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Carbonic anhydrases (CAs) are universal zinc ion containing metalloenzymes that play a pivotal role in various physiological processes. In this study, a CA I (designated as Hdh CA I) was isolated and characterized from the mantle tissue of Pacific abalone, Haliotis discus hannai. The full-length cDNA sequence of Hdh CA I was 1,417-bp in length, encoding a protein of 337 amino acids with molecular weight of 37.58 kDa. Hdh CA I sequence possessed a putative signal peptide of 22 amino acids and a CA catalytic function domain. The predicted protein shared 94 and 78% sequence identities with Haliotis gigantea and Haliotis tuberculata CA I, respectively. Results of phylogenetic analysis indicated that Hdh CA I was evolutionarily close to CA I of H. gigantea and H. tuberculata with high bootstrap values. Significantly higher levels of Hdh CA I mRNA transcript were found in mantle than other examined tissues. In situ hybridization results showed strong hybridization signals in epithelial cells of the dorsal mantle pallial, an area known to synthesize and secrete proteins responsible for the nacreous layer formation of shell. This is the first study on Hdh CA I in H. discus hannai and the results may contribute to further study its physiological functions in shell biomineralization of abalone.
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INTRODUCTION

Carbonic anhydrases (CAs) are ubiquitous zinc-binding metalloenzymes that regulate acid-base balance through catalyzing a simple physiological reaction: the conversion of CO2 to bicarbonate ions and protons (Lindskog and Silverman, 2000). CA reaction is involved in a vast range of physiological and pathological processes including respiration, acid-base balance, electrolyte secretion, calcification, signal transduction, oncogenesis, proliferation, and biosynthetic mechanisms (Chegwidden and Carter, 2000; Kuo et al., 2005; Thiry et al., 2006; Gilmour et al., 2007; Purkerson and Schwartz, 2007; Ditte et al., 2011; Brown et al., 2012; Frasseto et al., 2012). CA is indispensable for osmoregulation in fresh water and marine water species (Henry and Swenson, 2000; Perry and Gilmour, 2006). In mollusk, it has been postulated that CA is involved in shell formation by catalyzing the hydration of CO2 (Nielsen and Frieden, 1972).

There are seven evolutionary unrelated gene families of CAs in prokaryotes and eukaryotes, namely α-, β-, γ-, δ-, η-, ζ-, and θ-CAs (Krishnamurthy et al., 2008; Del Prete et al., 2015; Supuran and Capasso, 2015; Kikutani et al., 2016). α-CAs contain multiple isoforms of the enzyme and have been extensively studied in vertebrate and mammals (Aspatwar et al., 2010). In mammals, 16 different α-CA isoforms have been reported based on their catalytic efficacy, molecular signature, kinetic profiles, subcellular localization, and tissue distribution (Nishimori et al., 2007; Alterio et al., 2009). Eight cytosolic forms (CA I, CA II, CA III, CA VII, CA VIII, CA X, CA XI, and CA XIII), five membrane-bound isozymes (CA IV, CA IX, CA XII, CA XIV, and CA XV), two mitochondrial forms (CA VA, and CA VB), and a secreted CA have been reported up to date, exhibiting different tissue-specific expression, kinetic properties, and sensitivities to inhibitors notably sulfonamides and their derivatives (Supuran, 2008). CA VIII, X, and XI isoforms are designated as carbonic anhydrase related proteins (CARPs) owing to the lack of one or more Zn binding histidine residues at the active site (Aspatwar et al., 2010). Most CAs are characterized by the presence of a Zn2+ ion coordinated by three histidine residues except for those in the ζ-CA family, in which zinc is replaced by cadmium (Lane et al., 2005).

CA I is a cytoplasmic isozyme belonging to the α-CA family. It is involved in carbon dioxide transport, ion exchange, and acid-base balance. This isoenzyme was first identified and characterized from Chlamydomonas reinhardtii, encoding a polypeptide of 377 amino acid residues (Fujiwara et al., 1990). The common skeleton of carbonic anhydrase I of human contains an N-terminus active site, a zinc binding site, and a substrate-binding site. CA I is a low activity enzyme generally found in the cytosol of RBCs, gastrointestinal tract, and cardiac tissues of mammals (Chegwidden and Carter, 2000). It can induce retinal cerebral vascular permeability through prekallikrein activation and serine protease factor XII generation in human (Gao et al., 2007).

