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Abstract

Development and evolution of the shell in cephalopods is difficult to establish as there is few
species with a calcified shell that could be fossilized (stable in geological time). Internal
cuttlebone of sepiids is so particular that homologies are difficult to find. The developmental
sequence in embryos give some response elements by comparison with adult cuttlebone. The
macro and microstructure of adult shell is well known but an approach at nanostructural level
allows to determine structure and composition of the two main parts, the dorsal shield and
chambered part. We evidence in the embryonic shell, mainly organic, a light calcification of the
shell, which occurs directly as aragonite, as it is all along the formation of the shell and whatever
the parts. In embryonic shell, the prismatic and/or lamellar layers, present in adult, are not
differentiated and the dorsal shield grows progressively, from posterior to anterior. Despite
microstructural differences, all layers of both chambered part and dorsal shield are composed of
rounded nanogranules (between 50 and 100 nm), similar to what is found in other mollusc shells.

Finally, the presence of pillars evidenced in embryo suggests either that their absence in extinct
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lineages of sepiids is the result of a diagenetic process or that they are a novelty in present sepiid

species.

Keywords Sepia — embryonic shell - structure - composition

Introduction

Mollusks are a major group of marine organisms. Among them, cephalopods received a peculiar
attention in different fields of research. They are able to synthesize inner or outer shells and are
consequently of interest in biomineralization (Mutvei 1964; Dauphin 1979, 1981; Lowenstam
and Weiner 1989; Bandel 1990; Marie et al. 2009; Cuif et al. 2013; Checa et al. 2015; Le Pabic
et al. 2016) as well as from an evolutionary point of view (Haas 2003; Kroger et al. 2011,
Allcock et al. 2015). Known since the Paleozoic era, they are used in palaeontology as good
stratigraphic markers because of calcified shells, fast evolution and large dispersion of major
extinct species. Only three extant cephalopod genera are able to build a calcified shell: external
in Nautilus, internal in Spirula and Sepia. For this particularity, they are used in biomimetic and
biomedical research (Ogasawara et al. 2000; Kim et al. 2012; Karthika et al. 2016). Recently,
calcified processes have been studied in the context of global change and ocean acidification
(Gutowska et al. 2008; Dorey et al. 2013; Sigwart et al. 2015).

Sepia officinalis Linnaeus, 1758 and Sepia pharaonis Ehrenberg, 1931 are the most
studied species, notably because of their abundance and commercial interest as seafood
(Bettencourt and Guerra 2001; Sykes et al. 2014).

One of the first detailed microstructural analyses of the shell and the living tissues of
Sepia officinalis was that of Appell6f (1893). The proostracum (dorsal shield component), the
ventral part with pillars and lamellae, the fork, the siphonal tube and the rostrum were identified
by Naef (1922). The continuity of the layers in dorsal shield and rostrum was described, as well
as the presence of chitin (Appell6f 1893; Naef 1922). Numerous comparative studies have been
done to establish homologies of the different parts of the shell of present versus fossil coleoids.
In his comprehensive work on the structure and mineralogy of mollusc shells, Boggild (1930)

noted that the dorsal shield is composed of three layers, the median layer being fully organic in
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the lateral part, and more or less calcified in the middle of the cuttlebone. He also showed that all
the layers of Sepia are aragonitic, the dorsal shield and the rostrum being prismatic. As other
cephalopod shells, the aragonite has a low Sr content (Dauphin et al. 2007; Florek et al. 2009).
The structure of the chambered part and the labyrinthine (“meanderlike”) organization of the
pillars/walls were also described and illustrated. Barskov (1973) used SEM to observe the minute
structure of the cuttlebone and described the microstructure of the septa. A comparison of some
Sepia species has shown that despite differences in the morphology of the cuttlebone, their
arrangements and microstructures are similar (Dauphin 1981). The regular layered structure of
the septa of Spirula was described by Grégoire (1961, 1967), who called it “nacre” despite the
absence of tablets. The same structure was also called “lamellar fibrillar structure” (Erben 1972)
or “type Il nacre” (Mutvei 1970), then lamello-fibrillar nacre (Mutvei 2016). Such a structure
was also found in Sepia (Dauphin and Keller 1982; Doguzhaeva and Dunca 2015).

Recently an analysis of the cuttlebone using for the first time CT-scan has drawn a
dynamic 3D image of the development and growth of the shell from embryo to adult (Le Pabic et
al. 2019).

Most studies dealing with the microstructure and composition of the cuttlebones were
performed on adult samples. For example, the presence of chitin and proteins in the adult
cuttlebone has been shown by Degens et al. (1967), Drozdova et al. (1971), Hunt and Nixon
(1981).

The first studies on embryonic shell of S. officinalis and S. pharaonis were done by
Bandel and Boletzky (1979), then detailed by Sen (2013) and Le Pabic et al. (2016, 2019), but
the microstructures and compositions of the calcified parts of Sepia embryonic shells remained
to be more accurately characterized.

In this study, we therefore examined the microstructures and nanostructures of the
calcified parts of Sepia officinalis embryonic shells, with some data on their composition, in
comparison to the adult cuttlebone and other mineralized structures synthesized by mollusks. In
addition to the understanding of variation in building the shell during development and growth of

animal, our study brings new information on shell evolution within mollusks.
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Material and methods

Materials

Sepia officinalis adult shells were collected on beaches in Normandy (France). The
maximal length of the cuttlebones was 30 cm.

S. officinalis eggs were collected in Luc-sur-Mer (Normandie, France) and kept in the lab
in artificial sea water (salinity: 35 ppt - closed circulatory system), at 18°C. Eggs were opened
and the embryos (whose stage is determined by morphological characteristics) were immerged in
sea-water with 5% Ethanol, following recommendations of Buttler-Struben et al. (2018) and
Winlow et al. (2018) and according to directive 2010-63-UE and French decree 2013-118.
Cuttlebones were obtained by dissection. All soft tissues were removed and the cuttlebones were
kept dried.

