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Abstract  32 

In light, giant clams can increase rates of shell formation and growth due to their symbiotic 33 

relationship with phototrophic zooxanthellae residing extracellularly in a tubular system. 34 

Light-enhanced shell formation necessitates increases in the uptake of Ca2+ from the ambient 35 

seawater and the supply of Ca2+ through the hemolymph to the extrapallial fluid, where 36 

calcification occurs. In this study, the complete coding cDNA sequence of a homolog of 37 

Voltage-gated Calcium Channel subunit α1 (CACNA1), which is the pore-forming subunit of 38 

L-type voltage-gated calcium channels (VGCCs), was obtained from the ctenidium (gill) of the 39 

giant clam, Tridacna squamosa. It consisted of 6,081 bp and encoded a 223 kDa polypeptide 40 

with 2027 amino acids, which was characterized as the α1D subunit of L-type VGCC. 41 

Immunofluorescence microscopy demonstrated that CACNA1 had an apical localization in the 42 

epithelial cells of filaments and tertiary water channels in the ctenidium of T. squamosa, 43 

indicating that it was well-positioned to absorb exogenous Ca2+. Additionally, there was a 44 

significant increase in the protein abundance of CACNA1 in the ctenidium of individuals 45 

exposed to light for 12 h. With more pore-forming CACNA1, there could be an increase in the 46 

permeation of exogenous Ca2+ into the ctenidial epithelial cells through the apical membrane. 47 

Taken together, these results denote that VGCC could augment exogenous Ca2+ uptake through 48 

the ctenidium to support light-enhanced shell formation in T. squamosa. Furthermore, they 49 

support the proposition that light-enhanced phenomena in giant clams are attributable primarily 50 

to the direct responses of the host’s transporters/enzymes to light, in alignment with the 51 

symbionts’ phototrophic activity.  52 

 53 

Key words: Bicarbonate, calcification, shell formation, Symbiodinium, zooxanthellae  54 
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Introduction 56 

Tridacna squamosa, commonly known as the fluted giant clam, is a member of the family 57 

Cardiidae and subfamily Tridacninae under Phylum Mollusca. Giant clams inhabit the nutrient-58 

poor, shallow Indo-West Pacific seawater (Harzhauser et al. 2008). Despite the environmental 59 

nutritional constraint, they manage to flourish in coral-reef ecosystems and achieve exceptional 60 

sizes as a result of living in symbiosis with several genera of dinoflagellates (LaJeunesse et al. 61 

2018), particularly Symbiodinium, Cladocopium, and Durusdinium (previously Symbiodinium 62 

clades A, C and D, respectively; Hernawan, 2008), which are also known as zooxanthellae. 63 

These symbiotic zooxanthellae sufficiently fulfil the metabolic requirements of the host clam 64 

by providing it with >95% of their photosynthates, including glucose and amino acids (Klumpp 65 

and Lucas, 1994; Trench et al. 1981). Reciprocally, the host needs to supply essential nutrients, 66 

including inorganic carbon, nitrogen, phosphorus, and sulphur, to the symbionts (Cook and 67 

D’Elia, 1987). Together, the phototrophic giant clam-zooxanthellae associations can conduct 68 

light-enhanced shell formation, with shell growth being affected by a combination of factors 69 

like solar irradiance, nutrient availability and rainfall (Gannon et al. 2017). 70 

Central to the rapid growth and efficient shell formation of giant clams is an 71 

understanding of the process and related mechanisms of light-enhanced calcification. It was 72 

first established by Yonge (1931) that calcification rates in scleractinian corals increased with 73 

light exposure, which coincided with the photosynthetic activities of the symbionts. Since then, 74 

several hypotheses have been proposed to explain light-enhanced calcification in scleractinian 75 

corals, all in relation to the photosynthesizing zooxanthellae (Vandermeulen et al. 1972; 76 

