the sample surface being 70°. Images of the analyzed area from the inclined surface were obtained by the aid of a back scattered electron (BSE) detector in SEM, as well as using an Argus detector of forward scattered electrons (FSE), which is a part of the EBSD assembly. Images obtained in the FSE mode are more sensitive (less noisy) to subtle variations in the microstructural features [START_REF] Wright | Electron imaging with an EBSD detector[END_REF].

For constructing the orientation maps, the EBSD patterns containing Kikuchi lines (see e.g. [START_REF] Engler | Introduction to Texture Analysis: Macrotexture, microtexture, and orientation mapping[END_REF], were collected from separate points of a predefined grid on the sample surface; the step size between grid points being equal to 2.08 µm. The whole probed area was 0.5x0.5 mm 2 . Identification of crystal planes and crystallographic directions, appearing in the patterns, was performed automatically by the QUANTAX software.

Results

Micro/nanostructure

Rich literature is dedicated to the nacreous layer of the adult Pinctada margaritifera shells, because of its commercial interest in jewellery. Adult shells comprise two main calcified layers: an inner thick nacreous aragonitic layer and an outer thin black calcitic prismatic layer (Fig. 1a). Prodissoconch I is the first shell in the larval stage showing a micro-granular structure. A thin prismatic structure visible in the middle of prodissoconch II, is absent at the growing edge [START_REF] Mao Che | Developmental aspects of biomineralisation in the Polynesian pearl oyster Pinctada margaritifera var. cumingii[END_REF][START_REF] Yokoo | Microstructures of the larval shell of a pearl oyster, Pinctada fucata, investigated by FIB-TEM technique[END_REF]. Here, only the prismatic layers in both juvenile and adult shells are described. SEM imaging in vertical sections of an adult shell shows that the two main shell layers, the aragonitic nacreous layer and the calcitic prismatic layer, are not in direct contact.

They are separated by a thick organic membrane at the end of the prism, then by an irregular layer of fibrous aragonite (Fig. 2a). On a fractured shell, the prisms are parallel and straight; a closer examination reveals two types of prismatic layers, smaller ones that appear smooth and larger ones that have a more rugged appearance. (Fig. 2b,c). The smooth prisms compose the outer part of the shell. In polished vertical sections, it is clearly seen that the boundary between the two sublayers is abrupt (Fig. 2d). The inner structure of the prisms is complex (Fig. 2e,f); the organic inter-prismatic membranes (or envelopes) are preserved in fixed and etched samples using chromium sulphate, as well as intra-prismatic longitudinal membranes and numerous organic growth layers (Fig. 2e). The same arrangement is visible using another etching solution, despite the inter-prismatic and intra-prismatic organic membranes are not preserved (Fig. 2f).

In sections etched in a solution of alcalase, the inter-prismatic membranes are preserved, while the intra-prismatic membranes are destroyed (Fig. 2g,h). This is indicative for the differences in the structure and/or the composition of the inter-and intra-prismatic organic membranes. Acicular crystallites visible in every sector of the prisms (Fig. 2h) are composed of more or less rounded granules (Fig. 2i).

Outer views of juvenile shells are displayed in Fig. 1b,c and Fig. 3a. The prodissoconch stage of the shell does not reveal visible structure (Fig. 1b: P). The boundary between the prodissoconch and the dissoconch is marked with a distinct line (Fig. 1b, arrows). Then, the prismatic layer becomes visible (Fig. 1b,c: PL). At this stage of development, the shell is very thin (~ 10 µm thick). A small marginal depression is present on the outer surface of every small prism (Fig. 3b), and the lateral vertical surface is smooth.

At this stage, the diameter of a prism is larger than its height, and the fibrous aragonitic layer between the nacre and the prisms is present (Fig. 3c). A polished vertical section in a juvenile shell shows the inner structure of the prisms (Fig. 3d) with parallel thin sublayers. These sublayers are not so distinct towards the nacreous layer. Sub-parallel oblique sublayers are still visible within the prisms, but not the intra-prismatic membrane. The inner surface of the prismatic layer covered by the Marsh's membrane does not show intraprismatic membranes (Fig. 3e). Rounded granules surrounded by a thin cortex are the basic components of the intra-prismatic structure (Fig. 3f).

