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Abstract

Bivalve biomineralization is a highly complex and organized process, involving several molecular
components identified in adults and larval stages. However, information is still scarce on the
ontogeny of the organic matrix before calcification occurs.

In this work, first shell formation was investigated in the mussel Mytilus galloprovincialis. The time
course of organic matrix and CaCO; deposition were followed at close times post fertilization (pf)
(24, 26, 29, 32, 48 h) by calcofluor and calcein staining, respectively. Both components showed an
exponential trend in growth, with a delay between organic matrix and CaCO; deposition. mRNA
levels of genes involved in matrix deposition (chitin synthase-CS; tyrosinase-TYR) and
calcification (carbonic anhydrase-CA; extrapallial protein-EP) were quantified by qPCR at 24 and
48 hours pf (hpf) with respect to eggs. All transcripts were upregulated across early development,
with TYR showing highest mRNA levels from 24 hpf. TYR transcripts were closely associated with
matrix deposition as shown by in situ hybridization (ISH). The involvement of tyrosinase activity
was supported by data obtained with the enzyme inhibitor N-Phenylthiourea (PTU). Our results
underline the pivotal role of shell matrix in driving first CaCO; deposition and the importance of

tyrosinase in the formation of the first shell in M. galloprovincialis.

Keywords: Mpytilus, early larval development, first shell formation, organic matrix,

biomineralization, tyrosinase
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Introduction

Biomineralization is a complex physiological process used by a wide range of metazoan species
(from sponges to vertebrates, as well as calcifying algae) (1). Within the phylum Mollusca, many
species are characterized by the ability to build protective shells made of different CaCO;
polymorphs (2, 3). Although the physiology of early biomineralization in mollusks has been widely
explored (3), less is known on the steps that precede first CaCOj; deposition.

Most studies on shell formation and composition in mollusks have been focused on bivalves, that
are widespread in freshwater, estuarine and marine environments. In bivalve larvae, first shell
formation occurs within 48 hours of first development (3). The process starts at the end of
gastrulation with the formation of the shell field, the shell secreting embryonic tissue (3, 4). The
shell field undergoes a transient invagination followed by evagination. As it spans over the larval
body, the shell field secretes an organic matrix that provides a scaffold for mineral deposition
during shell morphogenesis (3, 4). The organic matrix is mainly composed of chitin and acidic
polysaccharides, proteins and glycoproteins, that have essential roles in different aspects of shell
formation, such as CaCOj; nucleation, growth, and choice of polymorphs (5). Chitin is one of the
major polysaccharides of larval and adult shells (6-8). The first shell, or prodissoconch I, later
growths into the prodissochonch II, discernible by the concentric growth lines (3). The shell field
ultimately differentiates into the mantle, the shell forming tissue in adults (3).

The molecular components involved in shell formation have been largely investigated in adults and
larval stages of different bivalves (oysters, clams, mussels) (9-23). Transcriptomics and proteomics
data have identified several genes that play important roles in the biomineralization process, as well
as a number of shell matrix proteins (SMPs). With regards to SMPs, although considerable
differences have been found in adult and larval shells, some functional domains are shared by both
SMP repertoires (von Willebrand factor type A, chitin-binding, carbonic anhydrase, and acidic

domains) (18). However, the role of each component in the transition from the trocophora to the
3
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first shelled embryo, when the blueprint for calcification is first established, are not fully
understood. In particular, despite data being available on shell calcification in early larval stages
(20-23), and also in relation to ocean acidification (24-25), much less is known about the ontogeny
of the organic matrix before calcification occurs (2). Former studies underlined the role of chitin
deposition (5-7). More recently, data on oyster larvae suggested a role for tyrosinase in the initial
phase of shell formation (26-27). Sequencing of RNA identified changes in different
calcification-related ion transporters and SMPs, including tyrosinase, in early larval stages of the
Baltic mussel M. edulis (from 20 hours post fertilization - hpf) (23).