Naef (1922, 1928a, 1928b) has divided the embryonic period into stages, specified later
by Lemaire (1970) and Boletzky et al. (2016). We used the Lemaire and Boletzky et al. staging
in this study. Stages from the beginning of matrix shell formation (stage 24), beginning of
mineralisation (and first chamber, stage 25) to early final stage 30 (6 to 8 chambers) were
analysed.

Crab chitin (Sigma Aldrich) and Bovine serum albumin (BSA, Eurobio) were used as
references for the organic components. A marine non biogenic aragonite (botryoidal aragonite)

was selected as a mineral reference.

Scanning electron microscopy (SEM)

A Philips XL30 and a Zeiss Gemini LEO 1550 were used on coated samples. Secondary electron
images are indicated as SE-SEM in the legends. A FEI FESEM Quanta F600 and a Phenom Pro
X were used for images in back scattered electron mode (BSE-SEM). In this technique, imaging
contrast depends on the atomic number of the atoms composing the substrate material: the
organic structures appear in black, in contrast to the mineral units with heavier chemical
elements (Ca, Sr). The sample does not need to be covered by a conductive layer, so that the
same sample can be used for SEM and AFM observations.

Fractured shells and polished samples were observed. Samples embedded in resin were
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polished using various grades of diamond paste down to a final 0.25 mm grade. The polished
surfaces were then cleaned with a detergent mixed with hot water for 1 min under ultrasonication
to remove any oil residue from the pastes and rinsed with water. Then, according to the
technique subsequently employed, additional preparative procedures were undertaken, the details
of which are given in the figure captions.

Figure S1 displays the used terminology for the orientation of the sections.

Atomic Force Microscopy (AFM)

Samples were studied using a Nanoscope Illa multi-mode scanning probe microscope operating
in tapping mode. The tapping mode AFM utilizes an oscillating tip with amplitude of
approximately several tens of nm when the tip is not in contact with the surface. The resolution
of tapping mode AFM is in the order of a few nm. Phase imaging is a powerful extension to
detect variations in chemical composition, friction and other physical properties. The AFM
sensor oscillates over the surface sample, and the amplitude of the oscillation is used to control
the scanner. An image can be formed from this amplitude signal that emphasizes the details of
the sample surface.

Compared with conventional secondary electron imaging SEM (SE-SEM), AFM
provides topographic direct height measurements and views of surface features since no coating
IS necessary. Moreover, three-dimensional nanoscale resolution AFM images are obtained
without the time-consuming sample preparation (e.g. decalcification, thinning...) required for

similar resolution Transmission Electron Microscopy examination.

Fourier Transform Infrared Spectrometry (FTIR)

All spectra were recorded at 4 cm™ resolution with 16 scans on a Perkin-Elmer Frontier Fourier
transform infrared spectrometer (FTIR), in the wavenumber range 4000 to 450 cm™. The
spectrometer was equipped with a Diffuse Reflectance accessory, which permits DRIFT
measurements with high sensitivity on powders. All spectra were corrected by the Kubelka-
Munk function. A background spectrum was measured for pure KBr. Sample spectra were

automatically ratioed against background to minimize CO2and H>O bands. Correlation
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coefficients between two spectra of the same samples were about 99%. The dorsal shield and the
ventral zone were mechanically separated in adult samples, immersed in 3% NaClO for 1 h to

remove organic contaminants, rinsed with Milli-Q water, dried, and ground into powder.

Micro-Raman spectroscopy

The Raman spectra were recorded with a LabRam HR 800 spectrometer (Horiba Jobin Yvon)
equipped with a Peltier cooled CCD detector and using the 514 nm line of a water-cooled Ar+
laser (Innova 90C, Coherent Inc.). Raman scattering is collected via a microscope (Olympus)
equipped with a 50x long working distance objective, allowing a laser spot size of about 5 pm.
The laser power at the sample is between 2 and 3 mW. The spectrometer is equipped with a 600
lines/mm grating and allowing a 2 cm™ spectral resolution on the range 100-1700 cm™,
Calibration has been checked with respect to the 520.7 cm™ band of silicon. Typical recording

times consist of 3 accumulations of 10 s.

Calcein labelling

Stage 25/26 and 30 embryos were incubated in vitro in calcein-containing seawater (30 mg/L;
CNAM, Sigma) during 24h followed by 48h incubation in seawater without dye. Then shells
were removed from frozen embryos and observed using a Leica DM-IRB microscope.

Results

Morphology - terminology

The descriptive terminology of the cuttlebone and the comparisons with external shells differ
according to the authors. Here, we used the main terms defined by Barskov (1973). The adult
cuttlebone is divided into two main parts: the compact dorsal shield and the porous ventral zone,
called chambered part (Fig. LA). The ventral zone contains the septa, the siphuncular zone and
the fork (Fig. 1A); the posterior part of the cuttlebone is sharp and called rostrum or spine (Fig.

1B). In embryo, the dorsal shield is thin, and thanks to transparency, the complex outlines of the
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first septa are visible (Fig. 1C). The growth occurs anteriorly by a ventral addition of new septa,
delimitating chambers sustained by pillars, all being slightly mineralized (Fig. 1D-F). The fork,
wings and rostrum are absent in the embryo cuttlebones (Fig. 1C, D). At hatching, the shell is
composed of 6 to 8 chambers (Fig. 1F).

The organization of the adult cuttlebone has been repeatedly described, so that only the

main features are here shown. The microstructure and nanostructure are detailed and illustrated.