Thin sections of the adult and juvenile shells of Pinctada observed in polarization mode, as well as thick sections observed in epi-polarization mode, also displayed the difference between the multi-sector large prisms (Fig. 4a,d) and the simple structure of the small prisms (Fig. 4b,e). The complex inner structure of the large prisms is emphasized using an edge filter (Fig. 4g), whereas the small prisms do not show such an arrangement (Fig. 4h).

Summarizing the microstructure issue of the Pinctada shell, we can say that for our research the main and most important feature is the sequence of small and large prisms (see Fig. 2c), constituting the prismatic layer. This sequence is schematically depicted in Fig. 5.

The first prismatic layer in the juvenile shell is made of small prisms. But small prisms also exist in adult shells. Every time when a new growth stage is initiated, additional outer "scale" is produced (Fig. 5). The first layer of a new scale is made of small prisms.

The two kinds of prisms are visible throughout the life span of the animal. The outer surface of the growing edge of an adult shell shows the successive growth stages as more or less parallel scales (Fig. 5a). The irregular thickness of the scale is visible in vertical sections (Fig, 5b). In the juvenile shell, the scale comprises only small prisms (Fig. 5c). In adult shells, the scales are composed of more or less regular layers of large and small prisms (Fig. 5d-f). The series of large and small prisms is also displayed in the inner surface near the growing edge of a valve (Fig. 5g). We prepared polished cross-sections of the small and large prisms, cut perpendicular to the growth direction (Fig. 5e,f), which both reveal a polygonal shape of prism habitus, though differing in average size (as expected). These cross-sections were used for X-ray diffraction and EBSD measurements, focusing on the prism orientation, in general, and quantification of the degree of preferred orientation, in particular.

The main part of the Pinna shell is the thick outer calcitic layer, built of parallel prisms (Fig. 6a). A fracture, etched with the large spectrum enzyme alcalase, reveals the oblique inner arrangement within the prisms (Fig. 6b), and the main growth layers in the organic envelopes of the prisms (Fig. 6c). When the inter-prismatic membrane is destroyed, sublayers are visible (Fig. 6d-e). The inner surface of the prisms shows oblique crests (Fig. 6f,g), corresponding to the oblique surfaces of Fig. 6b. Rounded granules with a thin cortex are also visible (Fig. 6h). The differences of the inner structure of the prisms of Pinna and the large prisms of Pinctada are clearly visible in thin sections observed in polarization mode, as well as using epi-polarization for thick samples (Fig. 4c,f). No inner structure is revealed using the edge filter (Fig. 4i).

XRD results

In diffraction profiles taken with large and small prisms of Pinctada margaritifera (see Fig. 7), the diffraction intensity is re-distributed drastically as compared with that for random calcite powder. In calcite, the structure factor for the (104)-reflection is much higher than for all other reflections. Correspondingly, in powder diffraction, all reflections are much weaker than the (104)-reflection, which intensity is taken as 100%. For example, the intensity of the most relevant for further analysis the (110)-reflection is only 14.7 % (JCPDS file 47-1743). Therefore, we use logarithmic intensity scale (normalized to the intensity of the strongest diffraction peak) for better presentation of weak reflections (Fig. 7a,b).

In fact, in both profiles plotted in Fig. 7a, b, the (110)-reflection is the strongest, while the (104) diffraction intensity is greatly reduced. These features indicate preferred orientation of the (110)-type for atomic planes parallel to the sample surface. It also implies that the c-axis is mostly situated within the surface plane, which is confirmed by the weakness of the (006)-reflection (practically zero for large prisms, Fig. 7a). Following the reduction of the (104)-intensity and (006)-intensity in our samples, we can say that preferred orientation is much stronger in large prisms than in small ones.