Gattuso et al. 1999; Tambutté et al., 2011). These hypotheses are presumably also pertinent to 77 

giant clams that can also conduct light-enhanced shell formation (calcification; Sano et al. 78 

2012). Calcification involves the precipitation of calcium carbonate based on the reaction: Ca2+ 79 

+ HCO3
−  CaCO3 + H+ (McConnaughey, 1995). Hence, an increased rate of CaCO3 80 
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deposition during light-enhanced calcification necessitates an increase in the supply of Ca2+ 81 

and HCO3
− to, and an increase in the removal of excess H+ from, the site of calcification, which 82 

is the extrapallial fluid in direct contact with the inside surface of the shell valve. As the ratio 83 

of Sr/Ca in shells of giant clams varies with the daily dark/light cycle, it has been postulated 84 

that the rate of shell formation is faster during the day and the light-enhanced supply of Ca2+ 85 

to the extrapallial fluid could involve an ATP-dependent Ca2+ pump (Ca2+-ATPase) that can 86 

differentiate Ca2+ from Sr2+ (Sano et al. 2012). In T. squamosa, Ca2+-ATPase activity 87 

attributable to a combination of plasma membrane Ca2+-ATPase (PMCA), sarco(endo)plasmic 88 

reticulum Ca2+-ATPase, and secretory-pathway Ca2+-ATPase has been demonstrated in the 89 

whitish inner mantle, which is in direct contact with the extrapallial fluid (Ip et al. 2015). 90 

Furthermore, PMCA has been localized in the apical membrane of the shell-facing epithelium 91 

of the inner mantle of T. squamosa, whereby its protein abundance increases significantly in 92 

light as compared to darkness (Ip et al. 2017). Hence, light-enhanced shell formation in T. 93 

squamosa can be explained directly by the light-enhanced expression of a host PMCA, which 94 

is well-positioned to extrude Ca2+ into the extrapallial fluid and concurrently withdraw the 95 

excess H+ released through CaCO3 deposition. As follows, T. squamosa must increase the 96 

absorption of Ca2+ from the surrounding seawater to support light-enhanced shell formation 97 

during insolation. However, there is currently a dearth of information on the mechanisms 98 

involved in light-enhanced Ca2+ uptake in giant clams.  99 

Voltage-gated Ca2+ channels (VGCCs) transduce changes in membrane potential into 100 

variations in intracellular [Ca2+], which regulates many physiological events (Catterall 2011). 101 

Studies conducted using verapamil, which is a specific blocker of VGCCs, on some calcifying 102 

marine invertebrates including echinoids (Dubois and Chen, 1989) and scleractinian corals 103 

(Allemand and Grillo, 1992) have demonstrated the potential participation of VGCCs in the 104 

calcification process. Tambutté et al. (1996) provided evidence for the existence of VGCCs, 105 
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which were primarily accountable for the passive entry of almost all skeletal Ca2+, in the hood 106 

coral, Stylophora pistillata. 45Ca deposition was inhibited by verapamil, D600, and diltiazem. 107 

In particular, it was inhibited strongly (80%) by dihydropyridine (DHP), suggesting that Ca2+ 108 

transport might be catalyzed by L-type VGCCs. The L-type VGCC is one of the several types 109 

(together with N-, P-, Q- and R-type) of high voltage activated (HVA) channel, which activates 110 

at above -40 mV followed with a slow inactivation. The VGCC complex was first isolated from 111 

vertebrate skeletal muscle. It consists of five subunits: α1, α2, β, δ and γ (Zamponi et al. 2015). 112 

Subunit α1 is the pore-forming subunit as it binds directly to DHP, and it is encoded by four 113 

genes: CACNA1S, CACNA1C, CACNA1D and CACNA1F (Catterall et al. 2005). These four α1 114 

subunits are often referred to as various isoforms of L-type VGCC. To date, VGCCs have been 115 

identified from oyster (Crassostrea gigas; Zhang et al. 2012) and scallop (Mizuhopecten 116 

yessoensis; Wang et al. 2017), but no information on VGCC is available for giant clams.  117 

