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ARTICLE INFO ABSTRACT

Keywords: In bivalves, which are molluscs enclosed in a biomineralized shell, a diversity of neuropeptide precursors has
Bivalves_ ) been described but their involvement in shell growth has been largely neglected. Here, using a symmetric marine
Mantle Innervation bivalve, the Mediterranean mussel (Mytilus galloprovincialis), we uncover a role for the neuroendocrine system
Neuropeptidome

and neuropeptides in shell production. We demonstrate that the mantle is rich in neuropeptide precursors and
that a complex network of neuropeptide-secreting fibres innervates the mantle edge a region highly involved in
shell growth. We show that shell damage and shell repair significantly modify neuropeptide gene expression in
the mantle edge and the nervous ganglia (cerebropleural ganglia, CPG). When the CPG nerve commissure was
severed, shell production was impaired after shell damage, and modified neuropeptide gene expression, the
spatial organization of nerve fibres in the ganglia and mantle and biomineralization enzyme activity in the
mantle edge. Injection of CALCIa and CALCIIa peptides rescued the impaired shell repair phenotype providing
further support for their role in biomineralization. We propose that the regulatory mechanisms identified are
likely to be conserved across bivalves and other shelled molluscs since they all share a similar nervous system, a
common mantle biomineralization toolbox, and shell structure.

1. Introduction

The Molluscs are one of the most diverse groups of soft-bodied
invertebrate animals and the second most specious phyla after the in-
sects [1-4]. They belong to the lophotrochozoans and are found in
nearly all ecosystems on Earth playing a vital role in the maintenance of
the structure and function of many ecosystems and as a source of food
for humans and other taxa. The Mollusca phyla is composed of two
major subclades, Aculifera (shell-less molluscs) and Conchifera (shell-
bearing molluscs), which diversified ~546 million years ago (MYA) [5].
The Conchifera molluscs (Bivalvia, Cephalopoda, Gastropoda, Mono-
placophora, and Scaphopoda), are the most diverse subclade and are
proposed to have diversified ~540 MYA, and their calcified uni- or
bivalved shells are equated with their evolutionary success and wide-
spread distribution [4,6]. The evolution of molecules that regulate the
rate of shell formation such as chitin was proposed to be a crucial step in
Conchifera diversification [7-9]. Surprisingly little attention has been
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paid to the contribution of regulatory molecules and processes to
mollusc evolution.

The vast diversity of forms, lifestyles and ecological niches of the
Mollusca is matched by the high diversity and plasticity of their nervous
systems including a centralized brain in cephalopods through to scat-
tered ganglia in bivalves [10,11]. Studies of the giant squid axon
generated seminal insights into nerve cell excitability [12,13] and
gastropod slugs and snails continue to be important models for neuro-
biology [14]. Other Mollusca are less well studied although the basic
architecture of the nervous system in most classes has been character-
ized [15-17]. The bivalves are the experimental model of the present
study, and have a bilaterally symmetrical, decentralized, nervous sys-
tem. In bivalves, three bilateral pairs of interconnected ganglia, the
cerebropleural ganglia (CPG), visceral ganglia (VG) and pedal ganglia
(PG) innervate and regulate the organism [18]. The CPG in bivalves is
similar to the pleural ganglia of gastropods and innervates some of the
same anatomical structures including the adductor muscle and visceral
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nerve loop. The CPG in bivalves also innervates the anterior mantle, the
labial tentacles, the mouth, and the oesophagus via the anterior pallial
nerves [6]. The large paired VGs innervate many of the internal organs
including the gills, heart, pericardium, kidneys, digestive tract, gonads,
posterior mantle, and the sensory organs of the mantle, siphon, and
cerebral mantle cortex [6]. In the scallops, the paired VGs are
completely fused, forming a rudimentary ‘brain’ [18,19]. The PG nerves
in the scallop innervate the foot as well as the anterior and posterior
muscle tissues [6]. In the oyster, the PG is reduced in dimension, and this
has been associated with the loss of the foot after metamorphosis.
Available transcriptomes and proteomes of the ganglia in a) the bi-
valves, the Yesso scallop (Patinopecten yessoensi) and oysters (Magallana
gigas and Pinctata fucata), b) the gastropods, the grey garden slug (Der-
oceras reticulatum), giant triton snail (Charonia tritonis), freshwater snail
(Biomphalaria glabrata) and land snail (Theba pisana) and c) the cepha-
lopod (Sepia officinalis) reveals the ganglia and neurons express a broad
spectrum of proteins and neuropeptides.

Studies of a handful of neuropeptides identified before the advent of
high throughput gene/protein sequencing assigned their functions
mainly to growth, reproduction, and metabolism [20]. The first neuro-
peptide to be sequenced was isolated from the salivary glands of the
octopus Eledone muschata [21]. Since then, a large neuropeptide reper-
toire has been identified in molluscs using omics and reveals relatively
good conservation with the repertoire in Arthropods and Vertebrates
[22], but the function of only a few have been characterized [23]. For
example, in the Sydney Rock oyster (Saccostrea glomerata), the neuro-
peptides CCAP and APGW-amide are proposed to regulate reproduction
[24] and in the gastropod, Lymnaea stagnalis, NPF/NPY neuropeptides
are proposed to be involved in energy balance [25]. The FMRF-amide-
like peptides in Mollusca are suggested to regulate the cardiovascular
system, osmoregulation, reproduction, digestion, and feeding behaviour
[26]. In the gastropods, the land snail (Otala lacteal) and the planorbid
snail (Helisoma duryi), and a bivalve, the Pacific oyster (M. gigas),
insulin-like peptides (ILP) are proposed to regulate mantle edge cell
growth and shell growth [27-29].

The intriguing observation that neuropeptides can modulate shell
growth in the Pacific oyster is supported by reports in other molluscs.
For example, in the freshwater air-breathing snail Helisoma, shell dam-
age modified the appearance of neurosecretory cells in the VG [30] and
neurosecretory activity by the snail brain was associated with shell
growth [31]. In the pond snail L. stagnalis two groups of neurosecretory
light green cells (LGC) in the CPG secreted a hormone that stimulated
shell and soft tissue growth and was later proposed to be an ILP [32,33].
Furthermore, in the ganglia of the slug, Agriolimax reticulatus, the neu-
ropeptide somatostatin was proposed to regulate the growth of the
periostaculum, which is a thin organic layer covering the shell in shelled
molluscs [34].

The importance of the bivalve shell for survival means considerable
attention has been focussed on shell construction, which occurs in the
extrapallial space (EPS) a narrow-sealed cavity between the shell and
mantle [35-37]. The mantle epithelial cells secrete chitin, and shell
matrix proteins and provide a scaffold where Ca>" and carbonate (CO3 ")
ions secreted from the ciliated mantle and haemocytes can nucleate and
crystalise to create the hard mineralized shell [36-40]. To improve
understanding of shell production mantle transcriptomes and proteomes
from bivalve species have been produced [41-43] and a biominerali-
zation toolbox composed of matrix proteins, enzymes, ion channels, and
species-specific genes has been proposed [44]. However, the role of
regulatory factors on shell growth, and how they influence “shell
toolbox™ genes, and the response to environmental change is unknown.
Recently long noncoding RNA were identified as a class of regulatory
factors determining shell growth [45].

In our previous bivalve mantle transcriptome studies, we identified
neuropeptides and their putative G protein-coupled receptors (GPCRs)
and suggested they may be regulators of mantle function [46-48]. In
addition, orthologues of the vertebrate calcitonin (CALC) system
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involved in calcium homeostasis, were identified in the mantle of Mytilus
galloprovincialis [46] and M. gigas [49], and a role in calcium mobiliza-
tion for shell production was proposed. Nonetheless, how CALC and
other neuropeptides of the mantle interact to regulate shell growth has
not yet been established and if neuropeptides of the bivalve nervous
system have a function remains to be established. In this study, we
explore the role of neuropeptides in shell growth and test the hypothesis
that they do this by modulating the mantle’s function. In a symmetrical
bivalve, the Mediterranean mussel, M. galloprovincialis we a) explore and
characterize the mantle neuropeptidome and compare it to other bi-
valves, b) look at the distribution of neurosecretory and neuropeptide
fibres between the mantle and nerve ganglia, and c¢) conduct functional
characterization of candidate neuropeptide genes to assess if they
modify shell production by the mantle.

2. Material and methods
2.1. Animals and sampling

Mediterranean mussels (M. galloprovincialis) were collected from the
Ria Formosa (Faro, Portugal, 37°00'32'N, 7°59'40"W) under the ICNF
license 327 / 2022 / CAPT. Adult mussels (5.05 + 0.32 cm long, 8.31 +
1.34 g wet weight) were transported live to the Aquatic Organisms
Experimental Laboratory at the Centre for Marine Science (CCMAR)
where they were manually cleaned. Animals were acclimated for at least
one week to the experimental system composed of 5-litre (1) glass
aquarium filled with 4 1 of aerated seawater (37 ppt, pH = 8.1 £+ 0.1)
from the bivalve’s natural environment at ambient temperature
(20-22 °C). During the acclimation period and experimental trials,
mussels were fed daily (0.002 g / g body weight) with a mixture of a
commercial dry microalgal (PHYTOBLOOM, Necton, Portugal). No
mortality occurred during the acclimation or experimental period.