Haliotis discus hannai is an important commercial marine gastropod mollusk inhabiting in Japan, China, Taiwan, and Korean peninsula. H. discus hannai is considered a top-priced seafood item because it contains health beneficial bioactive molecules besides its basic nutritional value (Suleria et al., 2017). Many studies regarding cytosolic CA genes have been performed in different teleosts, non-teleosts, cyclostomes, and mammals (Murakami et al., 1987; Lund et al., 2002; Esbaugh et al., 2005, 2009; Gilmour et al., 2007; Sumi et al., 2019). Two CAs have been cloned in the mantle tissue of European abalone, Haliotis tuberculata (Le Roy et al., 2012). To date, characterization and expression profile of CA I in the Pacific abalone (H. discus hannai) have not been reported yet. Therefore, the objective of the present study was to isolate and molecularly characterize CA I gene from H. discus hannai, which will provide a unique insight to structural and signaling functions of this isoenzyme.



MATERIALS AND METHODS


Experimental Animals and Tissue Collection

Three-year-old adult Pacific abalone (H. discus hannai) of both sexes with an average body weight of 128.2 ± 0.86 g and a shell length of 10.5 ± 0.12 cm were collected from Jindo Island, South Korea and transferred to the Department of Fisheries Science, Chonnam National University. Cerebral ganglion, mantle, gill, heart, shell muscle, hemocyte, and gonadal tissues (testis and ovary) were dissected, immediately frozen in liquid N2, and stored at −80°C for subsequent molecular analyses. Cryosection preparation from shell-forming mantle tissue was performed as described previously (Sharker et al., 2020a,b). All animal experiments were performed in accordance with guidelines of the Institutional Animal Care and Use Committee of Chonnam National University (approval number: CNU IACUC-YS-2020-5).



RNA Isolation and cDNA Synthesis

Total RNAs were isolated from different tissues of Pacific abalone using an RNeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. RNA was treated with DNase I (Promega, Madison, WI, United States) to get rid of any genomic DNA contamination. Subsequently, 1 μg of total RNA was used for cDNA synthesis using a Superscript® III First-Strand synthesis kit (Invitrogen, Carlsbad, CA, United States).



Molecular Cloning and Sequencing of Full-Length cDNA in H. discus hannai

To perform molecular cloning, reverse transcription (RT) primers (sense: 5′-CATGGGTATGATGGACATTGC-3′; antisense: 5′-GATGGAGTTCAGCTCGAAGT-3′) were designed based on known Haliotis gigantea CA isozyme sequence (GenBank accession no. AB500103.2). RT-PCR was performed using Phusion® High-Fidelity DNA Polymerase (Biolabs Inc., New England). The reaction mixture consisted of 1 μl synthesized cDNA template from mantle tissue, 1 μl (20 pmol) each of forward and reverse primers, 4 μl of 5× Phusion HF buffer (1×), 2 μl of dNTP (200 μM), 0.5 μl of 1 U Phusion DNA polymerase, and 10.5 μl sterile distilled water (dH2O) in a final volume of 20 μl. PCR reactions were performed under the following amplification conditions: 3 min at 95°C, followed by 35 cycles of 2 min at 94°C, 30 s at 56°C, 1 min at 72°C, with a final dissociation step at 72°C for 7 min. Amplified products were separated by 1.2% agarose gel electrophoresis and purified using a Wizard SV gel and PCR clean-up kit (Promega, Madison, WI, United States) following the manufacturer’s instruction. Subsequently, purified PCR fragments were ligated into pTOP Blunt V2 vector (Enzynomics, Daejeon, Korea) and transformed into competent Escherichia coli DH5α cells (Enzynomics). Plasmid DNA was then extracted from positive clones with a plasmid miniprep kit (Qiagen, Hilden, Germany) and sequenced using Macrogen Online Sequencing System (Macrogen, Seoul, Korea). To confirm the full-length sequence of CA I, 5′- and 3′-rapid amplification of cDNA ends (RACE) PCR was performed using a Smarter® RACE 5′/3′ Kit (Clontech Laboratories, Inc., Mountain View, CA, United States) following the manufacturer’s protocol. Touchdown PCR was conducted with 30 cycles for 3′-RACE and 35 cycles for 5′-RACE using gene-specific primers (GSPs), including a 15-bp overlap with the 5′-end of the GSP sequence (antisense primer: 5′-GATTAC GCCAAGCTTGTGTCCACGTAGATCGGAGACTGGTTG-3′, sense primer: 5′-GATTACGCCAAGCTTCACCCTAAGCTG GCTGGACTTGATATCG-3′), a universal primer mix (UPM, 5′-CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACG CAGAGT-3′), and SeqAmp DNA polymerase in a total volume of 50 μl in accordance with kit instructions. NucleoSpin® Gel and PCR Clean-Up kit was used to purify RACE PCR products. Subsequently, purified PCR products were ligated into linearized pRACE vector, transformed into Stellar Competent Cells, and then sequenced as described previously. These sequenced RACE products were then assembled by overlapping with the initial cloned cDNA fragment.