At present, the survival of giant clams is affected by ocean warming and acidification 118 

(Watson et al. 2012), whereby their shell growth is impeded by the relatively high PCO2 of 119 

seawater (Watson, 2015). Because of that, some giant clam species are categorized as ‘critically 120 

endangered’ due to climate change and increasing anthropogenic stressors. Therefore, it is 121 

important to gain a deeper understanding into the mechanisms of light-enhanced shell 122 

formation and the complementary process of light-enhanced Ca2+ absorption in giant clams, as 123 

it may provide ideas on conservation strategies to protect the species from the negative impacts 124 

of global warming. This study was undertaken to obtain the full cDNA coding sequences of a 125 

homolog of the pore-forming subunit of VGCC, CACNA1, from the ctenidium of T. squamosa 126 

and to characterize the deduced amino acid sequence. Immunofluorescence microscopy was 127 

performed to elucidate the cellular localization of CACNA1 in the ctenidium. The effects of 3, 128 

6, or 12 h of illumination on the mRNA expression level and the protein abundance of 129 

CACNA1/CACNA1, in the ctenidium, as compared with the control exposed to 12 h of 130 
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darkness, were also examined. The hypotheses tested were that a homolog of CACNA1 could 131 

be located at the apical membrane of the ctenidial epithelia of T. squamosa, and that light 132 

exposure would lead to changes in its expression level in the ctenidium in response to the 133 

increased demand for Ca2+ during light-enhanced shell formation.  134 

  135 
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Materials and methods 136 

Experimental animals, conditions and tissue collection 137 

Tridacna squamosa specimens (520 ± 180 g with shells; N=28) were purchased from Xanh 138 

Tuoi Tropical Fish Ltd. in Vietnam. They were acclimatized in three glass tanks (L90 cm x 139 

W62 cm x H60 cm), each tank containing 350 L of recirculating seawater and 9 or 10 clams, 140 

under a 12 h light:12 h dark regime for a duration of one month before exposing to different 141 

periods of light for sample collection. The conditions of the water were maintained as follows: 142 

salinity, 30-32; temperature, ~25°C; pH, 8.1-8.3; hardness, 143–179 ppm; calcium, 380–420 143 

ppm; phosphate, <0.25 ppm; nitrate, 0 ppm; total ammonia, <0.25 ppm. The shaded light 144 

intensity was 100 PPF (μmol m−2 s−1).  145 

Due to the limited number of existing re-circulating tanks available in our aquarium and 146 

the need to keep the giant clams in exactly the same environmental conditions (including 147 

salinity, water quality, and light intensity), it was not feasible to expose the 30 giant clams 148 

individually to the experimental conditions. Instead, after 12 h of darkness or after a specific 149 

period of exposure to light, individuals were sampled directly and randomly from all the three 150 

glass tanks mentioned above (e.g. 2 from tank A, 2 from tank B and 1 from tank C, or some 151 

other combinations, for a total of 5 individuals). At the end of the 12 h dark period of a normal 152 

12 light: 12 h dark regime, 5 individuals were killed for tissue sampling (controls; N=5). Then, 153 

the rest of the giant clams in the three tanks were exposed to light as usual. After 3, 6 or 12 h 154 

of light exposure, 5 individuals were once again randomly selected from all the three tanks and 155 

killed for tissue sampling (N=5 for each time point). Parallel controls (>12 h of darkness) were 156 

not adopted in this study due to the need to reproduce the dark/light hours experienced by T. 157 

squamosa in their natural habitat. Individual clams were anaesthetize with 0.2% 158 

phenoxyethanol and forced open to cut the adductor muscles. Both the right and left ctenidia 159 

were excised, blotted dry, and then freeze-clamped with aluminum tongs pre-cooled in liquid 160 
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nitrogen. Samples were stored at -80oC and used subsequently for the determination of 161 

transcript levels and protein abundance of CACNA1/CACNA1. 162 

For immunofluorescence microscopy, the ctenidium samples were harvested separately 163 

from 4 individuals exposed to darkness for 12 h and another 4 individuals exposed to light for 164 