Here we investigate the first steps of shell formation from the trocophora (at 24 hpf) to the first D-
veliger (at 48 hpf) were investigated in M. galloprovincialis, a species of ecological and commercial
importance in the Mediterranean (28). The time course of organic matrix and calcified shell
deposition were monitored by calcofluor and calcein staining, respectively (25). The approach
involved quantifying the levels of mRNA transcripts of selected shell genes previously identified as
targets for different chemicals that affect first shell formation (29-31) and tyrosinase, as a potential
key step in early matrix development. The role of tyrosinase was further investigated by in situ
hybridization (ISH) and treatment with the pharmacological inhibitor of tyrosinase activity N-

Phenylthiourea (PTU) (32-33).

1. Material and methods

(a) Animal handling and larval rearing

Sexually mature specimens of M. galloprovincialis (4-5 cm long), were collected in the Bay of
Villefranche-sur-mer (43.682°N, 7.319°E - France) during the spawning season (January-March
2018). Animals were kept and maintained by the Centre de Ressources Biologiques Marines of the
institute (CRBM)) at the Institut de la Mer de Villefranche (IMEV), where they were acclimatized in

flow-through vessels containing 0.2 um filtered natural seawater Millipore filtered seawater

http://mc.manuscriptcentral.com/prsb
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86 (MFSW) (pH 8.0-8.2, 38 ppt salinity, 15°C). Spawning was induced by exposure at 28°C in MFSW
87 in individual 200 mL containers. Fertilization and larval growth were carried out as previously
88  described (29-31) (See Supplementary Information). Larvae were grown at a density of 200 larvae
89 mL-!, utilizing 24-well plates for morphological analyses, six well plates for PCR, and 50 mL cell
90 culture flasks for ISH.
91  (b) Larval development and shell biogenesis
92  Shell biogenesis was followed at different hours post fertilization (24, 26, 29, 32 and 48 hpf), by
93  evaluating the growth of both the organic and inorganic shell components using fluorescent dyes as
94  previously described (25). Calcein (Sigma Aldrich, Lyon, France), a calcium-dependent
95  fluorophore, was used for CaCOj staining of the calcified shell and added to the culture medium
96 (final concentration 1 mM in 0.01% Dimethyl Sulfoxide-DMSO) before the addition of fertilized
97  eggs. Calcofluor white Fluorescent Brightener 28 (Sigma-Aldrich, Lyon, France), a chitin-staining
98  fluorophore, was employed to visualize the organic matrix, and directly added to the single wells on
99 live larvae five minutes before each sampling time (final concentration 0.02 mM in 0.01% DMSO).
100 At each sampling time, larvae were washed three times in MFSW to remove the excess of both dyes
101 before fixation with 4% paraformaldehyde (PFA) in MFSW, and immediately imaged with a Leica
102 TCS SP8 (Leica, France). Calcofluor (UV channel, Exc: 408 nm / Em: 450-490 nm) gave a blue
103  signal for the organic matrix, while calcein (FITC channel, Exc: 488 nm / Em: 520-560 nm)
104  visualized the calcified shell in green. Composite images were 3D rendered and rotated to measure
105  the area (in um?) of one valve in each larva stained by calcein and calcofluor by manual drawing
106  using IMAGE]J software (24). Measurements were performed on a total of at least 70 larvae per
107  time-point obtained from five independent parental pairs (N>12 for each parental pair).
108  Experiments were also carried out in the presence of N-Phenylthiourea (PTU), a well-known
109  competitive inhibitor of diphenolase and phenoloxidase enzymes (32), that has been widely utilized

110  to inhibit tyrosinase activities in marine invertebrates including bivalves (33). Fertilized eggs were

5
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exposed to 10 uM PTU (Sigma Aldrich, Lyon, France) (final concentration 10 uM in 0.01%
DMSO) and samples were observed from fertilization to 48 hpf. Experiments were performed in
three independent parental pairs. Parallel samples were run in the presence of 0.01% DMSO to rule

out possible solvent related effects (not shown).