Dorsal shield (= outer wall)

Adult shell

Three main layers are present in the dorsal shield (Fig. 2A, B): a thick prismatic outer spherulitic
layer, a layered median layer (type 11 nacre or lamello-fibrillar nacre) and a thin prismatic inner
layer. The outer spherulitic prismatic layer is composed of several sublayers (Fig. 2A, B). The
thickness of the sublayers is irregular, because of the spherulites seen on the outer surface and
described as tubercles (Appell6f 1893). Growth layers are visible, made of elongated crystallites
perpendicular to the sublayers (Fig. 2C). Etched and polished surfaces show the small diameter
(<1 um) of the crystallites of the outer layer, so that they are more acicular than prismatic (Fig.
2D-E). Unetched oblique fractures in these acicular crystallites show the non-geometric shapes
of granules (50-100 nm diameter) (Fig. 2F). The surface of the growth layers of the spherulitic
prismatic layer reveals that the granules are not adjacent (Fig. 2G), and the large content of
organic components is shown by AFM phase image contrast, as homogenous dark “flat” zones
(Fig. 2H). The shades of colour in AFM phase image within a granule are indicative of a
heterogeneous composition (Fig. 2I).

The median layer is thinner and shows overlapped sheets. The orientation of the acicular
crystallites differs in every sheet (Fig. 3A). A cross-section shows that the sheets are stacked,
parallel and thin (Fig. 3B, C) and some substructures perpendicular to the sheets are visible (Fig.
3C, stars). AFM height images show that a sheet is composed of rounded granules (Fig. 3D, E),
and that the granules have a heterogeneous composition, as shown by shades of colour in phase
contrast image (Fig. 3F).

The inner layer is prismatic and thin (Fig. 3G). Elongated crystallites are more or less

divergent towards the ventral side of the shell (Fig. 3G). At larger magnifications, granules are
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irregular and do not seem aligned (Fig. 3H). They are composite (Fig. 31), as shown by AFM

phase image.

Embryonic shell

The embryonic dorsal shield begins to be organized and grows from posterior to anterior.

At stage 24, the shell is still organic and the mineralization, even low, starts at stage 25 (Fig. 4A
and see below, Raman analysis). At stage 27, the thickness of the dorsal shield is about 15
microns (Fig. 4B-C). The prismatic structure of the outer layer (OP) is not well defined (Fig.
4D), and the elongated crystallites are not distinct (Fig. 4D). No sublayer is visible. The median
layer seems to be entirely organic (Fig. 4E) and no inner arrangement is evidenced. The inner
layer, IP, is similar to the outer layer, OP (Fig. 4D), with a somewhat indistinct arrangement.
Nevertheless, in some samples (the oldest one, i.e. stage 30), the elongated crystallites
perpendicular to the boundary of the layer are visible (Fig. 4E, F), so that this layer is said to be
prismatic. AFM phase images of the dorsal shield show rounded granules, and parallel elongated
structures (Fig. 4G). Elongated structures are composed of several parallel units, the diameter of
each one rangin4 from 20 to 50 nm (Fig. 4H). In the three layers of the dorsal shield, similar
rounded granules are present. They are surrounded by a cortex, as shown by amplitude, phase
and height images (Fig. 41-K, c). In phase image (Fig. 4J), the cortex is darker than the inner part
of the granules, so that it contains more organic components. The presence of amorphous
calcium carbonate cannot be excluded. The maximal observed diameter of the granules is about
100 nm.

If the adult dorsal shield comprises three layers, at stages 27-30 the layers and structures
are not very distinct. At stage 28, near the growing edge and on the lateral parts of the dorsal
surface, a banding pattern of about 40-50 microns (Fig. 5A, B) and another one with thinner
growth lines are present (Fig. 5C). The first tubercles resulting from the irregular thickness of the
growth layer of the dorsal shield are visible (Fig. 5D). The posterior limit of every septum
corresponding to the aperture is easily identified on the ventral face (Fig. 5E-G). The most
posterior is a circular aperture corresponding to the open siphuncle (Fig. 5G).

After 24h in vitro incubation of the embryo in a calcein-containing sea water, and

observations using light and fluorescence microscopy, the progressive antero-posterior
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development of the shield covering progressively the growing septum by irregular waves (Fig. 5

H-K) is well visible as well as the development of the pillars in each chamber (Fig. 5 I-K).

Ventral zone: chambered zone, septa
Adult shell
The ventral zone is porous. Longitudinal sections show parallel septa on which vertical pillars
are inserted (Fig. 6A, Fig. S2A) so that chambers are reinforced. Pillars are covered by an
organic membrane (Fig. 6B, C, m) with extensions parallel to the septa (Fig. 6B). In the adult
chambers, minor growth zones are visible on the pillars (Fig. 6D, E). When the organic
membranes on the surface of the pillars are removed, a granular structure is revealed, the
granules being more or less arranged in columns (Fig. 6F, Fig. S2B). The average diameter of the
granules is about 50 nm (Fig. 6G). Fractures parallel to the long axis or perpendicular to this axis
show that pillars are not homogenous structures: the central part is hollow or soft (Fig. S2C, D).
Septa are composed of two layers (Fig. 6B, 6H: L). A closer examination shows a thin
prismatic layer with crystallites perpendicular to the septa, and a lamello-fibrillar nacreous layer
(Fig. 6C, H-I). Sections of the lamello-fibrillar nacre of the lamellae show the parallel
arrangement of the superimposed sheets and lamellae seem to be well mineralized (Fig. 6J). The
lamello-fibrillar nacre is composed of overlapped sheets and the orientation of acicular
crystallites differs in two successive sublayers (Fig. 6K-L). The structure of the thin prismatic
layer is similar to that of the inner layer of the dorsal shield.

Embryonic shell

As for the dorsal shield, the chambered part is not fully calcified so that the detailed
structure is difficult to decipher. The outlines of septa are emphasized by the presence of more or
less calcified zones, as shown by BSE images (Fig. 5E-G).