Sequence and Phylogenetic Tree Analysis

In silico analysis of H. discus hannai CA I sequence was performed using multiple bioinformatics tools. Search for amino acid homology was performed with Basic Local Alignment Search Tool (BLASTP) against NCBI database1. SMART, a web-based tool2, was used for the identification and annotation of CA domain architecture. Expert protein analysis system3 was used to determine primary structures and subcellular localization of this gene. Multiple alignments of deduced amino acid sequences of CA isoforms were performed using Clustal Omega package (Sievers et al., 2011; Alva et al., 2016). Jalview Java alignment editor4 was used to edit and visualize multiple sequence alignments (Waterhouse et al., 2009). NetNGlyc 1.0 server5 and NetPhosK 3.1 server6 were used to predict potential N-linked glycosylation motif and serine/threonine phosphorylation sites, respectively. SignalP 4.1 (Petersen et al., 2011) was used to predict N-terminal signal peptide. Bonding state of cysteines in the protein sequence was predicted with CYSPRED (Fariselli et al., 1999). A phylogenetic tree was generated for orthologs of cytoplasmic CAs in vertebrates and invertebrates, and molluscan nacrein sequences. MEGA software (version 7.0) with a neighbor-joining (NJ) algorithm was employed to construct the phylogenetic tree (Kumar et al., 2016). Reliability of the tree was evaluated by bootstrapping using 1,000 bootstrap replications.



Template Identification and Homology Modeling of CA I in H. discus hannai

Homology modeling of the three-dimensional (3D) protein structure of H. discus hannai CA I was performed using MODELLER7 by optimally satisfying spatial restraints (Šali and Blundell, 1993). The cloned full-length CA I sequence was subjected to a protein blast alignment against protein data bank (Berman et al., 2000)8. The crystal structure of human CA I (PDB ID: 1CZM) with a resolution of 2.00 Å was picked as a template to predict the 3D structure of cloned CA I. The best CA I model of H. discus hannai was selected based on normalized Discrete Optimized Protein Energy statistical score (zDOPE). Protein Quality Predictor (Wallner and Elofsson, 2003), Verify3D (Eisenberg et al., 1997), and ERRAT (Colovos and Yeates, 1993) tools were used to assess the stereochemical profile of the predicted model.



Quantitative Real-Time PCR Expression Analysis

Gene-specific primer pairs (forward: 5′-GAGAAAACGC TACGATGCTG-3′ and reverse: 5′-GCTCTCCTTCACACAA TGG-3′) designed from cloned CA I sequence were used for quantitative real-time (qRT)-PCR assay. Ribosomal protein L-5 (RPL-5, GenBank accession no: JX002679.1) (forward: 5′-TGTCCGTTTCACCAACAAGG-3′ and reverse: 5′-AGATGG AATCAAGTTTCAATT-3′) as a reference gene was used for normalizing mRNA expression levels based on its expression stability (Wan et al., 2011). qPCR was performed using 2× qPCR BIO SyGreen Mix Lo-Rox kit in triplicates on a LightCycler® 96 System (Roche, Germany) with a total reaction volume of 20 μl containing 10 μl of SyGreen mix, 1 μl of cDNA template from different tissues, 1 μl of each forward and reverse primer, and PCR-grade water to make up the volume. Three biological replicates (N = 3) were used for each tissue sample. Thermocycling parameters for PCR reactions were: 95°C for 3 min followed by 40 cycles of a three-step amplification at 94°C for 1 min, 60°C for 30 s, and 72°C for 1 min. Relative mRNA expression level was evaluated based on cycle threshold (Ct) using the 2–ΔΔct method.