(c) M. galloprovincialis tyrosinase sequence analysis

The sequence of a M. galloprovincialis tyrosinase (Mg-TYR) was obtained by blasting the available
sequence of tyrosinase-1 from M. coruscus (GenBank: KP757802.1) in M. galloprovincialis whole
genome shotgun (34). The sequence obtained (GenBank: KV583276.1), corresponded to a partial
tyrosinase-like tyr-A3 protein (GenBank: OPL33388.1). The basic characteristics and conserved
domains of the amino sequence of Mg-TYR were analysed through the SMART tools
(http://smart.embl-heidelberg.de/) to confirm the functional activity. Mg-TYR cDNA Open Reading
Frame (ORF) and deduced amino acid sequence are shown in Fig. STA. The ORF is composed by
1879 base pairs (bps) and coding for 626 amino acids. The sequence showed a 90% query coverage
with the ORF of Cg-Tyrl (GenBank: AGZ15753.1), 92% with C. gigas putative tyrosinase like-
protein tyr-3 (GenBank: EKC35330) and 52% with M. coroscus tyrosinase-like protein 1
(GenBank: KP757802), respectively. The catalytic activity of Mg-TYR is confirmed by the
presence of the two copper binding domains and the six histidine residues included within (35). The
sequence also showed a Chitin binding domain type 2. Multiple alignment of the two copper-
binding domains (CuA and CuB) between Mg-TYR and tyrosinases of other bivalves M. coroscus
(Mc-Tyrl) and C. gigas (Cgi-Tyrl) are reported in Fig. S1B; conserved histidine residues are

indicated in red.

(d) RNA extraction and gPCR

http://mc.manuscriptcentral.com/prsb
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135  All procedures were carried out as previously described (29-31). Unfertilized eggs (about 24,000
136  eggs/mL) pooled from at least six females were collected by centrifugation at 400 xg for 10 min at
137  4°C, and the resulting pellet was frozen in liquid N,. After fertilization, larvae were grown in six
138  well plates and collected at 24 and 48 hpf by a nylon mesh (20 um pore-filter) and washed with
139  artificial sea water-ASW (29-31). Three wells for each stage were pooled in order to obtain
140  approximately 7,000 embryos/replicate. The larval suspension was centrifuged at 800 xg, 10 min at
141 4°C. Larval pellets and unfertilized eggs were lysed in 1 mL of TRI Reagent (Sigma Aldrich,
142 Milan, Italy). Total RNA was further extracted following manufacturer's instructions (Sigma
143 Aldrich, Milan, Italy). RNA concentration and quality were verified using the Qubit RNA assay
144  (Thermo Fisher, Milan, Italy) and electrophoresis using a 1.5% agarose gel under denaturing
145  conditions. First strand cDNA for each sample was synthesized from 1 pg total RNA (29). Primers
146  pairs employed for qPCR analysis are reported in Tab. S1. qPCR reactions were performed in
147  triplicate in a final volume of 15 puL containing 7.5 pL iTaq universal master mix with ROX
148  (BioRad Laboratories, Milan, Italy), 5 uL diluted cDNA, and 0.3 uM specific primers. A control
149  lacking cDNA template (no-template) was included in the qPCR analysis to determine the
150  specificity of target cDNA amplification. Amplifications were performed in a StepOne real time
151  PCR system apparatus using a standard “fast mode” thermal protocol (sample ramp +2.2 °C/s)
152 (Thermo Fisher, Milan, Italy). For each target mRNA, melting curves were utilized to verify the
153  specificity of the amplified products and the absence of artefacts. The amplification efficiency of
154  each primer pair was calculated using a dilution series of cDNA (Tab. S1). HEL and EF-al were
155  utilized as the best performing combination of reference gene products (EFI/HEL) for data
156  normalization (29). Analyses were performed on at least four independent mRNA samples.
157  Calculations of relative expression of target mRNAs was performed by a comparative CT method

158  (36) using the StepOne software tool (Thermo Fisher, Milan, Italy). Data, obtained from at least
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five independent mRNA samples, are reported as relative expression (log2-transformed fold

changes) with respect to unfertilized eggs.

(e) In Situ Hybridization (ISH)

Primer pairs of TYR and CS primer pairs for ISH are reported in Tab. S2 and were used to amplify
one fragment of cDNA for each gene. PCR products (around 1.5 kilobase-kb) were cloned into a
pGEM-T easy vector (Promega, Charbonniéres-les-Bains, France). The selected recombinant
plasmid was linearized (Spel and Ncol restriction enzymes, New England BioLabs, Evry, France)
and sequenced to check the orientation of the insert. Sense and antisense digoxigenin-labeled RNA
probes were synthesized using the DIG RNA labelling mixture (Roche, Meylan, France) and
T7/Sp6 RNA polymerase (Promega, Charbonniéres-les-Bains, France). The probes were tested on
larvae obtained from at least three independent parental pairs for a total of 150 individuals (N=50
for each parental pair) imaged per time point.