Septa comprise two parts: the pillars, perpendicular to the outer surface of the shell, and
thin lamellae parallel to the outer surface of the shell. Pillars are not arranged in walls as in the
adult shell, but they are isolated and their outline shows multiple folds (Fig. 7A, B). At the
insertion of a pillar on a lamella, the basal part of the pillar is enlarged (Fig. 7C). Pillars are often
branched (Fig. 7D, E, Fig. S2E). The surface of the lamellae between the pillars shows small
granules (Fig. 7F, Fig. S2F). They are probably covered by a thin organic membrane, but no
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horizontal extensions are present. The pillars are composed of successive growth layers (Fig. 7D,
E), and transverse sections show that the outer peripheral layer is more calcified (Fig. 7F).

The septum building starts with the secretion of a chitinous layer visible on the edge of
the ventral zone (Fig. 5F, star). Lamellae on which pillars are inserted are composed of two
layers, a prismatic layer and a lamello-fibrillar nacre, as observed in adult (Fig. 7G, H: L). The
insertion of a septum on the dorsal shield in an embryonic shell does not show distinct structures
(Fig. 71). The two layers of the lamellae between the pillars are nanogranular (Fig. 7J), granules
being embedded in an abundant matrix, probably organic as shown by AFM phase image (Fig.
7K, L). It must be noted that in adult shell, pillars merged in a zig zag pattern, while they are
clearly separated and curly in embryonic shells (Fig. S2G).

Incubation of embryos in calcein-containing seawater reveals that calcification occurs in
the pillars as soon as they start to grow from a dorsal septum to the future ventral one. The
calcification is particularly located at the distal branching ends of each pillar until they connect

with a new septum in formation (Fig. S2H, 1).

Rostrum
In the adult shell, the rostrum is clearly visible as a sharp curved spine (Fig. 8A, B). Such
sections also show the topographic relationships between the ventral fold, the fork, the dorsal
shield and the first septa (Fig. 8A-C). The concentric structure is displayed in a transverse
fracture (Fig. 8D) whereas the layered arrangement is shown in longitudinal sections (Fig. 8E,
F). Despite the continuity between the dorsal shield and the rostrum, the growth layers of the
rostrum are thinner and more regular than those of the dorsal shield (Fig. 8F), the rostrum being
smaller and smoother than the dorsal surface of the shell. No tubercle is present on the rostrum.
The thickness of the growth layers is variable, and these layers are composed of parallel
elongated crystallites, similar to those of the dorsal shield (Fig. 8G). Depending on the
orientation of the section and the thickness of the growth layers, the crystallites are more or less
visible.

The rostrum is not developed at the studied embryonic stages (Fig. 1D-F, Fig. 8H-1). It

starts to differentiate from one month, after hatching.

10
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Fork - ventral process

Fork is in contact and inserted on the inner prismatic layer of the dorsal shield (Fig. 8C, 9A). The
fork is composed of parallel lamellag, the thickness of which is similar to those of the septa (Fig.
9B). Depending on the orientation of the fracture, the aspect of the lamellae differs (Fig. 9B, C),
but a closer examination shows that the compact lamellae comprise two sublayers: one sublayer
is “prismatic” (Fig. 9D, 1), the second one being more “lamellar” (Fig. 9D: 2). The boundary
between these two sublayers is not distinct, and their thickness is irregular. Thus, in some
fractures, one of these sublayers is not pulled out (Fig. 9C).

The ventral fold, also called ventral process (Fig. 8A-B), shows a radial structure,
composed of a series of thin organic and mineralized layers (Fig. 9E). The prismatic structure of
the mineralized layers is similar to that of the outer layer of the dorsal shield (Fig. 9F).

Fork and ventral process are not differentiated in the embryonic shells (Fig. 1C, 4A, E).

Composition of adult and embryonic samples

The spectra of the calcite and aragonite groups are characterized by three major bands attributed
to the carbonate ion CO3%: v3 at 1429 cm!, the v2 doublet 877 - 848 cm™!, and v4 at 713 cm™! for
the calcite group; v3 at 1471 cm™ and two doublets: v2 at 858 - 844 cm™ and v4 at 713 - 700 cm”
! for the aragonite group (Adler and Kerr 1963). The weak v1 band is at 1012 cm™! for calcite and
at 1083 cm™! for aragonite (Jones and Jackson 1993). According to Ylmen and Jiglid (2013), the
v3 asymmetric stretching of COs> has a larger wavenumber range from 1425 and 1590 cm™'.

The FTIR spectrum of the geological aragonite used as standard shows these main features
(Fig. 10).

The dorsal shield and ventral chambered zone of adult shells also displayed the main
bands assigned to aragonite: v1 at 1083 cm™!, v2 doublet at 860-878 cm™! and a doublet v4 at
700-713 cm™!. Strong bands are visible respectively at 1512 and 1514 cm™. Unfortunately, in this
region (1400-1600 cm™), protein and chitin have characteristic amide I and II bands, and
aragonite has an intense v3 vibration band at 1483 cm™. The spectral pattern between 1644 and
1510 cm™! shows 2 intense bands probably indicative of a mixture of organic and mineral (CO3%)
components. The bands at 1657 and 1644 cm™ could be attributed to amide I vibration, whereas,

the bands at 1512 and 1514 cm'! are probably a mixture of amide II and v3 COs? vibrations.

11
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Sugars are common components of the organic matrices extracted from mollusc shells. Bands
between 1050 and 1150 cm™ are known to be characteristic for sugars. Although these bands are
not clearly observed on both spectra, previous results (Le Pabic et al. 2017) and Fig S3 confirm
the presence of sugars (large CO vibration band around 1030-1070 cm™). The main part of the
dorsal shield is the prismatic outer layer, low in organic components. Organic matrices in the
form of abundant lamellae exist in the ventral part, so that chitin is more abundant.

The size of embryonic samples does not allow to separate the dorsal shield and the septa,
so that the whole samples were powdered for FTIR analyses. The “mineral bands” (v1 to v4, Fig.
10) are weak. As observed in the adult spectra, 1456 and 1639 cm™ bands can be assigned to
amide vibrations from both proteins and chitin. The characteristic sugar band at 1030-1070 cm™
is probably hidden by the spectrum background (as also observed for the adult spectra).