For tissue sampling, animals were placed on ice and the adductor
muscle was severed with a sterile blade to allow the two valves to open.
Samples from the mantle edge in the region most distal from the umbo
(from here on designated as, the mantle) and CPG ganglia from control
and experimental animals were collected, snap-frozen in dry ice, and
stored at —80 °C until analysis. Mantle samples from control adult
mussels were also collected and stored at —80 °C for transcriptome
analysis and fixed overnight in 4 % paraformaldehyde at 4 °C for
immunohistochemistry.

2.2. Shell regeneration experiments

Two holes next to each other (distance ~1 cm) were manually drilled
(~ 2-3 mm in diameter) in the posterior edge of the shell of
M. galloprovincialis without damaging the mantle. Three experimental
challenges were performed (Supplementary Fig. 1).

2.2.1. Experiment 1. Determination of the timeline for shell regeneration
after damage

The results of the first experiment were used to plan the subsequent
experimental trials. Six animals (n = 6) were used, and shell regenera-
tion was monitored at 1-, 5-, 9- 12-, 16- and 20-days post-damage by
taking digital images of the damaged region in live animals to calculate
the percentage of shell repair across time. The repaired area in each
drilled hole/individual was calculated using the program ImageJ
version 1.52a and the percentage of shell growth for each animal was
taken as the average of the shell regrowth area in the two holes and
calculated according to the formula: % hole area = (shell growth area/
total hole area) x 100 %.

Because the mantle is involved in shell formation, we also aimed to
characterize mantle mobility during the shell repair process the same
experiment was repeated and the inner side of the valve was observed at
1-, 5-, 9-, 12-, 16- and 20-days post-damage. Animals were placed on ice
and then the two valves were separated by carefully cutting the adductor
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muscle with a blade. Digital photographs of the mantle attached to the
inner side of the left valve of the damaged shell were taken. To confirm
the presence of newly grown shell (covering the hole) and to detect any
changes related to the shell repair process in the inner shell surface, the
mantle was gently detached from the shell and digital images were taken
(Supplementary Fig. 1B).

2.2.2. Experiment 2. Identification of candidate neuropeptide transcripts
associated with shell regeneration

In this experiment the expression of candidate neuropeptide genes
(Supplementary Fig. 1C) was determined in mantle tissue collected
immediately below the drilled holes (n = 6 samples/group) and in the
CPG ganglia (n = 3 samples/group, and each sample contained the CPG
from 2 individuals) from control (non-drilled) and shell drilled (SD)
animals at 12-, 24- and 36-hours post damage (SD-group).

Ten neuropeptide transcripts were selected for in-depth analysis
based on the following criteria: a) expression and possible function in
the mantle, as indicated by existing literature, b) the diversity of enco-
ded mature peptides in the precursor genes, c) previously reported
neuroregulatory activity in Mollusca and/or other invertebrates, d) the
identification of a potential cognate receptor in the mantle tran-
scriptome, and e) unknown mature peptide function.

The selected neuropeptide precursor candidates were: 1) the two
calcitonin-like peptide precursors (CALCI and CALCII), previously sug-
gested to have a role in the regulation of calcium movements across the
mantle [46]. 2) The AST-C precursor proposed as a candidate immune
factor in the mantle [47]. 3) Four members of the RF-amide family, a
large, functionally diverse family of peptides in Mollusca [26,50],
including i) the FxRI-amide peptide precursor that encodes 12 mature
peptides and plays an important role as a neurotransmitter and neuro-
modulator in invertebrates [51], ii) LFRF-amide peptide precursor
which encodes 6 matures peptides and has inhibitory activity in Mol-
lusca neurons [26], iii) the CCK/SK peptide precursor for which a pu-
tative receptor was found in the mantle transcriptome (data not shown)
and iv) the LFRY-amide peptide precursor a new member of the RF-
amide family for which no function has been assigned. 4) The Mol-
lusca Myomodulin precursor which encodes 10 putative mature pep-
tides and is involved in the regulation of reproduction [52,53]. 5) The
Lophotrochozoan APGW-amide peptide precursor which encodes 9
mature peptides and regulates reproduction in gastropods [54] and 6)
the LRNFV-amide peptide precursor which encodes 11 peptides with no
known function.

2.2.3. Experiment 3. The role of the nerve ganglia in shell regeneration
To identify which nerve ganglia was involved in shell repair, a pre-
liminary experiment was conducted. The commissure between the
paired CPG (CPG-group) and between the paired VG (VG-group) ganglia
was cut (Supplementary Fig. 1D). This was done by placing animals on
ice, and slightly opening their shells with a clam shell opener. Using a
fine needle, the body tissues were gently separated to expose the
ganglia. The CPG and VG commissures were cut using fine scissors. Then
two holes were drilled in each valve as previously described, and the
animals were immediately placed in seawater. The CPG and VG were
targeted because, a) both CPG and VG are proposed to innervate the
mantle edge and control mantle movement [55], b) neuropeptide pre-
cursors have previously been identified in both ganglia in other bivalve
transcriptome studies [23,56], and ¢) the CPG and VG ganglia are easy to
access and manipulate. Each group (control, CPG-group and VG-group)
contained 8 animals and the repair rate of the holes in the left and right
valves of the CPG-sectioned group was monitored and measured at 0, 5
and 10 days after drilling, while for the VG-sectioned group it was
monitored at days 0 and 7. To understand the impact of ganglia damage
on mantle movement the third shell repair experiment was repeated and
the mantle on the inner side of the left valve was observed at 2, 5, 9 and
20 days after the damage and photographed as described above. Addi-
tionally, a group in which both CPG and VG commissures were severed
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(CPG + VG-group) was established, and shell repair and mantle move-
ment were monitored. No mortality was observed in any of the experi-
mental groups during the experiment.

After examining the regrowth of shells when the ganglia were sev-
ered, it was determined that damage to the CPG -ganglia commissure
had the most significant inhibitory effect on shell repair. To further
investigate the relationship between the CPG and the mantle, another
experiment was conducted. Adult mussels (n = 48 total) were randomly
assigned to three groups (n = 16 per group): 1) intact control animals
(C), 2) shell-damaged group (SD-group) with an intact nervous system,
and 3) a group with shell damage and a severed commissure between the
CPG ganglia (CPG-group). On day O, the mantle tissue beneath the
drilled holes was collected from the SD-group and CPG-group (n = 8
mussels/ group) and from the C group (n = 8 mussels). The trial duration
was determined based on the results of experiment one. At day 0 and at
the end of the 10th day the mantle (located below the drilled shell or its
equivalent position in the control group) was collected from all exper-
imental groups for analysis of changes in gene transcript expression.

All the experimental trials were carried out during October-De-
cember 2022 under natural photoperiod (winter in the Algarve) and at
ambient room temperature (20-22 °C). Half of the water in each
aquarium was renewed every two days and the aquaria were manually
cleaned. The regenerating shell in each drilled hole was inspected at
each sampling timepoint under a stereoscope (Motic, SMZ-171, China)
equipped with a digital camera (Visicam 6 Plus, VWR, Portugal). Digital
images of the shells were taken from the mussels of experiment 1 (n =6
animals/ time point) at 0, 1-, 5-, 9-, 12-, 15- and 20-days post-drilling
and from experiment 3 on day 0, 5 and day 10 (n = 8 animals/ time
point) and the repaired area in each drilled hole/individual was calcu-
lated using the program ImageJ version 1.52a. The percentage of shell
growth in each animal was calculated by averaging the shell regrowth
area in the two holes and using the formula: % hole area = (shell growth
area/ total hole area) x 100 %.

2.3. Total RNA extraction and cDNA synthesis

Total RNA was extracted using an ENZA kit (VWR, USA) and any
contaminating genomic DNA was removed by treating with Precision
DNase as recommended by the manufacturer (Primer design, UK). For
total RNA extraction, the collected tissue composed of the mantle and
CPG ganglia with the commissure nerves from control and experimental
animals were thawed on ice in lysis buffer and then mechanically dis-
rupted using a Tissue lyser II (Qiagen, Germany) with two iron beads (5
mm) for 3 min at room temperature. The concentration and quality of
the extracted total RNA were assessed by determining their absorbance
using a NanoDrop (Thermo Scientific, USA) and by agarose gel (1 %)
electrophoresis.

For ¢cDNA synthesis, DNase-treated total RNA (500 ng) was dena-
tured at 65 °C for 5 min and quenched on ice for 5 min. The reactions for
cDNA synthesis were carried out in a final reaction volume of 20 pl and
contained 10 ng of pd. (N) 6 random hexamers (Jena Bioscience, Ger-
many), 2 mM dNTPs (ThermoScientific, USA), 100 U of RevertAid
Reverse Transcriptase and 8 U Ribolock RNAse inhibitor (Thermo-
Scientific). Reaction conditions were as follows: 10 min at 20 °C; 60 min
at 42 °C and finally 5 min at 70 °C. The quality and uniformity of the
synthesised cDNA for all samples were assessed by amplification of the
mussel 18S ribosomal subunit (18S rRNA) using specific primers
(Table 1) and the following thermocycle: 95 °C, 3 min; 25 cycles (95 °C,
20s; 60 °C, 20 s; 72 °C, 20 s); 72 °C, 5 min. The reaction products were
assessed by agarose gel (2 %) electrophoresis.

2.4. Mantle transcriptomes and analysis
The mantle from the left and right valve of control adult

M. galloprovincialis (n = 6 / shell side) was collected and total RNA was
extracted using an ENZA kit (VWR, USA) as described above. Library
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Table 1
List of primers used in qRT-PCR analysis for the bivalve M. galloprovincialis.