The expression pattern of TYR and CS during shell biogenesis in M. galloprovincialis larvae at 24,
29, 32 and 48 hpf was investigated by ISH using an adaptation of the protocol already available for
ascidian embryos (37, see Methods in Supplementary information). The signals from the

antisense/sense probes for TYR and CS in mussel larvae at 24 and 48 hpf are shown in Fig. S2.

(f) Statistics

Morphometrical data were analysed by the nonparametric one-way Kruskal-Wallis test followed by
the Tukey’s test (p<0.05). Data of qPCR were analysed by Mann-Whitney U test. Statistical
differences as well regression equations were calculated using GraphPad Prism 5 software

(GraphPad Inc.)

2. Results

http://mc.manuscriptcentral.com/prsb
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184  (a) Identification of the main steps in early shell formation by double calcofuor/calcein staining

185  The double calcofuor/calcein staining (25) was employed to follow the progressive deposition of
186  organic shell matrix and CaCOs;, respectively, at close times post fertilization between the
187  trochophora and D-Veliger stages (24, 26, 29, 32 and 48 hpf). As shown in Fig. 1, at 24 hpf, the
188  trochophora started to secrete the organic matrix; the calcofluor signal (blue) was mainly visible in
189  a saddle shaped area corresponding to the shell field, that at this stage was still partially invaginated
190 (Fig. 1B and Fig. S3A, arrowheads). By this time, no calcein staining was observed, indicating the
191  absence of stable CaCO; deposition (Fig. 1C and Fig. S3B). At 26 hpf, the shell field was expanded
192 (Fig. S3B) and calcification (green) started from the centre of the forming valve (Fig. 1B-D); the
193  hinge region began to flatten following the progressive evagination of the shell field (Fig. S3A,
194  arrowheads). By 29 hpf, the calcified area occupied a large part of the growing shell, and the
195  organic matrix could still be observed along the external margins of the valve (Fig. 1B and 1D and
196  Fig. S3B). However, no calcification was visible yet in the hinge region that, by this time, had
197  completed the flattening (Fig. 1C and 1D and Fig S3B). At 32 hpf, the body organization changed
198  dramatically, the larva taking the shape characteristic of the early veliger stage (Fig. 1A): the valve
199  were largely calcified, showing the first accretion rings indicative of the progressive CaCOs
200  deposition (Fig. 1C). The calcified shell overlaid the organic matrix, except for a thin layer along
201  the margins of the valve (Fig. 1D). By 48 hpf, the D-Veliger stage was reached, with the calcified
202 shell covering the whole body of the larva, and showing more evident concentric accretion rings
203  (Fig. IC and D).

204  To better evaluate the time course of shell formation, the areas occupied by the matrix and the
205  calcified shell, respectively, were measured in a single valve of each larva at different times pf (Fig.
206 2 A and 2B, respectively). The results show that the areas occupied by each shell component have a

207  similar exponential trend in growth, with the areas of the organic matrix significantly higher than

http://mc.manuscriptcentral.com/prsb
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those of the calcified shell at all times pf (Fig. 2A). Moreover, the ratio of organic matrix/calcified

shell showed a decreasing exponential trend at different time points (Fig. 2C).

(b) Basal mRNA levels of genes involved in shell biogenesis

When basal transcription of each gene was first compared in unfertilized eggs (Tab. S3), extremely
low mRNA levels were detected for CA and EP, with those for TYR slightly higher. In contrast,
higher expression was observed for CS, indicating a significant contribution of mRNA from
maternal origin. Transcription of CS did not change at 24 hpf with respect to fertilized eggs;
however, a significant increase was observed at 48 hpf (about 5-folds) (Fig. 3). From 24 hpf EP
mRNA levels were increased (2,5 folds with respect to eggs) and further upregulated in the
transition from the trocophora to the D-veliger, showing up a 11-fold increase at 48 hpf. At both 24
and 48 hpf CA was similarly but more strongly upregulated (about 30 and 80 folds with respect to
eggs). Interestingly, the most upregulated gene was TYR, with a dramatic increase in transcription

at 24 hpf with respect to eggs (about 3700-folds) without further increases at 48 hpf.