To sum up, in all non decalcified samples, bands assigned to organic components are
present, but they represent a mixture of proteins, chitin and lipids, so that a precise assignment is
not possible. Spectra of the embryonic (green) and adult (orange and blue) shells are indicative of
a mixed mineral - organic composition, with very low mineral content in the case of the juvenile
shell.

One of the advantages of Raman spectroscopy is the small size of the beam (~5 um with the
green laser), allowing precise in situ punctual analyses. Regarding the first appearance of
mineralisation, this was detected by micro-Raman spectroscopy at stage 25. The spectrum
obtained (Fig. 11) is characteristic of a crystalline polymorph of calcium carbonate, more
precisely aragonite, with main peaks at 152, 206, 701-705 and 1085 cm™ (Urmos et al. 1991;
Wehrmeister et al. 2011). The strongest band at 1085 cm™ is an internal mode that derives from
the symmetric stretching mode (v1) of carbonate ions. The peaks visible at 152 and 206 cm™
correspond to translational and rotational lattice modes of aragonite carbonate ions, respectively.
The doublet 701- 705 cm, specific for aragonite, corresponds to the in-plane bending (v4) mode
of aragonite carbonate ions.

Moreover, aragonite is already present whatever the parts of the cuttlebone analysed
(pillar, septa, even at the level of the chamber in formation), suggesting that the calcification is
concomitant to the growth process. Note that ACC (amorphous calcium carbonate, precursor of
any crystalline polymorph) was never evidenced. The mineralization seems to be happening

directly as aragonite.

12
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Discussion

Anatomy and structure

The anatomy and organisation of the adult cuttlebone of Sepia are known since the work of
Appellof (1893). Since, the relationships between the different elements (rostrum, fork...) have
been more precisely defined (Dauphin 1979, 1981; Cadez et al. 2017).

In Sepia officinalis, the septa as well as the dorsal shield are made of three layers, a thick
“prismatic” outer layer, a lamello-fibrillar “nacre” and a thin “prismatic” inner layer. All layers
are built with elongated acicular crystallites, parallel to the surface of the shell in the lamello-
fibrillar “nacre”, perpendicular in the prismatic layers. These last ones, from a morphological
point of view and despite they are called “prismatic”, clearly differ from other aragonitic
prismatic layers known in other mollusc shells (e.g., Unionids: Dauphin et al. 2017, Schoeppler
et al. 2018). The crystallites are not organized in large prisms, the reason why these layers are
called “fibres” in some taxa. These prismatic layers are more similar to the aragonitic “fibres”
from coral skeletons (Cuif and Dauphin 2005; Cuif 2016). The absence of tablets in the lamello-
fibrillar “nacre” is also confirmed.

The lamellar aspect observed for all the layers and the presence of parallel elongated
crystallites were described by Grégoire (1961), then Mutvei (1964) The changes in the crystallite
orientation at every lamella as well as the absence of tablets were also observed by these authors.
Since, SEM observations have confirmed that such a structure is present in Spirula (Dauphin
1976; Bandel and von Boletzky 1979), and belemnites (Doguzhaeva et al. 2003).

All the modern cephalopod shells are aragonitic, with different structures. The prismatic
layers are diverse in structure and thickness. For example, in modern shells, the lamellar layer is
thick and calcified (as here in Sepia but also in Nautilus) or very thin and organic (outer wall in
Spirula). Note that in Spirula, the nacreous layer is the thickest part of the septa and is strongly
mineralized (Mutvei 1964).

The outer surface of the dorsal shield of Sepia is not smooth, and the presence of
tubercles is due to irregular spherulites. In the outer layer of the shell of Nautilus, irregular
spherulites also exist, so that this layer is said to be spherulitic prismatic (Mutvei 1964). Similar
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structures also exist in fossil genera: Belosepia, Beloptera and Belopterina (Dauphin, 1984,
1985, 1986).

Despite these different microstructures, high-resolution SEM and especially AFM reveal,
at the nanolevel, that all the aragonitic layers are made of rounded heterogeneous granules
(diameter < 100 nm). The abundance of the organic matrices, around (and probably within) the
granules, is shown by AFM phase images and BSE-SEM images.

Another feature is the complex structure of the pillars. Not only they show an organic
envelope, growth zones and granules, but transversal sections reveal that their inner structure is
heterogeneous: the central zone is sometimes empty or is more organic that the outer layer. (Fig.
S2C, D). It must be added that the shape of the pillars is not constant: curly and isolated in the
embryo, they are connected in zig zag wall in the adult shell.

All the morphological elements found in the adult shell exist in the embryonic shell but
only the dorsal shield and the septa with pillars are visible at the hatching phase. The anatomy of
the first stages of the cuttlebone has been described but most studies are focused on the number
of septa and shape of the pillars. The cuttlebone of Sepia officinalis appears at stage 24 as a fully
organic structure in a closed shell sac, the first calcified layers appear between stage 24 and 25
and the first pillars are built as soon as the formation of the second septa with the formation of
the first chamber (Bandel and Boletzky 1979, Le Pabic et al. 2016).

The three layers of the dorsal shield are visible, despite the microstructural elements
(prisms or lamello-fibrillar nacre) are not so well differentiated. Embryonic shell shows that
growth lines are visible in the pillars of the ventral part as soon as stage 29 (Le Pabic et al. 2016).
They are also clearly visible in SEM images, as well as the prismatic structure. Rostrum is a
weak bump at stage 30, with a structure similar to that of the dorsal shield. Fork and ventral
process are not differentiated in the newly hatched shell, and “wings” are absent or not
developed. They are lateral extensions of the dorsal shield (Barskov 1973; Dauphin 1981), and
their surface is granular (Fig. S2F).