Transcript Sequence (5’ a3") T (°C) Efficiency R?

CALCI Fwd TGGTTGAAACTTACATGTGGTT 60 °C 95.40 % 0.997
Rev CATTCTTCTTCAATGACGTCA

CALCII Fwd AAACGGGCGTGCAATCTTG 58 °C 94.70 % 0.997
Rev CGAATGTTCTTTAGGTCAAGGC

CCK/SK Fwd CCGGTGCGATATTTCTGTAGG 60 °C 87.30 % 0.996
Rev ACACATTGTGCACTTACCGT

LFRY-amide Fwd TAGAATTATGTGCTGAAGGGA 60 °C 87 % 0.997
Rev ATATTGCTGTAATCCTGAAGGA

APGW-amide Fwd CATCTTCAGATGAGTCGAGTG 58°C 81.10 % 0.999
Rev CTTCGGAATCGAACAACATATC

Myomodulin Fwd ATTAACCCAGGACCTCGTCC 58 °C 79.20 % 0.997
Rev TCTTCTGTGAGGTATCTACC

LFRF-amide Fwd TTGGACACCAGGACGATAAC 60 °C 96.50 % 0.991
Rev CTAATTCCTCCTCACGACCA

FxRI-amide Fwd CAAGATGGGACCTGAATATG 58 °C 94.70 % 0.999
Rev GATTTAACTCAGCACTCCTC

ASTC Fwd GCAGTTTCAAGAGCAGGAAGCCT 66 °C 96.80 % 0.997
Rev GGCATTGCACATGGCTTCGTTT

LRNFV-amide Fwd TGCGTACACTATCTTCTGGT 58°C 92.80 % 0.999
Rev AATTCAAACCACGGAAGCAC

18S Fwd GTGCTAGGGATTGGGGCTTG 60 °C 95.50 % 0.999
Rev TAGTAACGACGGGCGGTGTG

EF1 a Fwd GAAGGCTGAGGGTGAACGTG 60 °C 96.20 % 0.996
Rev TCCTGGGGCATCAATAATGG

preparation and sequencing were performed by Novogene Europe.
Before library production, the total RNA integrity of the samples was
assessed using an RNA Nano 6000 Assay Kit for a Bioanalyzer 2100
system (Agilent Technologies, CA, USA) and only samples that passed a
pre-established threshold for the RNA integrity (RIN > 8.0) were used
for library preparation (n = 3 samples /shell side and each sample was
composed of a pool of total RNA from two individuals). Sequencing was
performed with an Illumina NovaSeq 6000 and 150 base paired-end
reads were generated.

Mantle transcriptomes were analysed in Galaxy (https://usegalaxy.
eu/) and annotated in R-studio. The quality of the transcriptome was
assessed using FastQC (Version 0.72) with the default parameters [57]
and Trimmomatic (Version 0.36.5) was used to trim low-quality reads
[58]. Clean reads from the two mantle valves were combined and
mapped to the annotated reference genome of M. galloprovincialis (NCBI
Accession: GCA_900618805.1) in GenBank using HISAT2 (Version 2.1.0,
default settings) and transcript counts generated with StringTie (Version
1.3.6, default settings). Sequences were deposited in SRA with the
project PRINA995578 in N°. SAMN36494222. The mantle tran-
scriptomes were generated in the context of another project, which
provides in-depth analysis of the data [59]. In the present study, the
transcriptomes were exclusively used to identify putative neuropeptide-
encoding genes, which were not the focus of the other study.

2.5. Sequence database searches and annotations

The presence of putative neuropeptide precursor genes in the pre-
dicted proteins of the M. galloprovincialis genome at NCBI
(GCA_900618805.1) was established by searching the database using as
the query the deduced neuropeptide precursor orthologues from the
Pacific oyster (C. gigas, now renamed M. gigas) and the scallop
(M. yessoensis) [23,60,61]. A total of 110 bivalve neuropeptide precursor
genes (Supplementary Table 1), 60 from M. gigas and 50 from
M. yessoensis were used to search the predicted proteins of
M. galloprovincialis (taxid:29158) using the blastp programme and hits
with an e value < —10 were retrieved and analysed. To identify candi-
date neuropeptide genes with the potential to regulate mantle function,
M. galloprovincialis mantle transcriptome reads were mapped to the
annotated genome. Only genes identified in more than one of the mantle
transcriptome libraries generated for the right or left valve (n = 3/ each
valve) were included in subsequent analysis. Additionally, assembled,

and annotated M. galloprovincialis mantle transcriptomes (SRP 063654)
available “in-house” [41] were also searched for the neuropeptide se-
quences since the reference genome annotation (NCBI,
GCA_900618805.1) available for M. galloprovincialis is incomplete [62].

The identity of the retrieved M. galloprovincialis putative neuropep-
tide coding genes was confirmed by characterization of the deduced
protein precursors and localization of the predicted mature peptides by
a) the identification in the flanking sequences of monobasic, dibasic, or
tribasic consensus cleavage sites (RR, KR, KK) and b) identification of
conserved mature peptide motifs [23,60]. The M. galloprovincialis pep-
tide precursors were aligned with the orthologues from M. gigas and
M. yessoensis using the multiple sequence alignment programme clustal
omega with the default settings [63] to confirm sequence homologies
and the deduced mature peptides were annotated.

2.6. Tissue histology and immunofluorescence

The mantle edge was collected and fixed overnight (16 h) with gentle
agitation in 4 % paraformaldehyde (PFA) at 4 °C. Tissue was rinsed in
water and dehydrated through a graded ethanol series (70 % to 100 %),
saturated in xylene and embedded in paraffin wax (Merck, Germany).
Serial transverse sections (5 pm) were mounted on glass slides and dried
overnight at 37 °C, cooled to room temperature and stained using a
standard hematoxylin and eosin (H&E) procedure to characterize the
general morphology of the mantle using a microscope (Leica DM2000)
connected to a digital camera (Leica DFC480).

Immunofluorescence was performed to a) characterize the neuro-
peptide secretory fibres in the mantle and b) analyse the organization of
the nerve fibres in the ganglia (CPG and VG) and mantle during shell
repair and after severing the CPG commissure in mussels. Mantle, CPG
ganglion and VG ganglion tissue samples were equilibrated with a
graded series of sucrose solutions (from 10 % to 30 %) and stored at
—20 °C until use. To prepare the tissue for sectioning, they were
embedded in an optimal cutting temperature (OCT, VWR, Portugal)
medium and frozen at —20 °C overnight. Serial sections of 14 pm were
prepared using a cryostat (NX50 cryostat, Thermo Scientific, Waltham,
MA, USA) and mounted on glass slides (treated with APES; Sigma-
Aldrich, Madrid, Spain) before being stored at —20 °C.

For immunofluorescence, slides were washed 3 times in PBS for 15
min and then incubated in OCT blocking solution (Tris-Carrageenan-
Triton X buffer, 0.1 M Tris buffer containing 0.7 % Carrageenan and 0.5
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% Triton X-100, pH 7.6) containing 3 % sheep serum (Sigma-Aldrich,
Madrid, Spain) for 2 h at 4 °C. The primary antisera utilized were anti-
FMREF (rabbit polyclonal, Immunostar, 20091) diluted 1:1000 in PBS,
anti-p-tubulin (mouse monoclonal, Sigma, T-4026) diluted 1:250 in PBS
and anti-5-HT (rabbit polyclonal, Sigma, S-5545) diluted 1:400 in PBS
(Table 2). The specificity of the primary antisera used in the study has
previously been validated in other studies of invertebrates [64,65].

Mantle tissue sections were incubated with FMRF, serotonin and
B-tubulin antisera and the CPG and VG sections were incubated with
serotonin and p-tubulin antisera. For all tissue sections incubation with
the primary antisera at the optimal dilution was overnight at 4 °C, rinsed
twice in PBS for 5 min and then incubated with the secondary antisera in
the dark and in all subsequent steps of the procedure. The secondary
antisera were Alexa Fluor 546-conjugated anti-rabbit IgG (Molecular
Probes, Eugen, Oregon; A-11035) for the FMRF and serotonin antisera,
and Alexa Fluor 546-conjugated anti-mouse IgG (Molecular Probes,
Eugen, Oregon; A-11030) for the p-tubulin antisera. The sections were
incubated with the appropriate secondary antisera for 2 h at room
temperature in the dark and then washed twice in PBS (3 min per wash)
and the nuclei stained with a solution of DAPI (1:20000 dilution, Sigma,
St. Louis, MO, USA) for 5 min. After two washes of 3 min in PBS, tissue
sections were mounted in glycerol-gelatine (Sigma-Aldrich, GG1,
Madrid, Spain) and analysed using a fluorescence microscope (Zeiss
Axioimager Z2, Carl Zeiss Group) coupled to a digital camera (Axiocam
ICC3) linked to a computer for digital image analysis.