In order to quantify the degree, η, of the (110)-preferred orientation, we use an analytic procedure, developed by [START_REF] Zolotoyabko | Determination of the degree of preferred orientation within the March-Dollase approach[END_REF][START_REF] Zolotoyabko | Fast quantitative analysis of strong uniaxial texture using a March-Dollase approach[END_REF] for uniaxial texture in the framework of the March-Dollase model [START_REF] Dollase | Correction of intensities for preferred orientation in powder diffractometry: application of the March model[END_REF]. In this approach, the strength of preferred orientation depends on a single parameter, 0 < r ≤ 1, which is called the March parameter. Preferred orientation becomes stronger, when the r-value tends to zero, whereas r = 1 is characteristic for random powder. In case of rather strong preferred orientation (texture) that we observe in our prismatic layers, it is possible to quantify the texture by comparing the intensities of two reflections, H =(HKL) and h = (hkl). The former is the reflection from the preferentially oriented crystal planes (i.e. ( 110)) and the latter is usually taken as the strongest reflection of a random powder (i.e. ( 104)). In case of preferred orientation, the intensity ratio in the March-Dollase model, ( 1) is larger than that for random powder, k p . Here in Eq. ( 1), α is the angle between the two vectors of reciprocal lattice, H and h. After extracting the March parameter, r, from the measured intensity ratio (using Eq. ( 1)), the degree of preferred orientation, η (in percent), is calculated as [START_REF] Zolotoyabko | Determination of the degree of preferred orientation within the March-Dollase approach[END_REF]:

.

(2)

Based on the measured ( 110) and ( 104) intensity ratios, we indeed find quite different values, η = 56.7 % and 77.4 %, for small and large prisms, respectively. Adding the (300)reflection intensity to these calculations, i.e. taking into account crystallographic planes of the (100)-type (also parallel to the c-axis), these numbers rise up to η = 72.3 % and 91 % for small and large prisms, respectively. In other words, in both kinds of specimens, crystallographic planes of the (110)-and (100)-type in the majority of the grains are parallel to the surface. The same conclusion is valid for the orientation of the calcite c-axis, situated in the plane of the sample surface. However, the total degree of preferred orientation is much higher in large prisms.

For comparison, we performed similar X-ray diffraction measurements with Pinna nobilis prismatic layers also cut perpendicular to the growth direction. It is well established (see the Introduction section), that in P. nobilis the calcitic c-axis is along the growth direction, i.e. perpendicular to the cut surfaces. As expected, the collected XRD profiles (Fig. 7c) contain only ( 006) and (0012) diffraction peaks, i.e. the first two permitted ones originated from the (001)-crystallographic planes. Evaluating the degree of the (001) preferred orientation in Pinna nobilis in the framework of the March-Dollase approach, yielded η > 91%, which is close to that found for large prisms in P. margaritifera. Certainly, the orientations of the c-axis in these two shells differ by 90 o .

EBSD results

EBSD measurements (see section 2.7) strongly support the main conclusions drawn from the XRD results. Typical EBSD images and orientation maps obtained with polished cross-sections of large and small prisms in P. margaritifera are shown in Figs. 8 and9, respectively. Both types of cross-sections reveal polygonal shape of calcitic prisms with characteristic "grain" sizes being in the range of 20-100 µm for large prisms (Fig. 8d) and 10-40 µm for small prisms (Fig. 9d). In these Figures, the X, Y directions (see also Fig. S1), used below to define the coordinate system for the respective orientation maps, are shown.

The Z-direction (not shown) is normal to the image planes in Figs. 8d and9d.

Both small and large prisms reveal strong texture with the c-axis (the [001]-direction, red colored) being preferably oriented in the plane of the sample surface along the Xdirection (in Figs. 8a and9a). Correspondingly, crystallographic directions [210], [120] (green colored) and the [110]-direction in between (blue colored) are preferably aligned with the Z-direction (normal to the sample surface, see Figs. 8c and9c). For the reader convenience, in Fig. 10 we show interrelation between selected crystallographic directions

[uvw] and vectors of reciprocal lattice (hkl), i.e. normals to crystallographic planes, the latter being used in section 3.2 for describing the XRD data. For example, crystallographic directions [210] and [120] are parallel to the (100) and ( 010) vectors of reciprocal lattice, whereas crystallographic direction [110] is parallel to the (110) vector of reciprocal lattice (see Fig. 10). Based on this information, we can state that the (110)-planes in different grains are mostly parallel to the sample's surface, while the (001) planes are mostly perpendicular to the latter. By comparing colors in Figs. 8 and 9 by eye, we can qualitatively say that the degree of preferred orientation is higher for large prisms.

In fact, for large prisms (Fig. 8), red color dominates in Fig. 8a and is practically absent in Figs. 8c. It implies that in large prisms the c-axis (the [001]-direction) is mostly along the X-axis of the sample. In some grains, the c-axis is along the Y-axis (see Fig. 8b).