In most fossil sepiids, the ventral region and the fragile structure of the pillars are not
preserved. Lamellae and pillars are visible in Miocene Sepiids from Australia, but their inner
structure is not displayed (Kost'ak et al. 2017). A change in wall/pillar configuration between the
different regions of the cuttlebone (lateral areas vs median and latero-median areas) has been

reported both in Sepia (extant species) and Belosaepia (fossil species) (Sherrard 2000;Yancey et
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al. 2010). A recent study performed using CT-scan study did not evidenced such a difference in
adult Sepia cuttlebone (Le Pabic et al. 2019). Actually Kost'ak et al. (2016) have not evidenced
any imprints of pillar in the exceptionally preserved embryonic part of the holotype of S.
vindobonensis, or in specimen NHMW 2004z0076/0039 of S. aff. sanctacrucensis. In this case,
the development of pillars in the embryonic shell of extant cephalopods could represent an
evolutionary novelty. Nevertheless, our results have shown that calcification of the embryonic
shell is very light so that it cannot be excluded that these very small embryonic pillars have
disappeared during fossilisation.

Composition

FTIR analyses show clearly that both the embryonic and the adult Sepia cuttlebones are
composed of biogenic aragonite (result confirmed by Raman spectroscopy), which means they
are made of a mixture of a crystalline polymorph of CaCO3 and an inner organic matrix. The
spectra obtained from the powdered dorsal shield and the ventral chambered part exhibit bands
corresponding mainly to aragonite, proteins, chitin and other carbohydrates. FTIR spectra of the
soluble and insoluble matrices resulting from the decalcification of the ventral zone and dorsal
shield have been provided by Le Pabic et al. (2017). Whereas bands associated with proteins
(vibrational amide bands) appear in the two spectra, bands associated with carbohydrates are
more important in the insoluble matrix (but stronger in the chambered part than in the dorsal

shield probably linked to the presence of an abundant matrix inside the chambers).

Mineralization
Raman analyses allowed deciphering the calcification process during the development of the
cuttlebone from the embryo to the adult. Until stage 24 embryo, the shell in formation appears
fully organic. From stage 25, calcification is detected by the presence of bands characteristic of
CaCOg, wherever the area analysed, which means that this process starts in all the cuttlebone at
the same time. From this stage, the cuttlebone can then be considered as a biomineral, mixture of
mineral and organic components.

Raman and FTIR spectroscopy techniques confirm that the CaCO3 polymorph of the
adult is aragonite as already reported. As for this adult shell, although the polymorph is

crystalline for all the layers, the nanostructure reveals that they are composed of irregular
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rounded granules as observed for other biogenic crystalline CaCO3z polymorph (Cuif and
Dauphin 2005; Cuif et al. 2012). The maximal observed diameter of the granules is about 100
nm. They are not homogenous from a compositional point of view, as shown by AFM phase
images, and they are surrounded by a cortex, probably a mixture of organic matrix and
amorphous CaCOs (although this polymorph was not detected by Raman or FTIR methods).

In embryos, despite the transparency and fragility of the shell structures, using Raman
spectroscopy we demonstrate for the first time that a light mineralization appears at stage 25
directly as aragonite. Mineralization remains light until hatching, occurring from this stage
concomitantly to the growth of the shell. For example, the calcein-labelling method evidenced
that the growth and calcification of the pillars occur simultaneously from a new septum towards
the branched distal ends of these pillars.

Inside the egg, the embryo feeds only with maternal yolk and the perivitelline fluid
surrounding the embryo has more or less the same composition than the seawater, with ions
passing through the envelope. But as the embryo is in a protected environment, the shell has not
a real function. The main source of calcium comes from food after hatching and the position in
the water column changes, leading to an environmental medium richer in calcium. As a
consequence, the developing shell becomes hardly mineralized. The Raman spectra show that
there is no modification of the mineral type between the embryonic shell inside the egg and the
adult shell: mineral is aragonite as soon as it could be detected in embryo. It is not excluded that
mineralization could start earlier as ACC (amorphous calcium carbonate) but this was not
detected.

Conclusion
The examination of adult shells of Sepia officinalis shows that despite a particular morphology,
the main layers of the cephalopod shell are present. The dorsal shield comprises three layers, the
thickness and mineralization degree of which differs. The ventral part (pillars and lamellae)
represents the septa and the siphuncular zone.

In both septa and dorsal shield, the middle layer is lamellar, with acicular crystallites, as

the classical nacreous layer but the tablets are absent. Pillars of the ventral zone are not
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homogeneous: the inner part is more organic than the outer part, as displayed by longitudinal and
transverse sections. Rostrum, absent in embryo, is an extension of the dorsal shield.

Despite differences in the structure of the layers, and despite the crystalline structure of
the constitutive mineral, all microstructural units are composed of more or less rounded granules
(diameter between 50 and 100 nm). The organic matrix contains mainly chitin and proteins, but
also, in a lesser extent, other carbohydrates and lipids, as in all the calcified biominerals.

In the embryonic shell, an early mineralization, directly as aragonite, is detected at stage
25. At stages 28 and 29, before hatching, the shell has about 6 chambers septa, and is still weakly
mineralized. The micro- and nanostructures of the pillars and lamellae of the ventral zone are
similar to those of adult shells, despite the pillars are branching, and not yet linked to form
undulating walls. Growth lines are visible, as well as granules. Fork, ventral process and rostrum
are not yet differentiated. Chitin is probably the main component of the embryonic shell, and
FTIR profile is more similar to the ventral zone of an adult shell (less mineralized) than to the

dorsal shield.
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Legends of figures

Fig. 1 Comparison of the morphologies of adult and embryonic shells of Sepia officinalis.
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A-B Views of an adult shell showing the main morphological parts, A Ventral view, B Dorsal
view. C Dorsal view of a stage 29 embryonic shell. D-F In situ localisation of embryonic shells,
D Lateral view on a stage 27 embryo (X-ray image, note the mineralized statocysts anteriorly -
st), E Dorsal view on a stage 27 embryo, F Dorsal view on a stage 29 embryo. All the shells are
shown in the same position, at the top: anterior part, on the bottom: posterior part. (A-C

photographs, E-F optical images, D X-ray image)

Fig. 2 Micro- and nanostructure of the outer spherulitic prismatic layer of the dorsal shield of the
adult shell of Sepia officinalis.

