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The biosynthesis of shell is a complicated calcification process in the marine
bivalve, which can be severely impacted by ocean acidification (OA).
Calmodulin (CaM) is a pivotal calcium regulator and thought to be crucial for
calcification. In the present study, a CaM (designated CgCaM) with calcium-
binding activity was identified from the Pacific oyster Crassostrea gigas with the
objective to understand its possible role in the regulation of calcium
homeostasis under acidification treatment. The open reading frame (ORF) of
CgCaM was of 474 bp encoding a 17.5 kDa protein with four continuous EF-
hand domains. CgCaM shared high similarity with CaMs from other
invertebrates and vertebrates. The mRNA transcript of CgCaM was
constitutively expressed in all detected tissues with the higher expression
level in mantle, especially highest in the middle fold of the three folds of
mantle. CgCaM was found to be mainly distributed in the mantle epithelium.
When the oysters were exposed to acidified seawater, the expression level of
CgCaM in the middle fold of mantle and the content of Ca®" in this fold both
decreased significantly. These results collectively suggested that CgCaM was
involved in the regulation of calcium homeostasis in the middle fold of mantle
under acidification treatment.
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Introduction

Bivalves are a large taxon of calcifying organisms in the
ocean, and they have developed tough shell through biologically
controlled mineralization process to protect them against
predation, support tissues and preclude desiccation (Simkiss
and Wilbur, 1989; Marin et al., 2012). The bivalve shell is a
typical calcium carbonate (CaCOj;) biomineral consisting of
approximately 95% CaCO; and a low proportion of organic
matrix, with aragonite and calcite as the main crystalline
polymorphs (Marin et al., 2008). In recent years, increasing
amounts of atmospheric CO, was absorbed by the ocean, and
the pH value of the seawater was decreased (Caldeira and
Wickett, 2003), which called ocean acidification (OA).
According to the previous prediction, the pH of the ocean
surface is projected to reduce from 8.10 to 7.80 by the end of
2100. Many evidences have demonstrated that ocean
acidification (OA) alters the chemical equilibrium of seawater
and hence affects the ion homeostasis such as calcium
homeostasis in marine bivalves (Li et al., 2016a; Li et al.,
2016b), which results in limitation of their growth,
development and reproduction (Ross et al., 2011; Hettinger
et al., 2013), and even death (Waldbusser et al., 2013).

OA has been demonstrated to disrupt the calcification
process of bivalves by affecting the homeostasis of calcium
levels (Bednarsek et al., 2014; Chandra Rajan et al., 2021), and
the driving mechanism of calcium homeostasis is crucial for
bivalves in response to OA. The calcification rate of marine
bivalves is reduced due to the decrease of CaCO; saturation in
seawater under elevated CO, levels (Richards et al.,, 2018;
Chandra Rajan and Vengatesen, 2020). As the main
component of shell, sufficient calcium is required for shell
calcification. The calcium needed for calcification is mainly
absorbed from the external medium in the form of calcium
ion (Ca*") via gill and mantle, then transported to the
mineralization sites across mantle by hemocytes (Mount et al.,
2004; Addadi et al., 2006; Marin et al., 2012). As the main organ
of bivalves for calcification, mantle positively participates in
calcium regulation (Li et al., 2004; Sillanpdi et al., 2020; Wang
et al., 2022). Mantle is composed of inner muscles, nerve fibers
and connective tissues bordered by epithelium cell layers on
either side (Audino et al., 2015). According to the functional
heterogeneity and morphological difference, the mantle is
separated into marginal, submarginal and central zone (Fang
et al,, 2008a). The marginal zone of the mantle has been
demonstrated to be particularly active in calcification, and it is
further divided into outer fold (OF), middle fold (MF) and inner
fold (IF) (Kadar, 2008). The molecular mechanism involved in
calcium regulation of mantle is critical to comprehensively
understand the adaptation of marine bivalves to OA.