2.7. Quantitative PCR

Changes in neuropeptide gene expression during shell repair were
assessed in the RNA extracted from mantle tissue below the drilled area
and in the CPG-ganglia by quantitative real-time PCR (qPCR) using
SsoFast EvaGreen Supermix (BIO-RAD, Portugal). A 5 pl final reaction
volume was prepared with 200 nM of forward and reverse gene-specific
primers (Table 1) and 1 pl of template cDNA (diluted 1:3). The expres-
sion of elongation factor 1-alpha (ef1a) and 18S ribosomal subunit (18 s)
transcripts in M. galloprovincialis ¢cDNA (diluted 1:50 and 1:500,
respectively) did not vary between samples and so they were used as
reference genes. Duplicate reactions were performed (< 5 % variation
between replicates) using a CFX Connect Real-Time PCR Detection
System for 384-well microplates (BIO-RAD). Cycling conditions were
95 °C, 30 s; 44 cycles (95 °C for 5 s and 10 s at the primer annealing
temperature, Table 1). To detect non-specific products and primer di-
mers melting curves were performed. q-PCR efficiencies and R? (coef-
ficient of determination) were established (Table 1) and gene expression
levels were calculated. Data was normalized using the geometric mean
of the reference genes. All amplicons were sequenced to confirm reac-
tion specificity.

Table 2
List of the primary and secondary antibodies used for the
immunohistochemistry.
Antibody Host species Source Dilution
before use
FMRF_amide Rabbit Immunostar (20091) 1:1000
(polyclonal)
B-tubulin Mouse Sigma (T-4026) 1:250
(monoclonal)
Serotonin (5-HT) Rabbit Sigma (S-5545) 1:400
(polyclonal)
Alexa Fluor 546- Donkey Molecular Probes, 1:400
anti-rabbit IgG Eugen (A-11035)
Alexa Fluor 546- Donkey Molecular Probes, 1:400

anti-mouse IgG Eugen (A-11030)
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2.8. Enzymatic assays

The effect of the experimental manipulations on the activity of
mantle carbonic anhydrase activity the enzyme that generates bicar-
bonate from metabolic carbon dioxide and so regulates the formation of
the mineralized calcium carbonate crystals in the shell was determined
[46,66,67].

2.8.1. Mantle protein extracts

Protein extracts were prepared from the mantle of both valves for the
enzymatic assays. Mantle samples from the control (C), SD-group and
CPG-group mussels at 0 and 10 days were used. Mantle protein extracts
were prepared in sterile SW by mechanically disrupting the tissue using
a Tissue lyser II (Qiagen, Germany) with two iron beads (5 mm) for 3
min at room temperature. The amount of SW added was 10 times the
tissue weight to obtain a final concentration of 0.1 mg /pl of the protein
extract. The lysate was centrifuged for 15 min at 13000 rpm and the
supernatant was transferred to a clean tube and stored at —80 °C until
use. Samples were used within 4 days of preparation.

2.8.2. Esterase activity

Esterase activity in the mantle (n = 8/ group) was quantified in
protein extracts using a colorimetric assay that measured the conversion
of the substrate 4-nitrophenyl acetate to p-nitrophenolate. Assays were
performed using the method previously described [46,68]. In brief, 10 pl
of mantle edge protein extracts (0.1 mg /pl) were added to 290 pl of the
substrate (0.05 M 4-Nitrophenyl acetate (Acros Organics, USA) in Tris-
HCI (pH 7.4) for 20 min in the dark with gentle agitation. Reactions
were performed at RT in duplicate for each of the extracts prepared.
Esterase activity was stopped by placing the reactions on ice for 5 min
and the absorbance was read at 405 nm (Biotek Synergy 4, USA). The
amount of p-nitrophenolate produced was quantified using a standard
curve prepared from p-nitrophenol (from O to 200 pM). Bovine CA
isoenzyme II (0.1 mg/ml) (Sigma-Aldrich) was used as the positive
control.

2.8.3. Acid phosphatase activity

Acid phosphatase activity (n = 8/group) in mantle protein extracts
was determined using 96 well-plates (Greiner, Germany) and a tartrate-
resistant acid phosphatase (TRAP) assay as described in [46]. Briefly, 10
ul of the mantle edge protein extract (0.1 mg/ul) was added to 190 pl of
TRAP buffer (20 mM para nitrophenyl (pNPP, Sigma-Aldrich), 20 mM
tartrate in 0.1 M Na-acetate buffer, pH 5.3) and incubated for 20 min at
RT with agitation. Reactions were stopped with 2 M NaOH and
measured at 405 nm using a microplate reader (Biotek Synergy 4). The
amount of pNPP converted into p-nitrophenol (pNP) was calculated
using a pNP standard curve (from O to 200 pM) prepared as outlined
above.

2.8.4. Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity (n = 8/ group) in mantle protein
extracts was determined using 96 well-plates (Greiner) according to the
protocol described in [46]. Briefly, 10 pl of the mantle protein extract
(0.1 mg/pl) was added to 190 pl of ALP buffer (5 mM para-
nitrophenylphosphate — pNPP, Sigma-Aldrich —, 0.1 M Tris-HCl - pH
9.5-1 mM MgCly, and 0.1 mM ZnCl). For ALP reactions, the samples
were incubated with agitation at 30 °C in the dark for 30 min. The re-
actions were stopped by adding 200 pl of 2 M NaOH and 150 pl of the
reaction mix from each well was transferred in duplicate to a 96-well
plate and absorbance was measured at 405 nm using a microplate
reader (Biotek Synergy 4). The amount of pNPP converted into pNP was
calculated using a pNP standard curve (from 0 to 200 pM) prepared as
outlined above.
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2.9. Peptide injections

To assess if the candidate peptides identified regulate shell forma-
tion, a shell damage-repair assay was carried out in bivalves. Several
neuropeptides were selected as candidates for shell growth, based on the
following criteria a) in shell damage-repair assays they had a signifi-
cantly modified gene expression compared to the control individuals,
and/or b) they had a significantly modified gene expression after the
commissure of the CPG ganglia was severed (see Section 2.2 for
experiments).

In M. galloprovincialis with two holes drilled in the right and left
valve, candidate peptides were injected into the adductor muscle using a
micro-syringe (Hamilton Gastight Syringes, Germany) with a 23G nee-
dle and their effect on mantle function and shell formation was assessed.
Candidate peptides that were tested included CALCIla (H-
CTWGGGMSDEMCSTVDIDEIQRSFQVIHDRNSP-amide), which is enco-
ded in the M. galloprovincialis CALCII precursor, a candidate regulatory
factor of shell mineralization [46] and the MYOc peptide (AMPMLRL-
amide, repeated 3 times inside the Myomodulin precursor). The peptide
CALCIa (H-ACNLGLNSHHCALADLDNQLQS REWLSNGHSP-amide) was
also tested because it is the duplicate of CALCIIa [46] and a further
peptide CCK/SK (QGDWDLDYGLGGGRW-amide) was included as a
negative control because its expression was unrelated to shell growth
and the peptide was synthesised without the sulphate group, so it does
not activate its receptor.

All the peptides were synthesised with a purity > 95 % by HPLC
analysis. Modifications including N-terminal acetylation, C-terminal
amidation and appropriate disulphide bonds were included for CALC
peptides and for MYOc and CCK/SK the peptides were amidated (GL
Biochem Ltd., Shanghai, China). All peptides were re-suspended in
sterile 1x PBS before the assays. To choose the best concentration of
peptide for the in vivo assays, optimization studies with three concen-
trations (10, 107> and 107° M) were initially tested, by injecting (50
) of them into the adductor muscle and monitoring shell re-growth for
5 days. In the PBS group, PBS alone (50 pl) was administrated. A control
group was included to represent the normal repair process (no manip-
ulation). For the trial, a peptide concentration of 10™> M was chosen.
Only the peptides (CALCIa, CALCIIa and MYOc) that affected shell
growth were tested. CCK/SK, which had no effect in the optimization
trials, was excluded (Supplementary Fig. 2). Thirty M. galloprovincialis
were randomly divided into 5 groups of 6 animals each and placed in 10
1 tanks filled with seawater from their natural habitat. Peptides and PBS
injections (50 pl) were administered every 48 h throughout the
experimental.

Experiments were run under the conditions described above (Section
2.1) except that the temperature of the seawater was 25-27 °C and the
photoperiod was that for August in the Algarve. No mortality was
observed during the experiments. The regenerated shell inside the holes
drilled in each valve was observed daily under a stereomicroscope and
photographed using a digital camera (Visicam 6 Plus, VWR, Portugal).
The shell repair rate was calculated on day-15 after the start of the ex-
periments from six (n = 6) biological replicates per group and was the
average of the two holes in the two valves (right and left) of each animal.
This experiment was repeated independently twice.

2.10. Scanning electron microscopy (SEM)

Regenerated shells from M. galloprovincialis were washed with
distilled water, air-dried, and used for SEM imaging. Shell samples were
mounted on stubs coated with gold (JEOL, JFC1200, JSM Electron Mi-
croscopes, Tokyo, Japan), and observed using a scanning electron mi-
croscope (JEOL, JSM5200-LV, JSM Electron Microscopes, Tokyo, Japan)
with a high-energy beam of 25 kV, and images were acquired after 90 s
exposure using digital software.
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2.11. Calcein staining and IR spectral analysis of regenerating shells

A section of the newly grown shell (~0,3 cm?) of the control and
shell rescue mussels injected with PBS (negative control) or with CAL-
Cla, CALCIIa or MYOc peptides were collected 7 days post-damage and
immersed for 16 h in a 100 mg/1 calcein (Sigma-Aldrich) solution pre-
pared with sterile filtered seawater. Shells were subsequently rinsed in
1xPBS, observed under a fluorescence microscope (Zeiss Axioimager Z2,
Carl Zeiss Group) and digital images were captured using a digital
camera (Axiocam ICC3). A small section of the regrown shell from each
experimental group was also analysed using Attenuated Total Reflec-
tance Fourier Transform Infrared (ATR-FTIR) spectroscopy (Thermo
Scientific Nicolet iN10 MX, USA) and compared to the mineralized
control shell. The FITR spectrum was taken with an aperture of 100 pm/
100 pm, a range of 700-4000 cm ™! and a resolution of 8 cm ™!, and the
accumulation of 64 scans. Data acquisition was performed using OMNIC
Picta software and the CaCOs signal was identified by comparison with
the reference spectrum [69-70]. A heat-map of the regenerated shell
section in the control and experimental groups was constructed using
the characteristic absorbance signal of CaCO3 found at the wavelength,
1795.93 em .