12 (N=4 each). After the clams were anaesthetized in 0.2% phenoxyethanol, ctenidium samples 165 

were excised and immersion-fixed overnight in 3% paraformaldehyde in seawater at 4oC, and 166 

processed according to the method of Hiong et al. (2017b). 167 

Total RNA extraction and cDNA synthesis  168 

The total RNA from the ctenidium was isolated based on a guanidinium thiocyanate-phenol-169 

chloroform extraction method with TRI ReagentTM (Sigma-Aldrich Co. St. Louis, MO, 170 

U.S.A.). A RNeasy Plus Mini Kit (Qiagen GmbH, Hilden, Germany) was used to remove DNA 171 

and other contaminants from the total RNA. Quantification of the purified total RNA was 172 

performed using a Shimadzu BioSpec-nano spectrophotometer (Shimadzu Corporation, 173 

Tokyo, Japan). The integrity of RNA was subsequently verified through electrophoresis. The 174 

purified total RNA (4 µg) was reverse-transcribed into cDNA using the RevertAid™ first-175 

strand cDNA synthesis kit (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.). The 176 

resultant cDNA served as the template for PCR, and qPCR reactions.  177 

PCR, rapid amplification of cDNA ends (RACE)-PCR, cloning, and sequencing 178 

The nucleotide sequences of CACNA1 from various animals, including Mizuhopecten 179 

yessoensis CACNA1-like (XM_021514639.1), Crassostrea gigas CACNA1 180 

(XM_020074401.1), Mus musculus CACNA1S (XM_006529106.2), and Danio rerio 181 

CACNA1S (XP_005168332.1), were obtained from GenBank 182 

(http://www.ncbi.nlm.nih.gov/genbank/) and aligned against one another using BioEdit version 183 

7.2.5 (Hall, 1999). Conserved regions were identified and degenerate primers (Forward: 5′‐ 184 

CTGTGTTCCAGATYYTGAC ‐3′; Reverse: 5′‐ CATCTGCATWCCAATTACBGC ‐3′) were 185 

http://www.ncbi.nlm.nih.gov/genbank/
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designed to acquire the partial sequence of CACNA1 from the ctenidium of T. squamosa. PCR 186 

was carried out in a Veriti™ 96-well thermal cycler (Thermo Fisher Scientific) using 20 ng of 187 

cDNA from the ctenidium, 3 pmol of forward and reverse primers each, 20 nmol of MgCl2 and 188 

0.5 units of DreamTaq polymerase (Thermo Fisher Scientific) in a 10 μl reaction volume. The 189 

cycling parameters comprised of 1 cycle of 94°C (3 min), followed by 40 cycles of 94°C (30 190 

s), 50°C (30 s), 72°C (1 min) and 1 cycle of final extension at 72°C (10 min). The products of 191 

a PCR reaction were separated using gel electrophoresis with a 1% agarose gel. DNA fragments 192 

corresponding to the estimated amplicon (~2 kb) were extracted and purified with the 193 

FavorPrep Gel Purification Mini Kit (Favorgen Biotech Corp., Ping-Tung, Taiwan).  194 

The PCR products were then ligated using the pGEM®-T Easy vector system (Promega 195 

Corporation, Madison, WI, U.S.A.). The ligated vectors were transformed using JM109 196 

competent cells and plated onto Luria Bertani (LB) agar containing ampicillin, X-gal, and 197 

IPTG. Then, white colonies possessing the inserts were selected and cultured in LB broth 198 

containing ampicillin for 18 h at 37°C. Plasmids were isolated and purified with a resin-based 199 

plasmid miniprep kit (Shanghai Ensure Biologicals Technology Co Ltd, Shanghai, China). 200 