Calmodulin (CaM) is a well-studied calcium-binding
protein with EF-hand domains that are widely distributed in
all eukaryotic cells (Stevens, 1983). Upon binding to Ca**, CaM
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undergoes activity changes and subsequently interacts with
downstream proteins to mediate a variety of Ca**-induced
physiological processes (Clapham, 2007), such as cell
proliferation, differentiation, apoptosis, glycogen metabolism,
and calcium metabolism (Means and Dedman, 1980; Cheung,
1984; Sée et al., 2001). As a fast Ca®>* buffer and pivotal Ca**
sensor, CaM plays an important role in calcium metabolism
processes including calcium absorption, transportation,
secretion and deposition (Schwaller, 2012). In vertebrates, the
calcium homeostasis is modulated by CaM, which activates or
inactivates functional enzymes, cellular receptors and ion
channels involved in Ca®" transportation to affect intracellular
Ca®* concentration (Zhou et al., 2013). In Stylophora pistillata,
the interaction of CaM and plasma-membrane Ca®*-ATPase
was reported to regulate calcareous skeleton deposition (Zoccola
et al.,, 2004). Several CaMs have been characterized to participate
in calcification in bivalves. The CaM in Hyriopsis schlegelii was
found to be highly expressed in pearl sac and promote the pearl
sac formation (Peng et al., 2018). In the Pacific oyster
Crassostrea gigas, the intracellular calcium levels varied
significantly after a short-term (7 days) CO, exposure. While
the long-term (60 days) CO, exposure activated the CaM related
signal pathway, and the intracellular calcium recovered to
normal levels (Wang et al., 2020). Accumulating reports
suggest that CaM is of vital importance in the regulation of
bivalve calcium homeostasis under acidification treatment.
However, the exact regulatory mechanisms are still not
well understood.

The Pacific oyster C. gigas is an important marine calcifying
species and a worldwide aquaculture species with economic and
ecological significance to the ecosystem (Hendriks et al.,, 2015).
They are distributed in coastal areas worldwide with calcified
shells to protect themselves from diverse environmental
fluctuations. In the present study, a novel calmodulin
(designated CgCaM) was characterized from C. gigas with the
main objectives to (1) investigate its expression and distribution
in tissues, (2) determine its calcium-binding activity in vitro, and
(3) examine the alteration of its expression and calcium content
in the MF of mantle after acidification treatment to understand
its possible role in the regulation of calcium homeostasis
under OA.

Materials and methods

Opyster, acidification treatment and
sample collection

The adult Pacific oysters (C. gigas) with an average shell
length of 15.0 cm were obtained from a local breeding farm in
Dalian, Liaoning province, China. The oysters were pre-
acclimated in normal aerated seawater for one week before
processing. The experiments were approved by the animal
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ethics guidelines approved by the Ethics Committee of Dalian
Ocean University.

Twenty-four oysters were randomly divided into two groups.
The oysters cultured in normal aerated seawater were designated
as the control group (pH 8.10 + 0.05), while those cultured in the
seawater continuously bubbled with the air-CO, mixtures were
designated as CO, treatment group (pH 7.80 + 0.05). The pH
value was controlled using an acidometer (AiKB, China)
according to previous reports (Zhang et al., 2019). The partial
pressure of CO, was about 658.1 + 11.0 ppm and 1217.3 £ 11.6
ppm in pH 8.10 and pH 7.80 groups. And total alkalinity was
determined by end-point titration of 25 mmol/L HCI on 50 mL
seawater samples.

Oyster samples were collected from each group on 14th day
after acidification treatment. Mantle, gill, adductor muscle,
hepatopancreas, hemolymph and labial palp were collected
from twelve oysters in the control group and CO, treatment
group respectively. The samples from four individuals were
randomly mixed as one replicate, and there were three
replicates for each group. The hemolymph was extracted and
immediately centrifuged at 800 x g, 4°C for 15 min to harvest the
hemocytes. The mantle was separated into IF, MF and OF under
the microscope Discovery V8 (ZEISS, Germany). The samples
for RNA extraction were kept in 1 mL TRIzol reagent
(Invitrogen, USA) and stored at -80°C, while the samples for
in situ hybridization were fixed with fixative solution (Servicebio,
China) for further processing.