2.12. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 8.0
for Mac OS X (US, www.graphpad.com). One-Way ANOVA and Two-
Way ANOVA with a Sidak’s multiple comparisons test were used. All
the results are shown as mean =+ standard error of the mean (SEM). One-
Way ANOVA was used to identify significant differences between
experimental groups in the enzymatic assays and shell repair experi-
ments. Two-Way ANOVA was utilized to determine significant differ-
ences in gene expression between groups and to assess the impact of the
peptides on shell growth. The significance threshold was set at p < 0.05.

3. Results
3.1. Neuropeptide precursors in M. galloprovincialis

To explore the diversity of neuropeptide precursors found in the
M. galloprovincialis genome and to identify those expressed in the
mantle, the neuropeptide gene set was obtained from the genome and
then their expression was determined in the mantle by analysing tran-
scriptomes. Sequencing of the 6 mantle cDNA libraries (n = 3/ each shell
side) of control adult mussels yielded an average number of reads of
43771022 per library with an average GC content of 38 %. They were
combined and mapped against the M. galloprovincialis annotated genome
and yielded a total of 83,135 genes. This suggests that approximately 62
% of the genes predicted in the M. galloprovincialis genome (a total of
134183 predicted genes) are expressed in the mantle [45].

Searches in the M. galloprovincialis annotated genome using full-
length peptide precursors or deduced mature peptide sequences from
other bivalves identified at least 48 neuropeptide gene family members
that were orthologues of neuropeptide genes and precursors found in
M. gigas and M. yessoensis (Fig. 1, Supplementary Table 1). To confirm
genome predictions and identify additional neuropeptide families or
family members that have not been identified in the available annotated
genome, annotated mantle transcriptomes available “in house” were
searched and 6 additional neuropeptide precursor transcripts (Allatos-
tatin C, Allatotropin, CALC I, FF-amide, FxRI-amide and opioid) were
identified [41,46,47].

In M. galloprovincialis most neuropeptide genes corresponded to a
single protein precursor but for some multiple precursors were predicted
(Fig. 1, Supplementary Fig. 3 and Supplementary Table 1). Two protein
precursors were predicted for 16 neuropeptide gene families: Bursicon,
Calcitonin (CALC), Conopressin, Feeding Circuit-Activating Peptide
(FCAP), Insulin-like peptide (ILP), LASGLV_amide, Luqgin, LRY-amide,
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Fig. 1. Minimum neuropeptidome in the M. galloprovincialis genome. Com-
parisons of the number of M. galloprovincialis (Mga) neuropeptide gene tran-
scripts with M. gigas (Mgi) [60] [61] and M. yessoensis (Mye) [23]. The numbers
inside the boxes represent the number of genes. The accession numbers of the
predicted peptide precursors, length and number of mature peptides is available
in Supplementary Table 1. The complete neuropeptide precursor sequences and
deduced mature peptides for M. galloprovincialis are available in Supplementary
Fig. 3 and the sequence alignment of the deduced mature peptides between
Mga, Mgi and Mye are available in Supplementary Fig. 4. The peptide pre-
cursors found in the mantle transcriptomes are marked in blue and those
selected for genes expression and functional analysis are in bold.

Allatostatin B/ Myoinhibiting peptides (AST-B/MIP), Myomodulin,
neuropeptide KY (NKY), PFVx7, RxI_amide, small Cardioactive Peptide
(sCAP) and WX3Y_amide peptide, three protein precursors were
retrieved for Buccalin, Elevenin and neuropeptide F (NPF) and five for
the Prokineticin neuropeptide gene (Fig. 1, Supplementary Tables 1 and
2). Most of the predicted protein precursors resulted from alternative
exon splicing events of a single gene (Supplementary Table 2). However,
in the case of Bursicon, CALC, ILP, PFVx7 and Prokineticin the predicted
peptide precursors arose from different genes (Supplementary Table 2).

Precursors encoding neuropeptide genes that are conserved across
bilaterians (19), Protostomes (5), Lophotrochozoans (16) and Mollusca
(8) were identified (Fig. 1). Comparisons between the bivalve species
M. gigas, M. yessoensis and M. galloprovincialis suggested that the number
of neuropeptide precursors and encoded mature peptides was species-
specific (Fig. 1, Supplementary Table 1, Supplementary Fig. 4). In
M. galloprovincialis the largest and most peptide-rich neuropeptide pre-
cursor was the pedal peptide precursor and a single gene encoding the
peptide precursor was found. The predicted peptide precursor encoded
23 mature peptides. In M. gigas, 3 different genes encoding the pedal
precursors have been described and the predicted peptide precursors
encoded a different number of mature peptides (27, 11 and 16 peptides)
[60]. In M. yessoensis two gene orthologues encoding the pedal pre-
cursors were described and encoded 9 and 7 mature peptides [23]
(Supplementary Table 1). Other examples of predicted peptide pre-
cursors encoding multiple peptides were the bivalve FMRF-amide
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precursors which encoded 16, 14 and 27 mature peptides in
M. galloprovincialis, M. gigas and M. yessoensis, respectively (Fig. 1,
Supplementary Table 1, Supplementary Fig. 4).

Interrogation of adult M. galloprovincialis mantle transcriptomes
identified at least 45 neuropeptide transcripts that belonged to 41
different neuropeptide gene families (Supplementary Table 3). Of all the
neuropeptide gene families identified only members of Bursicon, GWE-
amide and Neuropeptide prohormone 4 gene families were not identi-
fied. Ten (10) neuropeptide precursors were selected for gene expression
analysis and functional studies to explore their involvement in mantle-
shell production and biomineralization (Fig. 1, Supplementary Fig. 3).

3.2. Detection of neuropeptide fibres in M. galloprovincialis mantle

H&E staining of tissue sections revealed the general tissue
morphology and the three mantle folds were readily identified, and were
composed of loose connective tissue bordered by columnar epithelial
cells. We investigated the origin of neuropeptides in the mantle by
studying the distribution of neuropeptide fibres and mapping the mantle
fibres containing the neuropeptide FMRF. We used antisera commer-
cially available, which were previously validated for use in molluscs
[55] (Fig. 2). The mantle of M. galloprovincialis is made up of three
distinct folds: the outer fold (OF), middle fold (MF), and inner fold (IF).
FMRF immunopositive fibres were found in the inner mantle and in the
mantle margin, indicating that this tissue is highly innervated, and
contains a complex network of FMFR fibres. Additionally, concentrated
nerve tracts of varying size were detected within the inner mantle tissue
(Fig. 2). This confirmed that the mantle in M. galloprovincialis is highly
innervated and suggested that it is regulated by the ganglia and indicates
that neuropeptides such as FMRF may play an important role.

3.3. The impact of ganglia damage on shell regeneration

3.3.1. Implementation of an in vivo M. galloprovincialis shell regeneration
model

To study the potential role of neuropeptides in mantle function, we
examined their potential involvement in shell production. For this
purpose, we established an experimental model to observe shell damage
and repair in living bivalves. In our experiment, we drilled a hole in both
shell valves and monitored the shell regeneration process. After 20 days
the hole in the valve was fully repaired with new shell (Fig. 3A). Normal
shell regeneration occurred at a variable rate across time (Fig. 3A) and
the most intense period of repair occurred within the first days after the
shell was drilled and by the 5th day more than half (64 + 4 %) of the
hole was covered by newly grown shell. The subsequent repair rate was
slower, and it took a further 15 days (until day 20), for the drilled hole to
be totally covered (Fig. 3A). Moreover, no differences were observed in
the rate of shell regrowth when the left and right drilled valves were
compared suggesting that shell regeneration occurred at a similar rate
after damage in both valves (Fig. 4A).

Observations of the mantle movements during shell repair were
carried out during the initial stages of shell repair. After drilling, the
mantle edge retracted and surrounded the hole (Fig. 3B). After the shell
was repaired, the mantle slowly returned to its original position before
drilling. Twenty (20) days after drilling, when the hole was completely
covered by a thin mineralized layer, the mantle was close to its original
position before drilling as seen in Fig. 3B. During the shell repair process
morphological changes were observed in the prismatic layer of the inner
shell surface surrounding the anterior region of the drilled hole
(Fig. 3C). Light microscopy revealed that an irregular matrix structure
was formed during repair.