Blue/green color (no red) in Fig. 8c means that practically there are no grains with the c-axis normal to the surface of the sample. At the same time, in small prisms (Fig. 9), we see a small number of red-colored grains in Fig. 9c with the c-axis normal to the sample surface.

Maps in Fig. 9a and 9c are mixed in colors evidencing more homogeneous re-distribution of the c-axis (red color) between the X-and Y-axes. All this is in excellent agreement with quantitative XRD results.

Discussion

The presence of small and large prisms, separated by a sharp boundary, previously described by [START_REF] Cuif | Biominerals and fossils through time[END_REF] and [START_REF] Checa | Crystallographic orientation inhomogeneity and crystal splitting in biogenic calcite[END_REF] is confirmed. The composition of the boundaries visible in the large prisms is not established yet. It can be said, from enzymatic etchings and XANES maps of organic sulfur, that they differ from the outer thick organic walls [START_REF] Dauphin | In situ chemical speciation of sulfur in calcitic biominerals and the simple prism concept[END_REF], but the presence of ACC cannot be excluded [START_REF] Okumura | Characteristics of biogenic calcite in the prismatic layer of a pearl oyster, Pinctada fucata[END_REF]. Optical and electronic microscopies reveal some microstructural differences between the small and the composite large prisms of Pinctada. Furthermore, crystallographic orientation in both large and small prisms of Pinctada differ from the prisms of Pinna, despite being built of the same mineral, i.e. calcite. Our X-ray diffraction and EBSD analyses confirm these conclusions.

Orientation of the c-axis

More specifically, our X-ray diffraction and EBSD results undoubtedly demonstrate striking dissimilarities between the growth modes of calcitic prisms in Pinctada margaritifera and Pinna nobilis, the orientation of the calcite c-axis being predominately along the growth direction of individual prisms in P. nobilis, while mostly perpendicular to it in P. margaritifera. In the latter, the preferred orientation is stronger for large prisms, as compared to small prisms. These differences are schematically depicted in Fig. 11, in which the Z-axis is along the growth direction of individual prisms (colored in grey), whereas the X-Y-plane is perpendicular to it. In P. nobilis, the c-axes of the calcite unit cells (indicated by black hexagonal units in Fig. 11) are along the Z-direction. In contrast, in large prisms of P. margaritifera, the c-axes of the calcite unit cells (indicated by blue hexagonal units in Fig. 11) are perpendicular to the Z-axis and situated along the X-direction (see also Figs. 8a and8c). In small prisms, the c-axes of calcite unit cells (colored in red in Fig. 9) are also predominantly perpendicular to the Z-direction (see Figs. 9a and9b), but their orientations in the X-Y plane are distributed more homogeneously (compare with Figs. 8b and9b). In fact, in the majority of grains in large prisms, the c-axis is along the X-direction (red color in Fig. 8a), while very little along the Y-direction (red color in Fig. 8b). In contrast, red color comprises much more area in Fig. 9b, evidencing that substantial amount of grains in small prisms has the c-axis along the Y-direction.

Origin of the differences

Biogenic composites and biogenic calcites, in particular, comprise organic components (inter-crystalline and intra-crystalline), which drastically increase their fracture toughness (see e.g. [START_REF] Dunlop | Biological composites[END_REF]. In addition, organic macromolecules have strong effect on biomineral crystal growth. For example, the sizes of crystal blocks, which coherently scatter X-rays in sea urchin spines, are determined by inter-crystalline organics [START_REF] Aizenberg | Control of macromolecule distribution within synthetic and biogenic single calcite crystals[END_REF]. Similar effect was discovered in individual calcitic prisms of Pinna nobilis shell; moreover, these sizes are drastically changed upon mild heating (Pokroy et al., 2006a), which causes the destruction of organic macromolecules. Based on the detailed AFM studies, De [START_REF] De Yoreo | Shaping crystals with biomolecules[END_REF] proposed that small amounts of biomolecules can strongly influence biocrystallization. This is achieved by blocking some selected, "sensitive" regions on the growing atomic planes, namely, terrace-ledge kinks. The latter play the most active role in the build-up of the crystalline layers and, correspondingly, the development of particular crystal faces.