Total RNA extraction and cDNA synthesis

Total mRNA was extracted from tissues with TRIzol reagent
(Invitrogen, USA) according to the manual. The synthesis of the
first-strand cDNA was carried out based on M-MLV RT Usage
information (Promega, USA) using the total mRNA treated with
DNase I (Takara, China) as template and oligo (dT)-adaptor as
primer. The synthesis reaction was first incubated at 42°C for
1 h, and then terminated by heating at 95°C for 5 min. The
c¢DNA mix was diluted and stored at -80°C for subsequent
quantitative real-time PCR.

Gene cloning and sequence analysis

According to the sequence information from the National
Center for Biotechnology Information (http://www.ncbinlm.
nih.gov/), the open reading frame (ORF) of CgCaM
(XM_011428724) was amplified using the specific primers
CgCaM-F and CgCaM-R (Table 1). The PCR product was
cloned into pMDI19-T simple vector (Takara, China) and
confirmed by DNA sequencing.

The deduced amino acid sequence was analyzed with the
Expert Protein Analysis System (http://www.expasy.org/).

Frontiers in Marine Science

03

10.3389/fmars.2022.1050022

The homology searches of the cDNA sequences and protein
sequences were conducted with BLAST algorithm (http://www.
ncbi.nlm.nih.gov/blast). The protein domain and signal peptide
were predicted with the Simple Modular Architecture Research
Tool (SMART, http://www.smart.emblheidelberg.de/). ClustalW
multiple alignment program was used to create the multiple
sequence alignment (http://www.ebi.ac.uk/Tools/clustalw2/).
The phylogenetic tree was constructed with the Mega
7.0 program.

Quantitative real-time PCR analysis

The CgCaM mRNA expression level in different tissues was
measured by SYBR Green fluorescent quantitative real-time
PCR (qRT-PCR) in an ABI PRISM 7500 Sequence Detection
System. Specific primers CgCaM-RT-F and Cg¢CaM-RT-R
(Table 1) were used to amplify the fragment of CgCaM. The
C. gigas elongation factor (CgEF) fragment amplified with
primers C¢EF- F and CgEF-R (Table 1) was used as internal
control. The qRT-PCR experiment was conducted according to
previous description (Lv et al., 2019). The relative expression of

-AACt

genes was determined by 2 method (Livak and

Schmittgen, 2001).

In situ hybridization

The mantle tissues were embedded in paraffin and cut into 5
pum thick sections according to previous report (Johnson et al.,
2000; Zhang et al., 2020). In situ hybridization of CgCaM mRNA
was carried out on these sections. Digoxigenin-labeled RNA
probes were synthesized using a DIG RNA Labeling Kit (Roche,
Germany) and detected by a DIG Nucleic Acid Detection Kit
(Roche, Germany). The detailed step was performed following
the previous reports (Johnson et al., 2000; Huang et al., 2001).

TABLE 1 Sequences of the primers used in this study.

Primer Sequence (5’-3)

Clone primers
CgCaM-F
CgCaM-R

ATGGCACAGAGAGAGCAAATC
GCCGTCCTTTTTACCAGA

Expression primers

CgCaM-Fe CGCGGATCCATGGCACAGAGAGAGCAAATC
CgCaM-Re CCCAAGCTTGGCCGTCCTTTTTACCAGA
RT-PCR primers

CgCaM-RT-F GAGAGCATTCGTGGCTTAGTTGT
CgCaM-RT-R AGTTCGCCCTCAGTGGGATTC

CgEF- F AGTCACCAAGGCTGCACAGAAAG

CgEF- R TCCGACGTATTTCTTTGCGATGT
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Recombinant expression and purification