3.3.2. Severing the CPG in vivo impairs shell-regeneration in
M. galloprovincialis

To assess the potential regulatory role of the nervous ganglia on shell
repair/growth, the nerve commissure that connects the left and right



Z. Lietal International Journal of Biological Macromolecules 281 (2024) 136500

HE A

(caption on next page)



Z. Lietal

International Journal of Biological Macromolecules 281 (2024) 136500

Fig. 2. Histology and immunohistochemistry of the M. galloprovincialis mantle. A) H&E staining of the mantle edge revealing the loosely packed mantle tissue in the
three mantle folds and intensely staining epithelial cells particularly in the OE and OF. B) DAPI staining, C) immunostaining with the FMRF antibody, D) illustration
of the distribution of the neuropeptide fibres in the mantle. The three structural folds of the mantle edge are represented. White arrows indicate the neural nodes
within the mantle body. OF - outer fold; MF - middle fold; IF - inner fold, P - periostracum, OE- outer epithelial cell layer, NC - neuro cell clusters, NF-nerve fibres, S-
shell, ES-extrapallial space. The scale is indicated in the images. Stained sections from histology were analysed using a microscope (Leica DM2000) connected to a
digital camera (Leica DFC480) and the Immunohistochemistry sections were analysed using light or fluorescence microscopy and a Zeiss Axioimager Z2 (Carl Zeiss
Group) coupled to a digital camera (Axiocam ICC3) linked to a computer for digital image analysis. The magnification used was 100x for the combined overall tissue

images, and 200x for the detailed images.

CPG ganglion (CPG-group) and the left and right VG ganglion (VG-
group) were severed, and shell regeneration was monitored in the dril-
led shell animals (Fig. 4 and Supplementary Fig. 5). Both the CPG and
VG were independently severed since both nerve ganglia are suggested
to control mantle function [14]. After severing the ganglia, the effect on
shell regrowth was monitored using the approach outlined in Section
3.3.1. In M. galloprovincialis, regrowth of the shell was stopped in both
the right and left valves when the CPG was severed during the experi-
ments (Fig. 4A and B). In contrast, when the VG ganglia commissure was
severed shell regrowth occurred as normal in both the left and right
valves and the repair rate was identical to the control group after 7 days
(Supplementary Fig. 5A and B). Visual inspection of the severed CPG or
VG ganglia revealed that the nerve connections were not re-established
for the duration of the experiment (data not shown). The results indicate
that the CPG ganglia is essential for shell regrowth and may regulate the
shell-related activities of the mantle. While the VG ganglia does not
appear to have an important role.

To verify if the effects of the severed CPG on shell regrowth were due
to modified mantle movement, mussels with a severed CPG were
observed across the 20 days of the experiment. The results showed that
cutting the commissure of the GPG or VG ganglia did not have any effect
on mantle movement (Supplementary Fig. 5C).

3.3.3. CPG and VG ganglia reorganization after severing the ganglia or
during shell damage

Immunohistochemistry was performed to analyse the impact of shell
damage or cutting the commissure (CPG only) on neurons and nerve
tracts in the CPG and VG ganglion and mantle at the initial stages of shell
repair (24 h). Anti p-tubulin was used to analyse the overall nervous
tissue organization and anti-5-HT to characterize the distribution of the
neurotransmitter neurons/fibres (Fig. 5). In shell-damaged animals, the
CPG ganglion showed a reorganized pattern. The immunopositive neu-
rons for p-tubulin and 5-HT showed that the ganglion was re-organized
compared to intact control animals (Fig. 5A). Twenty-four (24) hours
after shell damage, the CPG ganglion in shell damaged animals was
smaller than the control ganglion and contained a compact mass of 5-HT
neurons. When the CPG commissure was severed (CPG-group) the shape
of the ganglion changed, becoming rounder, and the 5-HT neurons
became concentrated in the region localized near the severed commis-
sure (Fig. 5A). For the VG-group, shell damage increased the ganglion
size and 5-HT positive neurons became concentrated in the centre of the
ganglion (Fig. 5B). Notably when the CPG commissure was severed the
VG ganglion was affected and it became smaller, and the 5-HT neurons
were concentrated on one side (Fig. 5B).

At the mantle edge, shell damage did not modify the tissue structure,
but the distribution of the 5-HT positive fibres was modified. Shell
damage increased the number of 5-HT positive fibres in the mantle but
in the CPG-group there was a re-distribution of the 5-HT immuno-
positive nerves, and they became more concentrated in the mantle OF,
which is most related with shell formation (Fig. 6).

3.3.4. Activity of biomineralization enzymes in the mantle

To determine the impact of shell damage and the nervous system on
“shell toolbox genes” the activity of the biomineralization enzymes:
a-carbonic anhydrase (CA) involved in the production of bicarbonate
ions essential for crystal mineralization [71,72], acid phosphatase
(TRAP) which is associated with shell remodelling and alkaline

phosphatase (ALP) a shell matrix protein associated with shell formation
[73,74] were measured in the mantle 10 days after shell drilling
(Fig. 7A). In the SD-group the activity of CA and TRAP was significantly
increased after shell damage (p < 0.05) compared to the intact group,
but in the CPG-group shell damage caused a significant decrease in
enzyme activities (Fig. 7A). This suggests that the activity of mantle cells
producing the biomineralization enzymes is likely to be regulated by the
nervous system. ALP activity did not change in any of the experimental
groups (Fig. 7A).

3.3.5. Neuropeptide gene expression during shell regeneration

To identify potential candidates for shell repair, we selected 10
neuropeptide mantle transcripts for gene expression analysis in the
mantle and CPG ganglia during the first 36 h after shell damage, which
represents the initial stages of shell regeneration. Among these, the
CALC precursors (CALCI and CALCII) were chosen due to their previ-
ously demonstrated potential involvement in shell production [46].

Expression data confirmed that all candidate precursors were
expressed in both the mantle and CPG ganglia and that gene expression
in both organs was modified after the shell was damaged (Fig. 7B,
Supplementary Fig. 6). Expression of gene transcripts for APGW-amide,
Myomodulin, LFRF-amide, FxRI-amide, LFRY-amide and LRNFV-amide
peptide precursors was significantly increased in response to shell
damage (p < 0.05) in both the mantle and CPG ganglia. In contrast, the
AST-C gene was only significantly up-regulated in the mantle (p < 0.05).
Shell damage did not invoke a significant change in gene expression of
CALC (CALCI and CALCII) or the CCK/SK precursors either in the mantle
or the CPG ganglia (Fig. 7B, Supplementary Fig. 6).

Candidate gene expression in later stages of shell repair was exam-
ined in the mantle 10 days after approximately 60 % of the drilled holes
had been repaired (Fig. 3). The results showed that the pattern of gene
expression was altered in both the SD-group and CPG-group (Fig. 7C).
Six of the 10 candidate neuropeptide precursor genes had a coordinated
expression pattern. In the SD-group transcript abundance of the CALCII,
LFRY-amide, APWG-amide, Myomodulin, LFRF-amide and FxRI-amide
peptide precursor genes was significantly increased (p < 0.05), but in
the CPG-group expression of the same neuropeptide precursor genes was
significantly down-regulated (p < 0.05). This indicates that the cells
expressing these neuropeptide precursors may be regulated by the CPG
ganglia. Conversely, no alterations in gene expression were detected for
CALCI, LRNFV-amide and CCK/SK peptide precursors in the CPG-group
(Fig. 7C). Expression of the AST-C precursor in the mantle was signifi-
cantly increased (p < 0.05) in the SD-group and CPG-group suggesting
that cells expressing this neuropeptide gene are not under the regulation
of the CPG ganglia. Overall, the results indicate that regulation of mantle
cells expressing the neuropeptide precursor genes targeted in this study
may be regulated by the CPG ganglia. These neuropeptides may be
involved in shell growth and repair.

3.4. Effect of neuropeptides on shell regeneration and shell microstructure

To identify the candidate peptides that might be directly involved in
shell repair, the mature peptides were injected into the adductor muscle
of CPG-group animals with damaged shells. The rationale behind this
was that by directly adding the peptide, it should be possible to rescue
the severed CPG ganglia phenotype, which caused arrested shell repair.
The peptides that were tested included CALCIa, CALCIla, MYOc and
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Fig. 3. Shell re-generation after damage in M. galloprovincialis. A)Timeline of the shell repair process. Images were analysed to calculate the percentage (%) shell
repair ratio using Image J. The blue dashed line represents the outline of the newly grown shell. The orange line in the graph represents the progress of shell repair
and the circles provide an illustrated view of the proportion (%) of the damaged shell that was repaired across time. The percentage presented is the average of the
results of six different individuals. B) Digital images of the outer and inner shell side during shell repair. Outer shell side images illustrate hole coverage with the
newly grown shell and inner shell side images illustrate the movement of the mantle during shell repair. The green shaded area represents the mantle, the red circles
denote the edge of holes drilled in the shell, and the yellow arrows indicate the direction of mantle movement. C) Inner shell morphology during repair. The green
line represents the baseline where the new shell begins to grow, the dashed green line represents the front of the newly deposited shell. The red circles indicate the
hole position. The scale bar indicates 1 mm.
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Fig. 4. Effect of ganglia commissure damage on shell regrowth. The nerve commissure that connects the CPG ganglia was severed and the process of shell-regrowth
was observed for 10 days in both left and right valves. The repair of holes in the shell was monitored at 0, 5 and 10-days post-drilling, A) in animals (n = 8) in which
holes were drilled in the shell (control-group) or B) in animals (n = 8) with drilled shells and severed ganglia (CPG-group). Two holes were made in each valve — the
right valve is represented in blue; the left valve is represented in pink, using a stereomicroscope (Motic, SMZ-171, China) equipped with a digital camera (Visicam 6
Plus, VWR, Portugal). The percentage (%) of shell repair was calculated using Image J. No differences in the rate of shell repair were observed between the two
valves. Shell repair was arrested in the animals in which the nerve commissure that connects the two CPGs was severed.