In Situ Hybridization

DIG-labeled antisense and sense RNA probes were generated from the coding region of CA nucleotide sequence by in vitro transcription following a published procedure (Sharker et al., 2020c,d). Briefly, prehybridization of mantle tissue was performed with hybridization buffer and yeast total RNA for 2 h followed by hybridization with RNA probe at 65°C overnight. Subsequently, hybridized tissue sections were washed, incubated with a blocking solution at room temperature for 1 h and overnight at −20°C using an alkaline phosphatase-conjugated anti-digoxigenin antibody (diluted 1:2,000 in blocking solution) (Roche) to ascertain hybridization signals. These tissue sections were then treated with a labeling mix (2 ml of alkaline tris buffer, 9 μl of NBT, and 7 μl of BCIP) to visualize the color. To obtain the desired color, slides were washed with PBST, fixed with 4% PFA in PBS for 1 h, mounted with Permount mounting medium, covered with coverslips, and viewed with a stereo microscope (SMZ1500, Nikon, Tokyo, Japan).



Statistical Analysis

Data were statistically analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test to identify differences among mean relative mRNA expression values in different tissues. All analyses were performed using SPSS version 16.0 (SPSS Inc., Chicago, IL, United States). Differences were considered statistically significant at p < 0.05.



RESULTS


Cloning and Sequence Analysis of CA I in H. discus hannai

Full-length cDNA sequence of CA I was successfully cloned from shell-forming mantle tissue of Pacific abalone, H. discus hannai (referred to as Hdh CA I). This sequence has been deposited at GenBank database under the accession number MT345603. It is 1,417-bp in length, including 5′- and 3′-untranslated region (UTR). It has an open reading frame of 1,014 nucleotides encoding a polypeptide of 337 amino acids with predicted molecular mass of 37.58 kDa and an isoelectric point (pI) of 6.54. The 3′-UTR had a canonical polyadenylation signal sequence (AATAAA) at 14-bp upstream of the poly-A tail. According to instability index, the deduced CA I gene in Pacific abalone was categorized as a stable protein. Domain architecture analysis revealed that Hdh CA I (from 46F to 330I) shared similarity with a potential α-CA isoform I. An NH2-terminal signal peptide of 22 amino acids in length was predicted, followed by a cleavage site between Ser22 and Gly23 residues (Figure 1).


[image: image]

FIGURE 1. Nucleotide and deduced amino acid (one letter code) sequence of cloned CA I isozyme from H. discus hannai. Bold font indicates the initiation codon, termination codon (asterisks), and putative polyadenylation signal (AATAAA). The N-terminal signal peptide is underlined. A potential Asn-Xaa-Ser/Thr sequon is enclosed in a box. Circles indicate putative phosphorylation sites for protein kinase A or C. Two cysteine residues (Cys-45 and Cys-89) that are likely to form one intramolecular disulfide bond are shaded in gray.


NCBI BLASTP search revealed that the putative CA I shared 94 and 78% sequence identities with H. gigantea CA I and H. tuberculata CA I, respectively. Multiple sequence alignment output revealed that the protein sequence of Pacific abalone CA I shared 29, 27, and 26% identities with rainbow trout (Oncorhynchus mykiss, NP_001117692.1), human (Homo sapiens, P00915.2), and mouse (Mus musculus, NP_001077426.1) CA I, respectively. In silico analysis predicted that this protein might be a membrane bound extracellular protein. Its sequence possessed eight potential phosphorylation sites (at positions 47S, 66T, 92T, 154S, 194T, 258T, 268S, and290S) by protein kinase A or C. Two cysteine residues (Cys-45 and Cys-89) in this sequence seemed to be involved in forming an intrachain disulfide bridge. Analysis of its amino acid compositions revealed that glycine was the most abundant amino acid (10.7%), while tryptophan was the least abundant (0.6%) (Table 1).


TABLE 1. Sequence compositions of Pacific abalone CA I CD regions at amino acid levels.