The recombinant protein of CgCaM (rCgCaM) was
produced with the prokaryotic expression system. The coding
region of CgCaM was amplified using primers CgCaM-Fe and
CgCaM-Re (Table 1) with BamH I and Hind III enzyme cutting
sites at their 5 end, respectively. The PCR products were
digested with restriction enzymes BamH I and Hind III, and
ligated into predigested expression vector pET-30a (Novagen,
Germany). The recombinant expression plasmid pET-30a-
CgCaM was transformed into Escherichia coli transetta (DE3)
(TransGen, China) and the positive colony was incubated in LB
medium at 37°C, 220 rpm. When the ODgg of culture medium
reached 0.4-0.6, isopropyl-B-D-thiogalactopyranoside (IPTG)
was added into the LB medium at the final concentration of 1
mM to induce the expression of rCgCaM. Subsequently, rCgCaM
was purified by His-tag Purification Resin (Beyotime, China).
Protein concentration was determined by BCA method and
stored at -80°C for further experiments.

Ca®* dependent electrophoretic
migration

The electrophoretic migration assay was performed according
to the previous method (Burgess et al., 1980; Senawong et al., 2012).
The purified rCgCaM protein was separated by 12% nondenaturing
polyacrylamide gel electrophoresis in the presence of 20 mM
ethylenediaminetetraacetic acid (EDTA) with 1 mM MgCL, or 1
mM CaCl,, or without MgCl, and CaCl,, respectively. Bovin serum
albumin (BSA) was used as a control. The electrophoretic migration
was observed by AI600 RGB.

Determination of intracellular Ca®* levels

The mantle tissues harvested from C. gigas were minced and
incubated with Pronase (2 mg mL!) in Hank’s Balanced Salt
Solution (HBSS) (G-CLONE, China) without Ca®* or Mg>* with
a gentle shaking at 37°C for 4 h. The digested tissues were filtered
(50 wm mesh), washed and centrifuged at 500 x g in HBSS for
10 min. The pellets were suspended in HBSS and the cell
concentration was adjusted to 10° mL™. The mantle cells were
incubated with Fluo-4 AM (5 uM) at 25°C in dark for 20 min.
The median fluorescence intensity of 5000 cells was detected by
FACS ImageStream* Mark II and recorded as relative Ca®"
content (Foller et al., 2010).

Statistical analysis

All data were presented as mean * S.D. and analyzed by
Statistical Package for Social Sciences (SPSS) 16.0. Significant
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differences between samples were tested by one-way analysis of
variance (ANOVA). The differences were considered as
significant at p < 0.05.

Results

Sequence characteristics and phylogeny
of CgCaM

The complete ORF of CgCaM was of 474 bp, encoding a
polypeptide of 158 amino acids with a predicted molecular mass
of 17.5 kDa and a theoretical isoelectric point of 4.22
(Figure 1A). There were four continuous typical EF-hand
domains in CgCaM (Figure 1B). The deduced amino acid
sequence of CgCaM shared high identity with those CaMs in
other species (Figure 1C), such as 96.82%, 76.43%, 71.95%,
74.52%, 75.80%, 73.25%, 57.21% and 73.25% identity with that
of Crassostrea virginica, Pinctada fucata, Penaeus vannamei,
Danio rerio, Drosophila melanogaster, Gallus gallus, Mus
musculus and Homo sapiens, respectively.

A phylogenetic tree was constructed to analyze the
evolutionary relationship of CgCaM with CaMs from other
species by neighbor-joining method (Figure 1D). The CgCaM
was firstly clustered with calmodulin-A-like protein of C.
virginica and then joined into the invertebrate group.