A Oblique fracture showing the outer surface of the dorsal shield with strong tubercles (SE-
SEM). B Transversal section showing the three layers (BSE-SEM). C Detail of the outer
spherulitic prismatic layer showing the irregular thickness of the growth layers, and their inner
structure composed of acicular crystallites (BSE-SEM). D Detail of the elongated crystallites in a
growth layer of the outer spherulitic prismatic layer (BSE-SEM). E AFM height image of
acicular crystallites of the outer spherulitic prismatic layer. F AFM phase image showing that
acicular crystallites of a polished and etched section comprises rounded granules. G AFM phase
image of the surface of a growth layer, showing the rounded granules scattered in a dark matrix,
probably organic. H AFM height image showing a granule in the same sample. I AFM phase
image of the same zone showing that despite the bleaching, the organic matrix (dark zone) is still
abundant so that the outline of the granules is blurred (dotted line). B-F Sections polished and
etched by formic acid 10% for 2 sec. G-I Sections treated by commercial NaOCI (2.6% CI) for
100 min.

Fig. 3 Micro- and nanostructure of the lamello-fibrillar nacre (A-F) and the inner prismatic layer
(G-1) of the dorsal shield of the adult shell.

A Lamello-fibrillar nacre, composed of elongated crystallites parallel to the surface of the layer,
with diverse orientations (H202 33% for 2 min., 20°C); SE-SEM. B Unetched transverse fracture
showing the parallel sheets; SE-SEM. C Some sheets have substructures (yellow stars); unetched

fracture; SE-SEM. D, E Two different magnifications of the same zone showing nanogranules
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within the sheets ; AFM height image (polished and etched section, acetic acid 2% for 5 sec.). F
AFM Phase image of the nanogranules showing the abundant organic matrix (D-F same sample).
G Unetched fracture in the inner prismatic layer showing elongated crystallites; SE-SEM. H
AFM phase image showing irregular granules (polished and etched section, acetic acid 2% for 5

sec.). | Magnification of H showing the heterogeneity of the granules.

Fig. 4 Micro- and nanostructures of the dorsal shield of embryonic shells. A stage 24, B-K stage
27.

A Organic stage 24 embryonic shell. Septa, wings and rostrum are not differentiated. B
Longitudinal polished and etched section of a stage 27 embryonic shell showing the dorsal shield
and some septa (formic acid 0.1% for 10 sec.). C Detail of Fig. 4B showing the insertion of a
septum (S) on the dorsal shield (DS); BSE-SEM. D Vertical section showing the poorly calcified
shell layers. OP: outer spherulitic prismatic layer, IP: inner prismatic layer (section polished and
etched by acetic acid 2% for 5 sec.); BSE-SEM. E Vertical section showing the irregular
thickness of the layers, and the mainly organic middle layer (section polished and etched by
formic acid 0.1% for 10 sec.); BSE-SEM. F Parallel crystallites in the inner prismatic layer;
unetched fracture, BSE-SEM. G AFM phase image showing that rounded granules are more or
less arranged in columns in some parts of the dorsal shield (section polished and etched by acetic
acid 2% for 5 sec.). H The size and shapes of the heterogeneous granules are irregular; AFM
phase image, same sample. | AFM amplitude image showing the rounded granules dispersed in
the abundant organic matrix (C: cortex); same sample. J AFM phase image of the same area. K
AFM height image showing the cortex surrounding the granules in a section of the dorsal shield;

same sample.

Fig. 5 Morphology of embryonic shell. A-G stage 28, H-J stage 26, K stage 30

A Dorsal view showing the absence of rostrum. B Detail of the lateral part of the shell showing
growth ridges; dorsal view. C Another aspect of the outer surface of the dorsal shield showing

two growth rhythms: between the arrows, thin growth layers are visible. D First tubercles on the
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dorsal surface. E Ventral view showing the first septa. F Detail of the lateral part showing the
first stages of formation of the pillars. G Detail of the posterior zone of the ventral surface. (A-G
SE-SEM pictures). H-K After in vitro incubation of the embryo in a calcein-containing sea
water, the progressive antero-posterior development of the shield covering progressively the
growing septum by irregular waves is well visible (H-I light microscopy, J-K fluorescence
microscopy). Note that the development of the pillars in each chamber can be also observed by

transparency.

Fig. 6 Micro- and nanostructure of the ventral part of the adult shell.

A Pillar (pi) part of the septa, connected in a zig zag wall inserted on a lamella (L); tangential
unetched fracture. B Oblique fracture showing the thin lamellae (L) separated by pillars (pi).
Pillars are connected by organic membranes (m). C Fracture showing the prismatic layer (P) and
the lamello-fibrillar nacre (N) of a lamella (L); pillars (pi) are covered by organic membranes
(m). D Unetched fracture showing growth layers on the surface of a pillar. Insert: the pillar. E
AFM height image showing growth layers of a pillar (acetic acid 2% for 5 sec.). F When the
tangential membranes are removed, granules of the pillars are revealed. G AFM height image of
the rounded granules of a pillar (section polished and etched by acetic acid 0.1% for 5 sec.). H
Transverse unetched fracture of a pillar (pi) with an enlarged base, the lamello-fibrillar nacreous
layer (N) and the prismatic layer (P) of the lamellae (L). I Detail showing the parallel crystallites
in the lamello-fibrillar nacre. J Unetched tangential section of a lamella, showing elongated
crystallites in the lamello-fibrillar nacre, the orientation of which differs in the successive
sublayers. K Unetched oblique section of the lamello-fibrillar nacre, showing the lamellar
arrangement; AFM phase image. L Unetched surface of the lamello-fibrillar nacre, showing that
the variable shapes and orientations of the crystallites. A, C, L: SE-SEM images. B, D-K: BSE-
SEM images.