CCK/SK synthetic peptides. We chose CALCIa (encoded in the CALCI
precursor) and CALCIIa (encoded in the CALCII precursor) because the
precursors exhibited different gene expression profiles in response to
shell damage (Fig. 7C). We selected the MYOc peptide (encoded in the
Myomodulin precursor) because its gene expression was similar to that
of the CALCII precursor (Fig. 7C). CCK/SK was used as a negative control
since its gene expression was unrelated to shell repair (Fig. 7C). All
peptides except for CCK significantly increased (p < 0.05) the rate of
shell repair when compared to the drilled CPG-group animals where no
peptide was supplied (Supplementary Fig. 7).

SEM photomicrographs of the inner side of the regenerated shells
from the SD-group 15 days after drilling (when the hole was almost fully
repaired, Supplementary Fig. 8A), showed that it was composed of
tightly packed needle-like aragonite, mineralized calcium carbonate
prismatic crystals (Fig. 8A). In the CPG-group that was injected with the
CALCIa and CALCIIa mature peptides, SEM photomicrographs revealed
the crystal structure of the newly grown shell was similar to the SD-
group. The number of crystals formed in the newly regenerated shell
in the CALCIa injected group was like the control and was higher than in
the CALCIIa group where the crystals seemed to be sparser resulting in a
porous-like structure in the regenerated shell (Supplementary Fig. 8B).
Injections with the MYOc peptide promoted hole repair after 15 days
(Supplementary Fig. 8A) but the microstructure did not contain typical
biomineralized prismatic crystals and the regenerated shell was irreg-
ular and had spherical-like deposits that were mostly organic tissue
(Fig. 8, Supplementary Fig. 8B).

The regenerated shell in all experimental groups was analysed by
calcein staining and fluorescent microscopy. In the animals injected
with CALCIa and CALCIIa peptides the regenerated shell had similar
staining characteristics to the control group and revealed intense fluo-
rescent staining corroborating the SEM photomicrographs (Fig. 8) and
indicating the regenerated shell had a high content of CaCOj3 crystals
(Supplementary Fig. 9). The fluorescence of the regenerated shell from
animals injected with MYOc peptide was a scattered and diffuse sug-
gesting that the material produced was poorly calcified and composed
mainly of organic material (Supplementary Fig. 9). Heat-maps of the
spectrum distribution obtained by ATR-FTIR in the regenerated shells
supported the calcein staining results. The spectrum obtained in the
regenerated shells of control animals and animals injected with CALCIa
or CALCIIa peptide was very similar and was indicative of a high content
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and distribution of CaCO3 (Supplementary Fig. 10). The ATR-FTIR re-
sults strongly supported the notion that the CALC peptides promoted the
regeneration of shell with a CaCO3 content and distribution character-
istic of normal shell. The ATR-FTIR spectrum obtained for regenerated
shell of animals treated with the MYOc peptide had a low content of
CaCOg3 and it was primarily composed of organic matrix.

4. Discussion

Neuropeptides are signalling molecules and modulators of neuronal
activity that regulate a diversity of physiological processes. Sequencing
of bivalve nerve ganglia transcriptomes and genomes has identified a
large variety of neuropeptide precursors, but their functions are poorly
documented [23,61,75]. Neuropeptides that are homologues of those
described in nerve ganglia of other bivalves were found in the mantle of
M. galloprovincialis and associated with shell production and immunity
[46-48,76]. Ganglia transcriptomes are not yet available for the mussel
and the origin and potential regulation of the neuropeptide transcripts in
the mantle remains elusive. Here we demonstrate that neuropeptides
and the nervous system innervating the mantle seem to be key factors
regulating the mantles function in shell production. The change in
expression of neuropeptide genes in the mantle during shell repair or
when it was impaired by damage to the CPG ganglia revealed an
intriguing functional link between the CPG ganglia and the shell secre-
tory activity of the mantle. Of note was the capacity of peptides of the
CALC neuropeptides (CALCIa and CALCIIa) and MYOc to rescue shell
repair when it was inhibited by cutting the commissure between the CPG
ganglia. Several other putative neuropeptides responsive to shell drilling
or CPG ganglia damage were identified as potential candidates for
regulation of shell production by the mantle. Even though the neuro-
endocrine cells and putative neurosecretory cells responsible for neu-
ropeptide expression in the mantle were not identified, in this study the
evidence obtained indicates that neuropeptide gene expression in the
mantle was responsive to shell status and most likely involves the ner-
vous system.

4.1. M. galloprovincialis mantle innervation and regulation

The mantle is a multifunctional tissue involved in activities such as
sensing, secretion, immunity, movement and feeding [77-80]. However,
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Fig. 5. Immunohistochemistry of M. galloprovincialis CPG and VG during shell regrowth. A) CPG ganglion, B) VG ganglion. The image shows immunostaining with
DAPI and with anti-p-tubulin and anti-5-HT. SD-group- shell damage, CPG-group- shell damage with severed CPG ganglia after 24 h post damage. The scale bar is
indicated. Stained sections were analysed using light or fluorescence microscopy and a Zeiss Axioimager Z2 (Carl Zeiss Group) coupled to a digital camera (Axiocam
ICC3) linked to a computer for digital image analysis. The magnification used was 400x.

the best-known function of the mantle is the production of the bio- the outer mantle epithelium, and transports ions, matrix proteins, chitin
mineralized shell, and the most active region is the mantle edge [81,82]. and carbohydrates that create the shell scaffold and promote biomin-
The mantle edge is composed of three folds with heterogeneous func- eralization of calcium carbonate [83-86]. Furthermore, mantle tran-
tion, the inner and middle folds have sensory and contractile activities, scriptomes [45] revealed that the highly active mantle edge in
and the outer fold secretes the shell. The outer fold is contiguous with M. galloprovincialis expressed a diversity of neuropeptide transcripts that
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Fig. 6. Immunohistochemistry of the M. galloprovincialis mantle edge during shell regeneration. The image shows immunostaining with DAPI and with anti-p-tubulin
and anti-5-HT of control, SD-group (shell damage) and CPG-group (shell damage with severed CPG ganglia) 24 h post damage. The scale bar is indicated and
corresponds to 0.1 mm. The stained sections were analysed using light or fluorescence microscopy and a Zeiss Axioimager Z2 (Carl Zeiss Group) coupled to a digital
camera (Axiocam ICC3) linked to a computer for digital image analysis. The magnification used was 200x.

were homologues of those in oyster (M. gigas) and scallop (M. yessoensis)
ganglia [23,61]. Of the 48 neuropeptide gene families identified in the
M. galloprovincialis genome only members of 3 gene families (Bursicon,
GWE-amide and Neuropeptide prohormone 4) were not detected in
mantle transcriptomes.

Although the nervous system in gastropods and cephalopods is
relatively well characterized, it is much less studied in bivalves. In
gastropods and cephalopods, the central nervous system (CNS) and the
main components of their sensory system such as the eyes (optical lobes)
and tentacles are localized in the head region. In gastropods seven pairs
of ganglia, that regulate different organs are concentrated in the head
region, and in the cephalopods which is the invertebrate with the most
complex nervous system, they have large and well-developed brains
divided into lobes [10]. In the bivalves a much simpler nervous system
exists and is distributed throughout their body. Bivalves have no brain,
and the nervous system consists of three pairs of symmetrical ganglia,
the CPG, VG and PG, that project to, and innervate different parts of the
body [55]. The CPG innervates the labial palps, anterior adductor
muscle and the anterior mantle and sensory organs, the VG innervates
the gills, heart, posterior adductor muscle, siphons, and posterior mantle
[18,19,87-89] and the PG regulates the muscular foot, that is involved
in locomotion and digging [6].
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In the scallop (P. yessoensis), a bivalve, mapping by histochemistry of
the nervous system revealed that the VG projects to and innervates the
posterior region of the mantle margin [90]. Our immunofluorescence
experiments revealed like in other bivalves the anterior and posterior
mantle edge and inner mantle in M. galloprovincialis was highly inner-
vated, particularly with FMRF an important biomarker of the nervous
system in molluscs and other invertebrates [91-93] [85,94]. However,
the results of the nerve sectioning experiment in the present study
suggested that the CPG had a more pronounced role in regulating shell
growth than the VG in M. galloprovincialis. Furthermore, the effect on
shell growth of cutting the commissure of the CPG was not due to loss of
mantle movement since the mantle crept forward and accompanied the
repair of the drilled hole. Based on the results of the immunofluores-
cence with dense FMRF and 5-HT nerve clusters and the sectioning of the
ganglia we propose a) that a mantle autonomous neurosecretory
network exists and b) inputs from the CPG regulate shell secretion and
repair.