[image: Table 1]The potential CA domain of Pacific abalone was highly conserved with other CAs of vertebrates and invertebrates (Figure 2). Three histidine residues binding to zinc ion in the active site were highly conserved in all CA isoforms examined herein. Amino acids involved in the hydrogen bond network of the active site were also conserved among CAs of gastropod mollusk.
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FIGURE 2. Alignment of CA I cloned from H. discus hannai and CA Is of other protostome and deuterostome species. Zinc-binding histidine residues and proton shuttling ligand are indicated by arrows and plus sign, respectively. Asterisks indicate residues that form the hydrogen bond of the CA I active site.


A phylogenetic tree was constructed using representative species of vertebrates and invertebrates CAs along with nacreins of molluscans using the NJ method. The phylogenetic tree revealed several clades. The CA I of H. discus hannai was clustered with gastropod clade and properly aligned with CA I of H. gigantea and H. tuberculata (Figure 3).
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FIGURE 3. Phylogenetic tree based on amino acid sequences of Hdh CA I and other related proteins from vertebrates and invertebrates. A phylogenetic tree was constructed using the neighbor-joining method with 1,000 bootstrap replicates. The scale bar represents an evolutionary distance of 0.2 amino acid substitutions per site. GenBank accession numbers are shown in parentheses. Hdh CA I is highlighted in bold font. H. discus hannai serine protease was used as an outgroup.


According to the similarity index of several amino acid signature, human CA I (PDB 1CZM) was employed as a template to predict the 3D structure of H. discus hannai CA I (Figure 4). Validation results (LG score of 1.780, value > 1.5 indicating fairly good model) revealed that the predicted model was fairly good. The Verify3D: 3D/1D profile score was 87.53% and the ERRAT quality factor for the predicted CA I protein was 82.94%.
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FIGURE 4. Three-dimensional homology model of CA I isolated from H. discus hannai. N- and C-termini are marked with black arrows. The zinc ion in the active site and coordinated three histidine residues are marked in the figure with blue arrows. The model was generated using UCSF Chimera software.




Tissue Expression Analysis of CA I in Pacific Abalone

Relative mRNA expression levels of CA I in different tissues were determined by qRT-PCR assay. Results of analysis revealed that Hdh CA I mRNA was expressed predominantly in the mantle, showing moderate levels in the gill, cerebral ganglion, heart, shell muscle, and hemocyte. However, its expression levels were low in testis and ovary. As shown in Figure 5, relative mRNA expression levels of Hdh CA I were significantly (p < 0.05) higher in mantle than in other examined tissues.
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FIGURE 5. Expression of Hdh CA I mRNA (mean ± SD, N = 3) in various tissues of H. discus hannai detected by qRT-PCR. The expression level in the cerebral ganglion is set as 1.00 to calibrate relative levels of mRNA in other examined tissues. Means not sharing the same superscripts are significantly (p < 0.05) different from each other.


To explore the functional role of Hdh CA I in shell formation, cellular localization of its mRNA was demonstrated by in situ hybridization (ISH) using mantle tissue sections. Positive signals of Hdh CA I mRNA were found in epithelial cells of the dorsal mantle pallial, a region known to express genes involved in the biosynthesis of the nacreous layer of the shell (Figures 6A–C). However, hybridization with a sense probe (negative control) showed no hybridization signal (Figure 6D).
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FIGURE 6. In situ hybridization analysis of Hdh CA I mRNA expression in the mantle of H. discus hannai. (A) Positive hybridization signals with an antisense probe were detected in the outer epithelium of mantle pallial edge. (B) Medium magnification of (A). (C) High magnification showing hybridized CA I mRNA in mantle pallial (MP) edge. (D) Negative control with a sense probe showed no hybridization signal. Strong hybridization signals are indicated by black arrowheads. Scale bar, 100 μm. OF, outer fold; MP, mantle pallial.