(c) Expression patterns of genes involved in organic matrix synthesis

The expression pattern of TYR and CS was further investigated by ISH at 24, 29, 32, 48 hpf (Fig.
4), during the organic matrix and calcified shell deposition (Fig. 4A). Expression of TYR was
detectable at 24 hpf in a wide area around the shell field (Fig. 4B), At 29 hpf a more distinct
expression pattern was observed: although the TYR signal overlapped the growing shell, it was
stronger on the margins of the matrix, and barely visible at the centre of calcifying valve (Fig. 4A
and 4B). At 32 hpf, TYR expression was concentrated in rounded patches along the growing margin
of the shell, and absent in the centre of the calcified areas. In the fully developed first D-veliger
stage, at 48 hpf, expression was limited to the margins of the growing valve, and no signal was

detectable in the calcified portion of the shell (Fig. 4).
10
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233 A distinct pattern was observed for CS (Fig 4C). At 24 hpf, expression was low and concentrated in
234 a small area within the shell field. A similar, but stronger signal was detected at 29 hpf, in an area
235  close to the hinge region. At 32 hpf, CS expression expanded along the hinge axis; finally, at 48
236 hpf, a weaker signal was observed in the same region but no signal on the shell margin was
237  observed.

238

239 (d) Effect of tyrosinase inhibition on shell development

240  The role of tyrosinase was further investigated in larvae treated with N-phenylthiourea (PTU), a
241 well-known synthetic inhibitor of diphenolase and phenoloxidase enzymes (32). (Fig. 5 and Fig. S4
242 in comparison with control embryos). At 24 hpf, the calcofluor signal was concentrated only within
243 the shell field (Fig. 5SA). At 29 hpf, shell matrix deposition and growth were delayed, only a weak
244 calcification was observed, and asymmetric growing valve were observed (Fig. 5B). Such an
245  asymmetry was more evident at 32 hpf in both organic matrix and calcified shell; moreover, the
246  pattern of calcification appeared inhomogeneous and the shell did not show the typical accretion
247  rings (Fig. 5C). At 48 hpf, the larvae did not develop into D-Veligers and the shell showed
248  irregular patches of organic matrix and calcified areas (Fig. 5D). At this stage in particular, a variety
249  of strong shell malformations were noticeable in comparison to control samples (Fig. S4A):
250 irregular calcification patterns (Fig. S4B), valve with asymmetric growth of organic matrix and
251  calcification (Fig. S5C), absence of significant calcification and misshaped matrix (Fig. S4D). The
252 changes induced by PTU were reflected by significant decreases in the areas of both shell matrix
253  and calcified shell in comparison to controls (-30% from 24 hpf and -50% from 29 hpf,
254 respectively, p<0.001) that persisted at all later stages (not shown).

255

256 3. Discussion

11
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The results presented here provide a detailed quali- and quantitive description of both organic and
inorganic components of the first shell formed in mussel larvae. These data underline the pivotal
role of shell matrix in driving and organizing early CaCO; deposition and shell growth, providing a
first indication for a relationship between tyrosinase and organic matrix formation in mussels.

A clear time delay was observed between the secretion of the organic matrix and CaCOj; deposition:
calcification followed the expansion of the organic matrix (indicated by the significantly smaller
area at all times pf). Moreover, the ratio organic matrix/calcified shell progressively decreased with
the shell growth. These data clearly show that the organic matrix is the blueprint onto which
calcification occurs from early steps of shell formation.

Expression of CS, CA and EP has been previously shown to be affected by exposure to different
chemicals and associated with larval malformations in M. galloprovincialis (29-31). TYR has been
shown to play a role in shell formation of oyster larvae (26, 27) and Baltic mussels (23). When
transcription was compared at 24 and 48 hpf with respect to eggs, the results show that all genes
were generally upregulated, although to a different extent, across early development, with mRNA
levels for CS<EP<CA<TYR.