Multiple clones of CACNA1 were sequenced bi-directionally and were identified as CACNA1 201 

using a Blast nucleotide tool (BlastN; http://www.ncbi.nlm.nih.gov/BLAST). Specific RACE-202 

PCR primers (Forward: 5′- TCGCTACATACCAAAGGCAAGATGGCA -3′; Reverse: 5′‐ 203 

GAGCATCTGCAAGATTGTCCACCGC ‐3′) were designed to obtain the full-length cDNA 204 

of CACNA1 using the SMARTerTM RACE cDNA amplification kit (Clontech Laboratories, 205 

Mountain View, CA, U.S.A.). The cDNA sequence of CACNA1 has been deposited into 206 

GenBank with the accession number MK519374. 207 

Deduced amino acid sequence and phylogenetic analysis 208 

The CACNA1 amino acid sequence of T. squamosa was translated from the CACNA1 209 

nucleotide sequence using the ExPASy Proteomic server (http://web.expasy.org/translate/). 210 

http://www.ncbi.nlm.nih.gov/BLAST
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The amino acid sequence was then verified using a Blast protein tool (BlastP; 211 

http://www.ncbi.nlm.nih.gov/BLAST). TOPCONS (Bernsel et al. 2009; 212 

http://topcons.cbr.su.se/) was utilized to predict the transmembrane domains (TMs). The 213 

deduced amino acid sequence was aligned and compared with CACNA1 sequences from other 214 

invertebrate and vertebrate species with the BioEdit program (Hall, 1999). A phylogenetic 215 

analysis was performed on CACNA1 of T. squamosa with other CACNA1 or CACNA1 216 

homolog of various animals using Phylip (Felsentein, 1989). The neighbor-joining method was 217 

employed and 1000 bootstrap replicates were used for the analysis. 218 

Quantitative real-time PCR (qPCR) 219 

qPCR was conducted in triplicates for each sample, using a StepOnePlusTM Real-Time PCR 220 

System (Applied Biosystems). The transcript levels of CACNA1 were determined using 221 

specific qPCR primers (forward: 5’- ACAACTTCGACACTTTCTTCCA -3’; reverse: 5’- 222 

CCACCAAACGCCTTTATACCA -3’). Each qPCR reaction was performed in a 10 μl 223 

reaction volume containing 5 μl of 2x qPCRBIO SyGreen Mix (PCR Biosystems Ltd, London, 224 

UK), 0.3 μmol l−1 each of specific forward and reverse primers and 5 ng of cDNA of ctenidial 225 

samples. The cycling conditions used were as follows: initial 20 s denaturation and enzyme 226 

activation at 95°C, 40 cycles of 95°C for 3 s and 60°C for 30 s. The amplification efficiency of 227 

the specific qPCR primers was 93.4%. A standard curve using serially diluted plasmids was 228 

constructed according to the method of Hiong et al. (2017a). The threshold cycle values of 229 

samples were plotted against the linear regression line derived from the standard curve to obtain 230 

the copy numbers. The absolute quantity of CACNA1 transcripts in a sample was expressed as 231 

copy numbers per ng of total RNA.  232 

http://www.ncbi.nlm.nih.gov/BLAST
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Sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) electrophoresis and Western 233 

blotting 234 

Proteins were extracted from ctenidial samples following the methods of Hiong et al. (2017b). 235 

Ctenidial proteins (100 µg) were separated by SDS-PAGE (6%) electrophoresis and then 236 

blotted onto nitrocellulose membrane. Blots were then incubated with anti-CACNA1 (2 μg 237 

ml−1) or anti-α-tubulin (12G10, 0.1 μg ml−1) antibodies in Fast Western Antibody Diluent 238 

(Thermo Fisher Scientific Inc.) for 1 h at 25°C, following with optimized anti-rabbit or anti-239 

mouse horseradish peroxidase-conjugated secondary antibodies for 15 min at 25°C. Blots were 240 

washed six times and developed with the chemiluminescence substrate provided in the kit. 241 