DISCUSSION

From protostomes to deuterostomes, CAs plays a critical role in various aspects of physiological processes (Chegwidden and Carter, 2000). Several studies have been conducted on CA isozyme in bivalve and gastropod mollusk (Le Roy et al., 2012; Ip et al., 2017; Perfetto et al., 2017). However, characterization and expression of CA in shell forming mantle tissues of Pacific abalone have not been reported yet. In this study, the full-length sequence of CA isozyme in H. discus hannai was obtained and biomolecular characteristics of this protein with its mRNA expression profile were analyzed. A previous study on nacrein in Pinctada fucata showed low catalytic activity than CA activity (Miyamoto et al., 1996). Nacrein contain GXN repeat domain possibly binds calcium for participating calcium carbonate crystal formation of the nacreous layer. In the present study, sequence analysis indicates that Hdh CA I do not possess GXN repeat domain and therefore our reported CA is truly α-CA. A characteristic signal peptide of 22 amino acids was found in this cloned sequence, indicated that Hdh CA I was an extracellularly secreted or membrane bound protein. Wang et al. (2017) have reported a secreted or membrane bound α-CA in bivalve mollusk, Crassostrea gigas. Several key motifs including phosphorylation sites and N-linked glycosylation sites were also identified in Hdh CA I, consistent with previous studies (Le Roy et al., 2012; Song et al., 2014). Phosphorylation site plays a crucial role in various signal transduction pathways (Ali et al., 2016). It has been reported that phosphorylation of amino acid may contribute to the formation or accumulation of minerals by interacting with Ca2+ (Song et al., 2014). Two cysteine residues in Hdh CA I were predicted to form an intrachain disulfide link known to be crucial for protein structure stabilizing and maintaining biological functions of this protein (Kadokura et al., 2004; Inaba et al., 2006). Sequence alignment revealed that Hdh CA I shared high identities with the catalytic domain of CAs in different vertebrates and invertebrates (Figure 2). Three histidine residues that could bind with a catalytic Zn2+ were also conserved in the CA I of H. discus hannai. The architectural domain of Hdh CA I contained a proton shuttling residue, a substrate associated pocket, and a Thr-199 loop site known to be essential for the catalytic activity of this isozyme (Esbaugh and Tufts, 2006). Hydrophobic residues known to be crucial for CO2 substrate binding were conserved in all CAs analyzed in this study.

In the phylogenetic tree, Hdh CA I gene was phylogenetically grouped with H. gigantea CA I (Figure 3). According to phylogenetic analysis, the Hdh CA I clade has diverged from CAs of vertebrates and nacreins protein. Previous studies have shown that CA I of H. tuberculata is clustered with CA I isoform of H. gigantea (Le Roy et al., 2012).

To predict the 3D structure of Hdh CA I, the crystal structure of human CA I with a resolution of 2.00 Å was used as template (Figure 4). Zn-bound hydroxide ions are known to play pivotal role in enzymatic activities of CA proteins (Lindskog and Silverman, 2000). Thus, Zn2+ was considered during homology analysis in the present study. Evaluation results confirmed that the cloned Hdh CA I protein in favorable positions for each amino acid residue.

Hdh CA I mRNA transcript was found in all tested tissues, with mantle showing significantly higher expression (Figure 5). Tissue expression analysis agreed with previous results (Le Roy et al., 2012; Ip et al., 2017), suggesting that mantle is the principal site of CA I expression. Results of analysis also suggested that Hdh CA I might play a crucial role in the shell formation process. Rousseau et al. (2003) have reported that mantle is the most important calcium compartmental tissue because it is actively involved in shell biomineralization. Relatively higher expression levels of Hdh CA I in gill indicate that the involvement of this gene in respiration, pH regulation, ion transport and modulates of ionic concentration. Previous studies showed CA activity in gill of C. gigas and H. tuberculata (Duvail and Fouchereau-Peron, 2001; Wang et al., 2017).

Previous studies have reported that matrix proteins are expressed and secreted from various parts of mantles and play key roles in shell biomineralization (Liu et al., 2011). Mantle pallial of oyster expresses CA mRNA which plays an important role in nacreous layer formation (Miyamoto et al., 1996). In the present study, ISH experiment demonstrated that the outer epithelium of the mantle pallial showed strong hybridization signals of Hdh CA I mRNA, suggesting that this gene might be involved in the formation of the nacreous layer for shell mineralization.



CONCLUSION

In summary, a secreted α-type CA was identified from H. discus hannai for the first time, and its mRNA levels in different tissues were analyzed. Significantly upregulated expression of Hdh CA I was detected in mantle. ISH results demonstrated that Hdh CA I mRNA was specifically expressed in epithelial cells of the dorsal mantle pallial, suggesting that this gene might be responsible for shell biomineralization by regulating CaCO3 crystal formation of the nacreous layer.
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