Both CA and EP, whose mRNA levels were extremely low in eggs, were upregulated from 24 hpf,
CA in particular, and further increase in transcription were observed at 48 hpf, supporting their role
in calcification. As to those genes involved in matrix deposition, CSs are transmembrane
glycosyltransferases responsible for the synthesis of chitin that represents a major constituent of
larval shell matrix in M. galloprovincialis (6). Among the four selected genes, CS showed the
highest basal mRNA levels in eggs, and no upregulation was observed at 24 hpf; actually, at this
stage the calcofluor signal, specific for B-glucans, and therefore to B-Chitin, the most abundant
chitin polymorph in both larvae and adults (6), was limited to the area corresponding to the shell
field. A significant upregulation was observed at 48 hpf. In contrast, TYR, from a low expression in

fertilized eggs, was the most upregulated gene, with a dramatic increase in transcription as early as

12
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282 24 hpf. Tyrosinases (EC 1.14.18.1) are type 3 copper proteins, characterized by two copper-binding
283  domains (39). By oxidizing molecules containing phenol groups (such as tyrosine) into reactive o-
284  quinones that then cause cross-links of substrate molecules, tyrosinases participate in various
285  processes such as wound healing, pigment synthesis, host immunity, and insect cuticle
286  sclerotization (32, 40). The role of tyrosinases in shell formation has been investigated in adult and
287  early larval stages of the oysters Crassostrea gigas and C. angulata, suggesting a close relationship
288  between expression of a Cgi-tyrl and a Ca-tyrA1, respectively, and early larval shell biogenesis (26,
289  27). Although several tyrosinase sequences have been described in Mytilus spp. (13, 19, 23), these
290  are the first data on the mRNA level and expression pattern of tyrosinase in parallel with evaluation
291  of shell matrix deposition. The results of ISH clearly show that TYR upregulation preceded and
292 subsequently paralleled the growth of the organic matrix from 24 hpf.

293  In contrast, ISH of CS revealed a much lower and distinct expression pattern, that was progressively
294  concentrated along the hinge axis, and therefore did not correspond to the areas of the growing
295  matrix. Similarly, preliminary data on ISH of EP and CA do not indicate specific transcription
296  patterns related to initial shell morphogenesis (not shown). The results obtained by ISH for TYR
297 and CS are not only in line with qPCR data, pointing at an earlier and stronger upregulation of
298  TYR at 24 hpf, but also underline a distinct expression pattern of the two genes at 29, 32 and 48
299  hpf. Although these data do not allow us to understand the exact role of each gene in organic matrix
300 deposition, for TYR the early increase in mRNA levels from 24 hpf and their localization suggest a
301 role in early and progressive guiding matrix and shell growth. For CS, the later up-regulation of
302 mRNA transcripts and their localization at the hinge region may reflect a participation in the
303  subsequent steps and in particular, in the differentiation of the hinge.

304 Inhibition of tyrosinase activity clearly affected matrix deposition since 24 hpf. From 29 to 48 hpf,
305 evident malformations and dramatic alterations of shell calcification and growth were also

306 observed. As in other bivalves, in early mussel larvae tyrosinase activity might be related to some
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331

sort of maturation process of the organic matrix (27, 40), that allows the next calcification step in
terms of homogeneous and organized CaCO; deposition (41). The presence of a chitin binding
domain in TYR further supports a physiological role for tyrosinase activity in correct chitin
remodeling not only during organic matrix formation, but also in subsequent shell growth and
calcification. Different proteins participate in initiating and controlling the nucleation, growth of
inorganic crystals, as well as directing crystal growth through molecular recognitions (42, 43).
Tyrosinases may be involved in shell matrix formation by cross-linking fibrous proteins rich in
reactive quinones to form water insoluble, protease-resistant polymers (26, 27, 32). Other enzymes
with potential phenol oxidase activity should be investigated to obtain a comprehensive knowledge
of the process of matrix deposition. Sequencing of mussel genome is revealing a very complex
organization with high heterozygosity, abundance of repetitive sequences and extreme intraspecific
sequence diversity among individuals, resulting in a large variety of transcripts for both immune-
related (34, 44) and biomineralization-related genes (19). In this light, the changes in transcription
of few gene sequences related to shell formation evaluated in the present study are only indicative
of more heterogeneous and complex processes.