The mRNA expression of CgCaM in
different tissues

The mRNA transcripts of CgCaM were detected in all the
tested tissues, including hemocytes, hepatopancreas, adductor
muscle, labial palp, gill and mantle with the highest expression
level in mantle, which was 50.67-fold (p < 0.05) of that in
hemocytes (Figure 2). CgCaM was also highly expressed in gill
and labial palp, which was 36.55-fold (p < 0.05) and 21.94-fold (p
< 0.05) of that in hemocytes, respectively. There was no
significant difference of CgCaM mRNA expression among
hemocytes, hepatopancreas and adductor muscle.

The mRNA expression of CgCaM in
different mantle folds under acidification
treatment

The expression level of C¢gCaM mRNA in IF, MF, OF and the
whole mantle of oysters under acidification treatment were
determined by quantitative real-time PCR analysis (Figure 3).
In the control group, the highest expression level was detected in
MEF, which was 27.83-fold (p < 0.05) of that in IF. While the
mRNA expression of CgCaM in OF and the whole mantle were
11.03-fold (p < 0.05) and 7.75-fold (p < 0.05) of that in IF,
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FIGURE 1

Bioinformatics analysis of CgCaM. (A) Nucleotide and deduced amino acid sequence of CgCaM. (B) Protein domains of CgCaM predicted by
SMART analysis. (C) Multiple sequence alignment of CgCaM with known calmodulins from other species, including Crassostrea virginica
(XP_022332301.1), Pinctada fucata (AAQ20043.1), Penaeus vannamei (ROT84624.1), Danio rerio (NP_892012.1), Drosophila melanogaster
(NP_523710.1), Gallus gallus (NP_990336.1), Mus musculus (NP_001300863.1), Homo sapiens (NP_001350599.1). (D) Phylogenetic relationship
of CgCaM. Calmodulin sequences from different species were obtained from GenBank on NCBI, including Bos taurus calmodulin-1 isoform X1
(XP_024853610.1), Homo sapiens calmodulin-1 isoform 1 (NP_001350599.1), Mus musculus calmodulin (AAA66182.1), Danio rerio calmodulin-
la (NP_998516.1), Drosophila melanogaster calmodulin isoform A (NP_523710.1), Penaeus vannamei calmodulin isoform X2 (XP_027237663.1),
Pinctada fucata calmodulin (AAQ20043.1), Crassostrea gigas CaM (XP_011427026.1), Crassostrea virginica calmodulin-A-like isoform X1

(XP_022332301.1).

respectively. After the acidification treatment for fourteen days,
the mRNA expression level of CgCaM in CO, treatment group
was significantly down-regulated in MF, which was 0.13-fold
(p < 0.05) of that in the control group. However, the mRNA
expression level of CgCaM in OF was up-regulated in CO,
treatment group, which was 1.42-fold (p < 0.05) of that in the
control group. There was no significant difference of CgCaM
mRNA expression in IF and the whole mantle under
acidification treatment.

The distribution of CgCaM mRNA
transcripts in mantle under
acidification treatment

The precise location of CgCaM mRNA in the mantle tissue
was analyzed via in situ hybridization. The positive
hybridization signals of CgCaM were observed in epithelium
of the three mantle folds in the control group (Figure 4B). After
acidification treatment, the positive signals in mantle epithelium
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were weakened, and no obvious positive signals were observed in
the outer epithelium of MF (Figure 4D). No signals were
detected in negative control group (Figures 4A, C).

Recombinant expression and calcium-
binding activity of rCgCaM

After IPTG induction, rCgCaM was purified and analyzed by
12% SDS-PAGE. A distinct band was observed with a molecular
mass about 25 kDa, which was consistent with the predicted
molecular mass of rCgCaM (Figure 5A).