Scanning and quantification of the protein bands were performed as described by Ip et al. 242 

(2017). For quantification, the protein abundance of CACNA1 was normalized with that of α-243 

tubulin. Separately, a peptide competition assay was performed to determine the specificity of 244 

the custom-made anti-CACNA1 antibody. The anti-CACNA1 antibody was incubated with the 245 

immunizing peptide (Genscript) for 1 h prior to immunoblotting. 246 

Immunofluorescence microscopy 247 

Sample preparation and immunofluorescent staining procedures were adapted from Hiong et 248 

al. (2017b). Paraffin-embedded ctenidium sections of 3 µm thickness were unmasked in 249 

Citraconic Anhydride (CA) (Nacalai Tesque) for 5 minutes at 95°C, followed by incubation in 250 

1% sodium dodecyl sulfate (SDS) for 10 min at room temperature. Non-specific binding was 251 

blocked with 1% Bovine Serum Albumin (BSA) for 1 h at room temperature. Sections were 252 

then incubated for 1 h at 37°C with the custom-made rabbit anti‐CACNA1 (GenScript, 2.5 µg 253 

ml-1) followed by another 1 h incubation at 37°C with Alexa Fluor 488-conjugated goat anti-254 

rabbit IgG (Invitrogen, 3.33 µg ml-1) diluted in signal enhancer HIKARI Solution B (Nacalai 255 

Tesque). Nuclei were stained blue with fluorochrome 4′6′‐diamidino‐2‐phenylindole (DAPI) 256 

(Sigma). Images were obtained using an Olympus BX-60 optical system microscope, coupled 257 
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with epifluorescence filter sets, objectives and an Olympus DP73 CCD digital camera. 258 

Differential interference contrast (DIC) images of the tissue structure were acquired with an 259 

Olympus U-DICT DIC slider. Cell Sens digital imaging software (Olympus, Japan) was used 260 

to acquire the images under optimal exposure settings of 50-100 ms. Independent 261 

representative images were assembled using Adobe Photoshop CC (Adobe Systems, USA). 262 

Brightness and contrast were uniformly adjusted across all images. 263 

Statistical analysis  264 

Results were displayed as means + standard errors of means (S.E.M). All statistical analyses 265 

were carried out using SPSS version 21 (IBM Corporation, Armonk, NY, U.S.A.). The 266 

homogeneity of variances within the data sets was examined using Levene’s test. Differences 267 

between means among the experimental groups were evaluated using One-Way analysis of 268 

variance (ANOVA), followed by either the Tukey’s HSD (for equal variance) or Dunnett’s T3 269 

(for unequal variance) post-hoc tests. Differences were regarded as statistically significant at P 270 

< 0.05.  271 
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RESULTS 272 

Nucleotide and translated amino acid sequences of CACNA1/CACNA1 from T. squamosa 273 

The complete coding cDNA sequence of CACNA1 comprising 6,081 bp was obtained from the 274 

ctenidium of T. squamosa. It encoded a protein of 2027 amino acids and 223 kDa. The deduced 275 

CACNA1 amino acid sequence had 24 predicted TMs (Fig. 1). Four glutamic acid residues 276 

essential for Ca2+ selectivity filter were identified in CACNA1 of T. squamosa (Glu269, 277 

Glu602, Glu1044 and Glu1332; amino acid residues are numbered correspondingly to 278 

CACNA1 of T. squamosa; Fig. 1), and they were highly conserved across all CACNA1 279 

included in the analysis. The two signature domains of VGCCs, namely the α-interaction 280 

domain (AID) (from position 334 to position 351) and the IQ domain (from position 1528 to 281 

position 1549), were also present in the CACNA1 of T. squamosa.  282 

A phenogramic analysis (Fig. 2) revealed that CACNA1 of T. squamosa was distinctly 283 

grouped together with various subunits of L-type VGCCs from different animal species. 284 