It has been recently reported that ocean acidification affects M. galloprovincialis larval soft-tissue
development, independent from calcification (25). Shell malformations induced by exposure to low
pH, in particular shell hinge abnormalities, originate from an incorrect development and growth of
the organic matrix, thus affecting the calcification blueprint (25). Overall, the results obtained so far
further support the hypothesis that shell calcification essentially takes on the shape of the secreted
organic matrix. Knowledge on these processes may help better understanding bivalve development
in a global change scenario, in order to identify early signs of impact of different environmental
stressors, from ocean acidification and warming to contaminant exposure. Although marine
bivalves, living in complex environments such as coastal ecosystems, must have evolved

mechanisms to maintain homeostasis for shell formation in response to natural environmental
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fluctuations, shell growth is a highly controlled and energy-limited process (24). Understanding the
homeostatic limits for larval shell development can provide clues about whether the magnitude and
rate of environmental changes will exceed the buffering limits of embryo physiology, as well as
predictive tools to identify potentially harmful compounds (45). Different types of emerging
contaminants have been shown to affect early shell formation and gene expression in M.
galloprovicialis (29-31). The results here obtained indicate that genes involved in shell matrix
deposition, in particular tyrosinases, may represent significant targets for a number of

environmental chemicals in early larval stages of mussels.
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361  Figure Legends

362  Figure 1

363  Confocal images showing the time course of early shell formation in M. galloprovincialis from the
364  trochophora (24 hpf) to the D-Veliger stage (48 hpf) (lateral view). A) brightfield image of the
365 embryo; B) calcofluor fluorescent signal (blue), corresponding to the organic matrix; C) calcein
366  fluorescence signal (green), corresponding to CaCOj; deposition; D) Merged calcofluor, calcein and
367  brightfield images. Scale bars: 10 pm. The secretion of the organic matrix is visible from 24 hpf
368  (blue) followed by calcification (green) at 26 hpf, with a progressive expansion of the organic
369 matrix and deposition of the shell starting from the central part of each valve. At 29 hpf the
370  calcified valves are well developed onto the organic matrix. By 32 hpf calcification reaches the
371  external margins of the organic matrix and expands towards the hinge region. At 48 hpf the whole
372 shell is calcified and completely encloses the larval body.

373

374  Figure 2

375  Boxplots of data obtained from measurements of the areas (um?) occupied by the shell matrix (A)
376  and calcified shell (B) in mussel larvae from 24 to 32 hpf (single valve measurements per larva).
377  The total number of individuals (from at least 5 parental pairs) analyzed per time point is reported.
378  The two structures show a similar exponential trend in growth, with the area of organic matrix
379  statistically larger than that of the calcified shell at all times pf. Statistical differences at each time
380 pf are reported in panel A: ** = p<0.01; *** = p<0.001. In C) data are reported showing the
381  exponential decrease in the ratio organic matrix/calcified shell at different times pf.

382

383  Figure 3
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400
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402

403

404

405

406

Basal expression of genes involved in early shell formation in mussel larvae at trocophore (24 hpf)
and D-Veliger (48 hpf) stages: chitin synthase (CS), extrapallial protein precursor (EP), carbonic
anhydrase (CA), tyrosinase (TYR). Data (mean+SD), reported from the lowest to the highest level
of expression, are shown as relative expression (log2-transformed fold changes) with respect to
unfertilized eggs. * = p<0.05; ** = p<0.01; 24 and 48 hpf vs eggs; # = p<0.05, ## = p<0.001 24 hpf

vs 48 hpf.

Figure 4

Expression pattern of TYR and CS in mussel larvae from 24 to 48 hpf evaluated by In Situ
Hybridization-ISH. A) brightfield images and merged signals from calcofluor (blue), calcein
(green) as in Fig. 1; B) TYR; C) CS. Both genes are involved in organic matrix synthesis but only
TYR parallels the expansion of the shell, while CS is localized nearby the hinge region. Scale bar:

10 pm.

Figure 5

Effects of PTU (10 uM) on mussel early shell formation. Brightfield images and merged
fluorescence signals of calcofluor and calcein are reported as in Fig. 1. Representative images show
decrease in the area occupied by the organic matrix (blue) at 24 hpf, asymmetric valve and almost
absent calcification at 29 hpf. Calcification is evident but asymmetric at 32 hpf, patched and dis-
homogeneous at 48 hpf. Scale bar: 10 pm. N.B.: Since in PTU-exposed samples lower calcein and
calcofluor signals were observed with respect to controls, images were recorded at higher laser

voltage.
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