To further confirm the calcium-binding activity of CgCaM,
Ca®" dependent electrophoretic migration assay was performed.
The purified rCgCaM protein with the sample buffer were
separated by PAGE (Figure 5B). After addition with 1 mM
CaCl,, the band of rCgCaM was observed with obviously
retardation effect. No mobility shift was observed in the
presence of 1 mM MgCl,. This result suggested that CgCaM
protein had calcium-binding activity.
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FIGURE 2
The mRNA expression level of CgCaM in different tissues. Each value was shown as mean + S.D. (N = 3), and the significant differences (p <
0.05) were marked by different letters (a-d).

Relative Ca2+ content in different folds of flow cytometry (Figures 6B, C). In the control group, the Ca*"

mantle under acidification treatment content in IF and MF were significantly higher than that in OF,
which were both 1.46-fold (p < 0.05) of that in OF. After

The relative intracellular Ca** content in mantle cells of both acidification treatment, the relative intracellular Ca** content
control group and CO, treatment group were determined by in CO, treatment group was significantly increased in IF, which
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FIGURE 3
The mRNA expression level of CgCaM in different folds of mantle under acidification treatment. Each value was shown as mean + S.D. (N = 3),
and the significant differences (p < 0.05) were marked by different letters (a-f).
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In situ hybridization analysis of CgCaM mRNA in the mantle of oyster C. gigas under acidification treatment. The sections of the oyster mantle
were (A, C) hybridized with the sense RNA probes as negative control, while (B, D) hybridized with the anti-sense RNA probes were the positive
group. The hybridization positive signals were labeled with arrows. OF, outer fold; MF, middle fold; IF, inner fold.

was 1.23-fold (p < 0.05) of that in the control group. While the
relative intracellular Ca®* content in MF and the whole mantle
were decreased in CO, treatment group, which was 0.62-fold
(p < 0.05) and 0.81-fold (p < 0.05) of that in the control group,
respectively. The results indicated that the Ca®" content in IF,
MF and the whole mantle all changed significantly after
acidification treatment. It increased in IF but decreased in MF
and whole mantle with showed the most dramatic drop in MF.
No significant change of Ca*" content in OF was observed after
the treatment with CO, (Figure 6A).

Discussion

Due to the human activities, the emissions of CO, into the
atmosphere is increasing (Field and Barros, 2014), and OA is
becoming an irreversible environmental problem with further
impacts on marine organisms (Feely et al., 2004; Orr et al.,, 2005).
The calcified shells of bivalves play a vital protective role against
environmental stresses, and the reduction of available carbonate
saturation in seawater under OA may lead to difficulties in shell
biosynthesis (Doney et al., 2009; Thomsen et al., 2015). The shell
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biosynthesis is a complicated calcification process, calcium
homeostasis is crucial for bivalve calcification. CaM is proved
to be a pivotal calcium regulator as well as shell formation
participant in bivalves (Huang et al., 2007). In the present study,
a CaM (designated CgCaM) was identified from C. gigas, and its
response against acidification was investigated to explore its
possible role in regulation of calcium homeostasis within mantle
under OA.

CaM is an important calcium-binding protein with typical
EF-hand conformation (Babu et al., 1988). CgCaM identified in
the present study contained four continuous typical EF-hand
domains (Figures 1A, B) located from 16 to 44 amino acids, 52 to
80 amino acids, 89 to 117 amino acids, and 125 to 153 amino
acids. EF-hand is one of the most common calcium-binding
domains in both vertebrates and invertebrates, which consists of
a loop of twelve residues, and the six residues involved in Ca?*
binding are in positions 1, 3, 5, 7, 9 and 12 (Ikura, 1996;
Kretsinger, 1997). As each EF-hand domain is able to bind
one Ca**, the presence of four EF-hand domains in CgCaM
enables the mature CgCaM protein to bind four calcium ions.
The amino acid sequence of CgCaM was found to share high
homology with CaM from other invertebrates and vertebrates
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FIGURE 5

(A) SDS-PAGE analysis of rCgCaM. Lane M: protein molecular standard (kDa); Lane 1: negative control without IPTG induction; Lane 2: positive
transformant induced by IPTG; Lane 3: purified rCgCaM. (B) Ca>*-dependent electrophoretic migration analysis of purified rCgCaM. Lane 1: BSA + 20
mM EDTA + 1 mM Mg?*; Lane 2: BSA + 20 mM EDTA + 1 mM Ca®*; Lane 3: rCgCaM + 20 mM EDTA; Lane 4: rCgCaM + 20 mM EDTA + 1 mM Mg?*:
Lane 5: rCgCaM + 20 mM EDTA + 1 mM Ca?".