Furthermore, many mollusk shells reveal organics-mediated anisotropic lattice distortions [START_REF] Zolotoyabko | Anisotropic lattice distortions in biogenic minerals originating from strong atomic interactions at organic/inorganic interfaces[END_REF]. In calcitic shells, the magnitude of these distortions along the c-axis increases with the sulfur content (Pokroy et al., 2006b), the latter being associated with intra-crystalline organics. So, we suggest that the differences in growth mode observed in the prisms of Pinna, and large and small prisms of Pinctada are also induced by some differences in the contents of organic components.

Bearing these considerations in mind, we performed careful elemental analysis of large and small prisms of Pinctada margaritifera (Fig. 12), including Ca, Mg, Sr, Na and S, the latter (i.e. S) being characteristic for specific proteins and polysaccharides. For this purpose, we used electron probe micro-analysis (EPMA) and laser ablation -inductively coupled plasma -mass spectrometry (LA-ICP-MS) (see Supplementary Materials S2). First, we note that Mg-ratio is about 4/3 in favor of small prisms. However, it is commonly accepted that Mg is isomorphously replacing Ca in calcite lattice and, to the best of our knowledge, is not attached to organic molecules in biogenic calcite.

Most striking difference we found for sulfur content equal 0.33 and 0.046 wt. % in small and large prisms, respectively; the ratio being 7.2 in favor of small prisms. We stress that as was previously shown by electrophoretic data (Fig. S3a) and XANES analyses (Fig. S3b,c), the organic matrices extracted from the prismatic layers of Pinna are mainly composed of acidic sulfated sugars, whereas those of Pinctada are mainly proteins [START_REF] Dauphin | Soluble organic matrices of the calcitic prismatic shell layers of two pteriomorphid Bivalves: Pinna nobilis and Pinctada margaritifera[END_REF]. Lipids are also dissimilar [START_REF] Dauphin | Mollusk Shells: Does the Nacro-prismatic "Model" Exist? In Biomineralization -From Molecular and Nano-structural Analyses to Environmental[END_REF]) (Fig. S3d).

These results are further supported by Raman spectroscopy. Raman spectra of large and small prisms of Pinctada show the main characteristic active carbonate modes at 711 cm -1 (in-plane C-O bending, ν 4 ) and the 1085 cm -1 (symmetric C-O stretching, ν 1 ). These similar spectral bands in small and large prisms of Pinctada margaritifera match well the spectral features in Pinna nobilis (see Fig. 13). Direct comparison between Raman band intensities in P. nobilis and P. margaritifera is impossible since for our analyses we have to normalize the collected spectra by the intensity of the strongest calcite line, ν 1 . The latter intensity depends on the direction of the calcite c-axis with respect to the incident laser beam, the corresponding angle being 0 for the investigated Pinna samples and 90 o for Pinctada samples. However, this comparison is feasible for large and small prisms in P.

margaritifera.

As a result of such comparative analysis, we can say that the amount of organic substance is larger in small prisms that is evidenced by the enhanced Raman intensity in the spectral interval between 2500 and 3000 cm -1 (outlined by dashed ellipse in Fig. 13), i.e. in the characteristic region of the C-H stretching mode. The prisms of Pinctada are black, those of Pinna are orange -red. Porphyrins and melanin have been detected in Pinctada [START_REF] Comfort | The pigmentation of molluscan shells[END_REF][START_REF] Sawada | Biochemical studies on the pearl oyster, Pinctada martensii (Dunker). Porphyrin pigments on the shell[END_REF]Jabbour-Zahad et al., 1992;[START_REF] Iwahashi | Porphyrin pigment in black-lip pearls and its application to pearl identification[END_REF] and Pinna [START_REF] Comfort | The pigmentation of molluscan shells[END_REF][START_REF] Arma | Red fluorescence lamellae in calcitic prismatic layer of Pinctada vulgaris shell (Mollusc, Bivalvia)[END_REF]. Some bands between 1320 and 1565 cm -1 are known for melanin. It must be noted that bands usually assigned to chitin have not been detected in any of the three types of prisms.

A higher organic content in small prisms is in agreement with the enlarged sulfur content in the latter, as compared to large prisms (Fig. 12). Furthermore, plotting in Fig. 14 the amount of sulfur in large and small prisms of Pinctada margaritifera, together with that measured in calcitic prisms of Pinna nobilis (0.96 wt.%, Pokroy et al., 2006b), we find remarkable differences not only between small and large prisms of Pinctada margaritifera, but also between Pinctada margaritifera and Pinna nobilis. We also stress that the organic matrices in Pinna and Pinctada are essentially different, containing sulfur-rich polysaccharides in the former, while sulfur-depleted proteins in the latter.