4.2. A diversity of neuropeptide precursors in the mantle modulates shell
production

Biomineralization is the biologically controlled process by which
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Fig. 7. Biomineralization enzyme activity and gene expression levels of candidate neuropeptides during shell re-generation. A) Enzyme activity of mantle edge
samples (below the hole drilled in the shell) collected at day 0 and 10 days after repair. Three enzymes linked to biomineralization were measured: Alpha-Carbonic
anhydrase (CA), Acid phosphatase (TRAP) and Alkaline phosphatase (ALP), in control (intact shell), drilled shells (SD-group) and drilled shells and ganglia damage
(CPG-group) mussels. Values represent the mean + SEM (n = 8/assay) performed in duplicate. Prism GraphPad v5 was used to assess the significance of the dif-
ferences between the groups using One-Way Anova and Tukey’s multiple comparison test. Different letters indicate significantly different groups (p < 0.05). B and C)
Heat maps representing the clustering of gene expression profiles measured by qRT-PCR of the candidate neuropeptides, during early stages of shell repair in CPG
ganglia and mantle (B) (Supplementary Fig. 6), and in late stages of shell repair in the mantle (C) (Supplementary Fig. 7). For B) mantle samples were collected from
mussels with intact and drilled shells (SD-group) after 0, 12-, 24- and 36-hours. For C) mantle samples were collected from control (C), drilled shell (SD-group) and a
drilled shell and severed ganglia (CPG-group) mussels at 0 and 10-day after shell damage. Hierarchical clustering of gene expression profiles is represented. In B) and
C) gene expression levels were normalized using the geometric mean of two reference genes (EFla and 18S). For B) ganglia results are shown as the mean of three
samples/group (each sample contained the CPG from 2 individuals) and for the mantle represents the mean of six (n = 6) biological replicates per group/sampling
point. For C) the results are shown as the mean of eight animals per group/sampling point. Heatmaps were prepared in R-studio software and the normalized values
are represented using a colour gradient, from down-regulated (yellow) to up-regulated (red).

from early stages of shell repair and these included APWG-amide,
Myomodulin, LFRF-amide, FxRI-amide and LFRY-amide precursors
that were previously described to regulate reproduction and growth in
Mollusca [96-100]. The two mussel CALC peptide precursors we pre-
viously linked to shell biomineralization, CALCIa and CALCIIa [46],
rescued the shell secretory ability of M. galloprovincialis mantle in in-
dividuals with a cut CPG commissure. Furthermore, the injection of
CALCIa, and CALCIIa peptides promoted the formation of the tightly
packed needle-like aragonite, mineralized calcium carbonate prismatic
crystals characteristic of the nacreous layer [101]. In contrast, although
MYOc promoted shell repair regular crystals were not formed, and an
amorphous mass covered the hole. Further experiments will be required
to better characterize the role in shell growth of the neuropeptides found
in the bivalve mantle.

A large proportion of the predicted neuropeptide precursors (25
precursors out of 48) in the mantle encoded multiple mature peptides
that based on their structure and the presence of conserved motifs are
likely to be bioactive. Several of the candidate neuropeptide precursors
tested to assess if they modify shell production encoded multiple mature
peptides with different sequences and for which a function has not yet
been assigned in M. galloprovincialis. Our results and those of other
studies, namely the demonstration that oyster CALC activates oyster
CALCRs in vitro, the presence of CALC peptides in the VG and the
abundant repertoire of neuropeptide transcripts in bivalve mantle
transcriptomes [49] support our hypothesis that peptides are regulatory
factors of shell production.
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4.3. Calcitonin is a key biomineralization regulatory factor in

. e . . M. galloprovincialis
Fig. 8. Effect of neuropeptide injections on regrowing shell microstructure.

Bright field (a) and SEM (b and c) digital images of the inner side of the right
valve showing the recovery of the newly grown shell 15 days post-drilling.
Bright field images were captured using a stereoscope (Motic, SMZ-171,

The involvement of the CALCII precursor, which encodes the peptide
CALCIIa that was previously associated with calcium mobilization in the

China) equipped with a digital camera (Visicam 6 Plus, VWR, Portugal). The mussel mantle was confirmed [46], since it was highly up regulated in
position of the drilled hole in (a) and (b) is indicated by a dashed circle and the the mantle during shell repair, which suggests that it may act as a local
red box. (b) reveals the microstructure of regrown shell analysed by SEM and regulator. Severing the commissure between the CPG ganglia caused a
(c) presents the same shell regrowth region but at a higher magnification. The change in the expression of several candidate neuropeptide precursor
numbers indicated in the images identifies the different groups: 1) non-injected genes in the mantle edge and biomineralization enzyme activity was
control, and the CPG-severed group includes 4 different experimental groups: 2) inhibited. We showed that the administration of the neuropeptides
PBS injected, 3) CALCIa injected, 4) CALCIIa injected and 5) MYOc injected. CALCla, CALCIIa and MYOc rescued the arrested shell repair phenotype

The control group represents the reference group and reveals the normal pro-

and restored shell growth. However, although the shell growth stimu-
cess of shell repair after damaging the shell by drilling. & & &

lated by CALCIa and CALCIIa peptides had a similar morphological and
structural appearance to the control (tightly packed calcium carbonate
prismatic crystals), the regrown shell in the MYOc stimulated repair did
not contain the characteristic prismatic crystals but rather was
composed of irregular masses, which were revealed by calcein staining
and ATR-FTIR analysis to have a low CaCOs3 content and to be mainly
composed of organic matrix. In the mussels injected with CALC peptides
shell regeneration was promoted and the new shell had a similar
structure and composition to normal shell. We previously demonstrated
that the CALC system can modify biomineralization enzymes and cal-
cium movements in mantle epithelial cells [46] and in the present study
we demonstrated an intact nervous connection with the ganglia is

living organisms generate mineralized structures [95]. The evolution of
processes that regulate shell production has been associated with the
diversity, expansion and success of the molluscs, and chitin has been
implicated in this process [7-9]. In M. galloprovincialis with damaged
shells the highest rates of shell growth regrowth occurred within the first
5 days of damage and >60 % of the hole in the shell valve was covered
with biomineralized material. Using several different experimental ap-
proaches, we gathered evidence in the mussel that the ganglia is
involved in the regulation of shell formation. Specifically, we identified
neuropeptide precursors with a significantly modified gene expression
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required for shell secretion.

Neuropeptide receptors of the GPCR family, that shared conserved
sequence and structure with the vertebrate and other invertebrate
GPCRs, have been described in bivalves and other molluscs
[76,102-104] but few have been functionally characterized. In bivalves
CALCRs have been deorphanized in M. gigas and M. galloprovincialis and
they are expressed in the mantle [46,49]. In M. gigas two CALC (Cragi-
CT1b and Cragi-CT2b) orthologues of the mussel CALCIb and CALCIIb
peptides (which we did not study) activated two cognate GPCRs (Cg-CT-
R and Cragi-CTR2) in M. gigas [49]. However, the peptides Cragi-CT1a
and Cragi-CT2dp, which are orthologues of the M. galloprovincialis
peptides we studied (CALCIa and CALCIIa) did not activate these re-
ceptors, suggesting that CALC peptides that are encoded within the same
precursor may have different biological roles. In M. galloprovincialis six
CALCRs have been described and a receptor for the CALCIIa peptide was
deorphanized and receptor gene expression shown to be sensitive to
changes in salinity of the environmental water [46]. Receptors for AST-C
[105,106], CCK [107-109], LFRF-amide peptides [110], myomodulin
peptides [111] FxRI-amide [112] have been identified in Mollusca but
few have been deorphanized and characterized in bivalves. In summary,
neuropeptides are well represented in the mantle and nervous system of
the mussel and most likely other bivalves and through their action via
specific receptors in the mantle cells regulate shell production.

5. Conclusion

Shell production and biomineralization is a complex mechanism and
its regulation is largely unknown. Here we provide functional evidence
that neuropeptides play an important regulatory role in shell growth in
bivalves. We found that in the bivalve M. galloprovincialis the mantle was
a highly innervated organ with neuropeptide secreting fibres which are
likely involved in shell production. Analysis of publicly available mantle
transcriptomes revealed a high proportion of neuropeptides encoded in
the genome of a diversity of bivalves were expressed and encoded for
multiple mature peptides in the mantle of M. galloprovincialis. Further-
more, the gene expression of some neuropeptide precursors in the
mantle changed during shell production and when the CPG commissure
was severed suggesting these processes are linked. We identified a pu-
tative regulatory link between nerve ganglia and mantle neuropeptide
gene expression and mantle biomineralization enzyme activity. In
mussels with arrested shell growth caused by severing the CPG ganglia
(but not the VG) the arrested phenotype could be rescued by injection of
neuropeptides into the adductor muscle. The present results confirm
previous studies proposing that the CALC peptide system is a key reg-
ulatory system in mussel shell growth since in mussels with a damaged
shell, CALCIa and CALCIIa induced the formation of shell with a similar
crystalline structure and composition to intact shells. The peptide,
Myomodulin, contributed to repair of the damaged shell but the new
shell had a low CaCOs3 content and instead of prismatic crystals an
amorphous mass was produced. Overall, we provide strong evidence
that neuropeptides and the nervous system regulate mantle function and
shell growth in M. galloprovincialis and most likely other bivalves.

Abbreviations

CPG Cerebropleural ganglia
CALC Calcitonin

CNS Central nervous system
MYO Myomodulin

CCK/SK Cholecystokinin/sulfakinin
CA a-carbonic anhydrase
TRAP Acid phosphatase

ALP Alkaline phosphatase

SD-group Shell drilling
CPG-group Shell drilled, CPG ganglia sectioned
OF Outer fold
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efla Elongation factor 1-alpha

18s 18S ribosomal subunit

SEM Scanning electron microscopy
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