Moreover, CACNA1 of T. squamosa could be a α1D subunit since it was exclusively grouped 285 

in the α1D branch.  286 

An analysis of amino acid sequence similarity between CACNA1 of T. squamosa and 287 

those of other invertebrates and vertebrates (molluscs, nematodes, arthropods and mammals) 288 

further supported the identity of CACNA1 of T. squamosa as an α1D subunit of the L-type 289 

VGCC (Table 1). It shared the highest sequence similarity with L-Type CACNA1D of C. gigas 290 

(63.1%), while differed the most from T-type sequences (16.1-17.6% for nematodes; 22.7% 291 

for arthropods, 22.6-22.9% for mammals).  292 

Cellular and subcellular localization of CACNA1 in the cteneidum of T. squamosa 293 

In T. squamosa, CACNA1 was immunolocalized in the apical membrane of epithelial cells that 294 

covered the ctenidial filaments facing seawater (Fig. 3). Immunostaining was also observed in 295 

some of the epithelial cells that constituted the tertiary water channels (Fig. 4) of the ctenidium. 296 
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In general, more epithelial cells of the ctenidial filaments and tertiary water channels from 297 

clams exposed to 12 h of light were immunolabelled than those from the control kept in 298 

darkness for 12 h. In addition, the intensity of CACNA1-staining in the former was apparently 299 

stronger than that in the latter.  300 

Effects of light on gene and protein expression levels of CACNA1/CACNA1 in the 301 

ctenidium of T. squamosa 302 

There were no significant changes in the transcript levels of CACNA1 in the ctenidium of T. 303 

squamosa exposed to 3, 6, or 12 h of light as compared with the control exposed to darkness 304 

for 12 h (Fig. 5). However, the protein abundance of CACNA1 increased significantly (by ~2-305 

fold) in the ctenidium after 12 h of light exposure (Fig. 6).  306 

  307 
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DISCUSSION 308 

The ctenidium of T. squamosa could be the site of exogenous Ca2+ absorption 309 

The ctenidium of giant clams consists of a dorsal and a ventral demibranches, located on either 310 

side of the large muscular foot (Norton and Jones 1992). The comb-shaped organ splits 311 

medially with numerous protruding filaments that increase the total surface area for gaseous 312 

exchange and facilitate filter feeding. Besides filaments, the ctenidium consists of innumerable 313 

tertiary water channels (Norton and Jones 1992), which greatly increase its surface area to 314 

facilitate the efficient exchange of substances between the hemolymph and the environment. 315 

Hence, the ctenidium can partake in ionoregulation and acid-base balance besides respiration. 316 

For instance, the ctenidium of T. squamosa expresses transporters and enzymes that are 317 

involved in the absorption of inorganic carbon (Dual Domain Carbonic Anhydrase, Koh et al. 318 

2018) and urea (DUR3-like, Chan et al. 2018), assimilation of exogenous ammonia (Glutamine 319 

Synthetase, Hiong et al. 2017a), excretion of ammonia (Ammonia Transporter 1, Boo et al. 320 

2018), and the elimination of excess H+ (Na+/H+ Exchanger 3-like, Hiong et al. 2017b; 321 

Vacuolar H+-ATPase subunit A or ATP6V1A, Ip et al. 2018). Importantly, the gene and/or 322 

protein expression levels of all these transporters/enzymes in the ctenidium of T. squamosa are 323 

modulated by the dark:light cycle, denoting a possible alignment of the host’s physiological 324 

processes with the phototropic responses of the symbiotic zooxanthellae to light. Hence, it is 325 

unsurprising that the ctenidium of T. squamosa expressed a homolog of CACNA1 to augment 326 

the absorption of exogenous Ca2+ to support light-enhanced shell formation.  327 

Molecular characterization of CACNA1 homolog from the ctenidium of T. squamosa 328 

The deduced amino acid sequence of CACNA1 homolog obtained from the ctenidium of T. 329 

squamosa contains the signature IQ domain (Fig. 1) with the consensus sequence of 330 