We hypothesize that namely these differences are responsible for dissimilar modes of growth of calcitic prisms in Pinna and Pinctada. More specifically, we think that sulfurcontaining intra-crystalline organics is blocking the lateral growth of the (001)-planes in Pinna and therefore calcitic prisms grow by developing other planes along the c-axis. In contrast, in the practical absence of the sulfur-containing organics in Pinctada, the lateral growth of the (001)-planes is not blocked and namely this lateral growth is responsible for prisms' growth perpendicular to the c-axis. Small prisms of Pinctada show intermediate behavior. These arguments are schematically illustrated in Figure 11. Certainly, actual mechanism of controlling the c-axis orientation in calcitic prisms may be much more complicated. For example, it should uncover the role of the intra-prismatic membranes in the large prisms of Pinctada, which is unknown yet.

Concerning inter-crystalline organics, we can say that in mollusk shells, the structural units (prisms, tablets, etc.) are surrounded by organic membranes. These membranes are particularly thick in both shells of Pinna and Pinctada, and it is now known that they comprise soluble and insoluble organic matrix [START_REF] Dauphin | Comparison of the soluble matrices of the calcitic prismatic layer of Pinna nobilis (Mollusca, Bivalvia, Pteriomorpha)[END_REF]. The first stage of the prismatic units in Pinctada is an organic nodule, and amorphous CaCO 3 has not been detected by [START_REF] Suzuki | Initial formation of calcite crystals in the thin prismatic layer with the periostracum of Pinctada fucata[END_REF], in contrast with the case of sea urchin [START_REF] Politi | Sea urchin spine calcite forms via a transient amorphous calcium carbonate phase[END_REF].

Note that the diversity of orientation of c-axis in calcitic skeletons showing similar morphology and microstructural units observed in pteriomorphids is not unique. Orientation of c-axis of calcite in the plate of the skeleton of echinoderms is taxonomically dependent:

the c-axis of Eucidaris is almost parallel to the surface of every plate, while perpendicular to the surface of every plate in Strongylocentrotus [START_REF] Raup | Crystallographic data in Echinoderm classification[END_REF]. Until now, the origin of these differences was not known.

Conclusions

In this research, we investigated the morphology of the calcitic prismatic layers in the pearl oyster shells of Pinctada margaritifera. Optical microscopies and SEM images show the difference between two kinds of prisms, but do not allow to determine the orientation of crystallographic axes. Using X-ray diffraction and EBSD, we showed that the growth direction of individual prisms is mainly perpendicular to the c-axis of calcite lattice. This observation is in striking difference with what is known for the shells belonging to Pinna or Atrina genera, in which the c-axis is along the prisms' growth direction. We relate these dissimilarities to different amounts of sulfur-containing organics detected by elemental analysis. Whereas sulfur concentration in Pinna nobilis and Atrina rigida is 0.96 wt. % (Pokroy et al., 2006b), these numbers are substantially lower in Pinctada margaritifera, 0.33 and 0.046 wt. %, for small and large prisms, respectively. The differences of organic contents (proteins, sugars, lipids) in Pinna and Pinctada have been previously reported [START_REF] Dauphin | Soluble organic matrices of the calcitic prismatic shell layers of two pteriomorphid Bivalves: Pinna nobilis and Pinctada margaritifera[END_REF][START_REF] Dauphin | In situ chemical speciation of sulfur in calcitic biominerals and the simple prism concept[END_REF][START_REF] Dauphin | Mollusk Shells: Does the Nacro-prismatic "Model" Exist? In Biomineralization -From Molecular and Nano-structural Analyses to Environmental[END_REF].

Important conclusion, which follows from this research, is that the morphology of biogenic calcitic prisms is determined not only by atomic structure of calcite, as was believed before, but largely by organic components, the presence or absence of which are drastically changing the growth mode. The X and Y axes are indicated in (d), the latter showing the SEM image of prisms' crosssection. The Z-axis is normal to the cross-section plane. Calcite units with their c-axes are colored in black for Pinna nobilis, while in red and in blue for, respectively, small and large prisms in Pinctada margaritifera. given for comparison. Raman bands of calcite, as commonly accepted (see e.g. [START_REF] Bischoff | Carbonate ion disorder in synthetic and biogenic magnesian calcites: a Raman spectral study[END_REF], are marked by T, L, ν 1 , ν 2 , ν 3 , and ν 4 . 