(Figure 1C). In the phylogenic tree, CgCaM was clustered with It has been reported that CaM plays an important role in
CaM from other bivalves such as C. virginica and P. fucata calcification process of marine bivalves. A calmodulin-like
(Figure 1D). These results suggested that CgCaM belonged to the protein (CaLP) from pearl oyster P. fucata was reported to
calcium-binding protein family, which might exhibit the modify shell calcite morphology, and the aragonite crystals could
similar functions as its homologues in other invertebrates be induced when a nacre protein was mixed CaLP (Yan et al,
and vertebrates. 2007). A mutant of CaLP distributed in mantle epithelium
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FIGURE 6
(A) Ca’* content in oyster mantle cells of control group and CO, treatment group. Each value was shown as mean + S.D. (N = 3), and the
significant differences (p < 0.05) were marked by different letters (a-d). (B, C) Flow cytometry analysis about the fluorescence intensity of mantle
cells incubated with Fluo-4 AM.
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cytoplasm of P. fucata was able to facilitate the mRNA
expression of osteopontin (Fang et al., 2008b). Mantle is the
most significant tissue involved in calcification of bivalves
(Bjarnmark et al., 2016; Yarra et al, 2016). In the present
study, the CgCaM was found to be highest expressed in mantle
among all examined tissues (Figure 2), suggesting that CgCaM
might be involved in the calcification process of oysters. It has
been reported that the numbers of EF-hand family members
were higher in highly calcified species than that in low calcified
species, implying that EF-hand domains were related to
biomineralization (Li et al., 2016¢). A EF-hand calcium-
binding protein EFCBP has been demonstrated to involve in
shell formation in P. fucata (Huang et al., 2007). CgCaM was
characterized as a calcium-binding protein with four EF-hand
domains (Figure 1B), which was further suspected to be involved
in calcification. Moreover, the epithelium of mantle is proved to
be the exact region regulating the secretion and deposition of
shell components (Kocot et al., 2016), and the expression and
distribution of CaM in epithelium have also been reported in
other bivalves (Li et al., 2004; Fang et al., 2008b). In the present
study, CgCaM was found to be mainly distributed in the
epithelium of mantle (Figure 4). These results suggested that
CgCaM participated in the process of shell calcification in
C. gigas.