Fig. 7 Micro- and nanostructure of the ventral zone of the embryonic stage 28 shell.

A Curly aspect of the pillars inserted on a lamella (L) in an unetched tangential fracture; BSE-
SEM. B Detail of a pillar. C Broken pillar showing the enlargement of the basal part, here
separated from the lamella; BSE-SEM. D, E Surface of a pillar showing the fibrous structure of
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the growth layers and the branching towards the insertion on the lamella (L); BSE-SEM. F
Unetched transverse section of a pillar showing an outer layer and an inner core; BSE-SEM. G
Section showing the lamello-fibrillar nacre (N) and prismatic (P) layers of a lamella (L) of one of
the first septum; BSE-SEM. H Similar section, showing the enlargement of the pillar at the
insertion on the lamella (L); SE-SEM. | Insertion of a septum on the dorsal shield (section
polished and etched by acetic acid 2% for 5 sec); BSE-SEM. J AFM height image of a polished
and etched lamella, showing a granular structure (acetic acid 2% for 5 sec.). K AFM phase
image showing the abundance of the organic matrix (dark brown); same sample. L AFM
amplitude image of a granule showing the complex composition of a granule of the lamellae;

same sample.

Fig. 8 Rostrum of the adult shell (SE-SEM).

A Polished and etched longitudinal section showing a well-developed rostrum (formic acid 10%
for 30 sec.). B Section of the posterior part of an adult shell, redrawn from Appell6f (1893). C
Longitudinal fracture showing the continuity of the outer layer of the dorsal shield and the
rostrum. D Transverse fracture showing the concentric arrangement of the rostrum. E Polished
and etched longitudinal section showing the growth layers, and the more or less mineralized
zones (formic acid 10% for 30 sec.). F Polished and etched longitudinal section showing the
axial zone (right part) and the peripheral zone (left part) (H20. 33% for 13 days, 20°C). G
Growth layer of the rostrum showing elongated crystallites; unetched sample. H, I Dorsal views
of the posterior region of embryonic shell (stages 27-30) showing the absence of the rostrum and

wings.

Fig. 9 Fork and ventral process, adult shell (SE-SEM)

A Transverse unetched fracture showing the topographic relationships between the dorsal shield,
the fork and the ventral part (septa); IP: inner prismatic layer. B Detailed view of the contact
between the septa and the fork. C Unetched fracture showing the lamellar structure of the fork. D

Detail of the structure of the lamellae of the fork, with a “prismatic” sublayer (1) and a
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“lamellar” sublayer (2). E Detail of the lamellar structure of the ventral process. F Prismatic

structure of the mineralized layer of the ventral process.

Fig. 10 Fourier Transform Infrared spectra of a geological aragonite, proteins (BSA),
polysaccharides (chitin), embryonic and adult Sepia shells.

Fig. 11 Raman spectrosopy analysis of Sepia shell showing the presence of aragonite.

A-C Stage 25 embryo. A Circular aperture zone corresponding to the first matrix synthesis site.
B Penultimate chamber (with pillars in formation). C Most outer chamber (in formation). D adult
shell (dorsal shield).

Fig. S1 Terminology used for the orientation of the fractures and polished sections studied using
SEM and AFM.

Fig. S2 Variations in morphology and structure of the chambered zone of adult and embryonic
shells.

A Enlargement of the basal part of a pillar of an adult shell; fracture fixed and etched (chromium
sulphate pH 3.5 for 4 h.); SE - SEM. B Pillars are covered by an organic membrane (upper part);
under the membrane, the granular structure of the pillar is visible; adult sample. SE - SEM. C
Etched fracture trough a pillar of an adult shell showing the empty middle part (NaOH 0.5M for
4h at 100°C, pronase pH 7.6 for 6 h at 34°C, chitinase pH 5.6 for 22 h at 24°C); SE - SEM. D
Etched vertical section through the pillar of an adult shell showing the different behaviour of the
middle and external parts (NaOH 1 M for 4h 30 at 100°C, then 4 days at 20°C, lipase 1 mg/ml
pH 9 for 28 h at 35°C); SE - SEM. E Pillars in the first septa of an adult shell. SE - SEM. F
Unetched granular surface of the lateral growing edge of a larval shell; BSE - SEM. G Unetched
tangential fracture showing the zig zag “wall” made by coalescent pillars in an adult shell. H-I
Stage 25/26 embryonic shell after 24h in vitro incubation of the embryo in a calcein-containing

sea water (30 mg/L; CNAM, Sigma) followed by 48h incubation in sea water, H Optical image,
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I Fluorescence image showing that calcification occurs during the growth at the distal

extremities of the pillars.

Fig. S3 FTIR spectra of the soluble and insoluble organic matrices extracted from the dorsal
shield and ventral zone of an adult shell, showing the similarity between the insoluble matrix and

the crab chitin.

The dorsal shield and the ventral zone were mechanically separated in adult samples, immersed
in 3% NaClO for 1 h to remove organic contaminants, rinsed with Milli-Q water, dried, and
ground into powder by grinding with an electric mortar for 10 min to obtain homogeneous
granulometry. Powdered samples were immersed in Milli-Q water and decalcified by progressive
addition of 50% acetic acid so that the pH (automatically controlled with a titrimeter) is above 4.
The entire extract was centrifuged at 21,000 g for 15 min, which separated the supernatant
(soluble) and precipitated (insoluble) fractions. The soluble fraction was desalted by exchange
with Milli-Q water on a Microconcentrator (Filtron) using a 3-kDa cut-off membrane and
lyophilized. Powdered samples and KBr were oven-dried at 38°C overnight. Then, they were
mixed (about 5% powdered samples in KBr) and loaded into the sample cup.
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