Legends

Fig. 1 .

 1 Fig. 1. Shells' morphology for Pinctada margaritifera (a-c) and Pinna nobilis (d, e). Inner view of a valve of an adult specimen (a); outer view of a juvenile specimen (b); outer view of the juvenile shell (c) showing the prodissoconch (P); outer view (d) showing the scaly surface; inner view (e) showing the nacreous (N) and prismatic layers (PL).

Fig. 2 .

 2 Fig. 2. Microstructure of the prismatic layer in the adult shell of Pinctada margaritifera.

Fig. 3 .

 3 Fig. 3. Microstructure of the prismatic layer in the juvenile shell of Pinctada margaritifera. a: outer view showing some growth lines. b: outer surface of the small prisms. c: fractured surface showing the small smooth prisms, the fibrous aragonite (FA), and the nacreous layer (N). d: polished section showing the inter-prismatic membranes and the oblique sublayers within the prisms (dotted lines). e: non-etched inner surface with the polygonal shapes of the prisms, the Marsh's membrane, and an internal granular structure. f: AFM phase image of non-etched surface showing the inner prismatic rounded granules.

Fig. 4 .Fig. 5 .

 45 Fig. 4. Optical observations. a-c: thin transverse sections in cross Nicols polarisation mode. a: Pinctada large prisms showing the sectors and intra-prismatic organic membranes. b: Pinctada small prims. c: Pinna prisms. d-f: epi-polarisation of cross sections. d: large prisms of Pinctada. e: small prisms of Pinctada. f: prims of Pinna. g-i: inter-prismatic envelopes

Fig. 6 .

 6 Fig. 6. Structure of the prismatic layer of Pinna nobilis. a: vertical fracture showing the regular parallel prisms. b: fracture etched with alcalase for 26 h at 37° showing oblique structures. c: same samples showing major growth lines in the interprismatic envelopes. d: detail of the same, the interprismatic envelope has been partially destroyed showing sublayers. e: outer surface of a prism showing thin growth lines; interprismatic envelopes are destroyed using NaOCl for 1h at room temperature. f: inner surface of the shell cleaned using H 2 O 2 30% for 50 min at room temperature, showing the oblique crests. g: AFM height image of the same sample. h: AFM phase image of the granules of the prisms.

Fig. 7 .

 7 Fig. 7. XRD profiles taken from the cross-sectional surfaces in: large (a) and small (b) prisms of Pinctada margaritifera, as well as Pinna nobilis (c).

Fig. 8 .

 8 Fig. 8. EBSD results obtained with large prisms of Pinctada margaritifera: Orientation maps for the X (a), Y (b), and Z (c) sample axes. Crystallographic directions are colored according to the upper insert ([001] -in red, [210] and [120] -in green, [110] -in blue).

Fig. 9 .

 9 Fig. 9. EBSD results obtained with small prisms of Pinctada margaritifera: Orientation maps for the X (a), Y (b), and Z (c) sample axes. Crystallographic directions are colored according to the upper insert ([001] -in red, [210] and [120] -in green, [110] -in blue).The X and Y axes are indicated in (d), the latter showing the SEM image of prisms' crosssection. The Z-axis is normal to the cross-section plane.

Fig. 10 .

 10 Fig. 10. Interrelation between crystallographic planes (hkl) (in black) and crystallographic directions [uvw] (in green) in the basal plane of calcite. Lattice translations are marked as a 1 and a 2 .

Fig. 11 .

 11 Fig. 11. Schematic illustration of the dissimilar growth modes of calcitic prisms (grey color) in Pinna nobilis (left-hand panel) and in Pinctada margaritifera (middle and right-hand panels). The X, Y, and Z axes correspond to those used for EBSD maps in Figs. 8 and 9.

Fig. 12 .Fig. 13 .

 1213 Fig. 12. Results of elemental analysis in small (red) and large (blue) prisms of Pinctada margaritifera.

Fig. 14 .

 14 Fig. 14. Sulfur content in small (red) and large (blue) prisms of Pinctada margaritifera, as compared to that in Pinna nobilis (black).
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