Mantle is an extremely important organ in bivalves, which
plays an essential role in multiple physiological processes (Brake
et al, 2004; Abele et al, 2010; Itoh et al, 2010), especially
calcification (Zhang et al., 2012). It is divided into three regions
with respective function, which have the divergent responses to
various physiological processes (Bjarnmark et al., 2016). From the
umbo to posterior edge, the three regions of mantle are respectively
named as central zone, submarginal zone and marginal zone, while
the marginal zone can be further divided into IF, MF and OF. In
the shell formation process, the distinct morphogenetic regions are
responsible for the synthesis of specific shell layers. The outer
periostracum is secreted by epitheliums and basal cells within the
periostracal groove between the OF and the MF (Bubel, 1973;
Nakayama et al., 2013). The middle prismatic layer is formed by
the secretion from columnar epithelial cells in the marginal zone,
while the inner nacreous layer is formed by the secretion from the
submarginal zone and central zone (Fang et al., 2008a; Gardner
etal, 2011; Shi et al., 2012). Most of the previous studies related to
the functions of mantle in shell formation focused on the pearl
oyster P. fucata. Many shell matrix proteins are mainly distributed
in the outer mantle fold or secreted from the epithelium of the
outer fold (Nakayama et al., 2013). Besides, the inner mantle fold is
also related to shell calcification, it takes up ions required for
calcification from the ambient medium (Marin et al, 2008). In
Pacific oyster, a previous research proved that engrailed in the
middle mantle fold played a major role in shell formation in
response to ocean acidification (Zhang et al., 2020). In the present
study, the mRNA transcripts of CgCaM were found to be highly
expressed in the MF among the three mantle folds of marginal
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zone (Figure 3), indicating that CgCaM played a major role within
the MF during the shell calcification. Calcification is one of the
notably affected processes in bivalves in acidified environment
(Chandra Rajan et al., 2021; Li et al., 2022). It was reported that the
expression of calcification-related genes in mantle were
significantly altered under OA to regulate the calcification
process (Hining et al., 2013; Li et al, 2016a). In the present
study, the most significant change of CgCaM expression occurred
in the MF after acidification treatment (Figure 3). Meanwhile, the
positive signal of CgCaM revealed by in situ hybridization was
found to disappear only in the outer epithelium of MF (Figure 4).
The major function of the mantle MF in shell formation was
proved by the previous research (Zhang et al., 2020). These results
collectively suggested that CgCaM in the MF of mantle played a
major role in the shell calcification of C. gigas in response to OA.

CaM is able to bind Ca®" and trigger the downstream
pathways to mediate a variety of Ca®'-induced physiological
processes. As the most important intracellular calcium regulator
(Means and Dedman, 1980; Crivici and Ikura, 1995), the no-load
CaM does not possess any enzymatic or biological activity. CaM
becomes active after it binds with Ca** to form Ca®>"-CaM
complex and undergoes a conformational change to expose the
hydrophobic region (Tkura, 1996; Gifford et al., 2007). When
extracellular Ca®* enters the cell, CaM binds Ca>* more rapidly
than other Ca2+—binding proteins (Faas et al,, 2011). In this study,
CgCaM was certified to display Ca**-binding activity by Ca®
-dependent electrophoretic shift assay (Figure 5), implying that
CgCaM was able to act as an intracellular fast buffer to adjust the
free Ca** levels and regulate calcium homeostasis. Ca>* is the most
abundant mineral as well as the primary cation in shell formation
of C. gigas, and the regulation of calcium levels in the mantle is
essential to calcification process (Rousseau et al., 2003). A series of
Ca**-binding proteins, Ca*"-exchangers, Ca*'-channels and
Ca®"-ATPases in mantle have been demonstrated to participate
in Ca®" absorption, transport and deposition in order to maintain
the calcium homeostasis (Sillanpdd et al., 2018; Sillanpdd et al,
2020). The expression of these above genes changed greatly under
OA stress, which resulted in the calcium homeostasis
disequilibrium in marine bivalves (Wang et al, 2020). In the
present study, the expression level of CgCaM in the MF of mantle
decreased significantly (Figure 3), and the content of Ca** was also
significantly reduced after C. gigas was exposed to the acidified
seawater (Figure 6). Similarly, the significant change of CaM and
CaLP expression under long-term OA treatment was also
reported to alter the free Ca®" concentration in mantle cells of
P. fucata (Li et al., 2016a). These results inferred that the down-
regulated expression of C¢gCaM under OA resulted in the
alteration of Ca®' content in the mantle MF, which might
inhibit calcification process of C. gigas.

In summary, a CgCaM with four continuous EF-hand
domains was characterized to exhibit Ca**-binding activity in
oyster C. gigas. The highest mRNA expression level of CgCaM
was detected in the MF of mantle. The mRNA expression of
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CgCaM and Ca®" content in the MF of mantle decreased
significantly after the acidification treatment. These results
suggested that CgCaM might affect the calcification process of
C. gigas under OA by regulating calcium homeostasis in the MF

of mantle.
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