[I,L,V]QXXXRGXXX[R,K] (where X can be any amino acid) (Terrak et al. 2003). The IQ 331 

domain is approximately 25 amino acids in length and possesses various Ca2+/calmodulin and 332 
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apocalmodulin-binding motifs (Bähler and Rhoads 2002; Jurado et al. 1999). CACNA1 of T. 333 

squamosa also comprises the principal aromatic residues (Phe1532, Tyr1533, Phe1536, 334 

Tyr1541, Phe1542 and Phe1545) that are known to participate in hydrophobic interactions with 335 

the Ca2+/C and Ca2+/N lobes of CaM (Van Petegem et al. 2005). These aromatic residues can 336 

facilitate the constitutive tethering of CACNA1 to CaM, which is a Ca2+ sensor and a prominent 337 

transducer of Ca2+ signaling (Finn and Forsén 1995; Peterson et al. 1999; Pitt et al. 2001). In 338 

addition, CACNA1 of T. squamosa contains a highly conserved 18-residue α-interaction 339 

domain (AID), which can interact with the auxiliary β subunit of VGCCs (Pragnell et al. 1994; 340 

Witcher et al. 1995). It has been established that the association with β subunit can drastically 341 

modify the functions and activity of CACNA1, including voltage-dependent activation, drug 342 

binding, and rates of inactivation (Hering 2002; Meir et al. 2000). The polyglutamate motif 343 

(EEEE), which is a four-domain region consisting of four glutamic acid residues (Marom et al. 344 

2007), is also present in CACNA1 of T. squamosa. The EEEE motif is known to generate the 345 

essential Ca2+ selectivity characteristics and regulates the kinetics of CACNA1 (Tyson and 346 

Snutch 2013).  347 

Importantly, CACNA1 of T. squamosa comprises a DHP binding site, which is a 348 

distinctive feature of L-type VGCCs. In fact, other types of VGCCs (P/Q-, N-, R- and T-) are 349 

pharmacologically insensitive to DHP inhibition. Peterson and Catterall (1995) performed a 350 

multiple sequence alignment of a diverse range of VGCCs, consisting of the protein sequences 351 

of DHP-insensitive channels and those of the L-type VGCCs. The comparison revealed the 352 

ubiquitous presence of Phe-1013 (numbering with reference to H. sapiens CACNA1S) within 353 

domain III (spanning TM13-TM18) among all VGCCs that were DHP-sensitive. By contrast, 354 

all DHP-insensitive channels possessed Gly at this position instead. Due to its adjacency to one 355 

of the Ca2+-binding glutamate of the pore-lining EEEE motif, Phe-1013 was found to 356 

participate in the allosteric coupling of Ca2+ binding and DHP binding. As this Phe residue is 357 
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identified as Phe-1043 in the TM17 of CACNA1 of T. squamosa and is conserved across the 358 

L-type channels from other organisms included in the multiple sequence alignment, the identity 359 

of CACNA1 of T. squamosa as an L-type VGCC can be confirmed. With the expression of 360 

CACNA1, it is logical to postulate that the ctenidium of T. squamosa is the site of exogenous 361 

Ca2+ uptake, but it would be essential to examine the cellular and subcellular localization of 362 

CACNA1 therein, in order to confirm its possible function. 363 

CACNA1 has an apical localization in the ctenidial filaments and tertiary water channels 364 

and could facilitate the uptake of exogenous Ca2+  365 

Immunofluorescence microscopy affirmed the apical localization of CACNA1 in the ctenidial 366 

epithelium of T. squamosa. This strongly supports the possible role of L-type VGCC in 367 

providing a passive entry of Ca2+ from the ambient seawater, down a favourable trans-apical-368 

epithelial [Ca2+] gradient, into the ctenidial epithelial cells, which is different from the case of 369 

scleractinian corals (Zoccola et al. 1999). In scleractinian corals, Ca2+ is presumably taken up 370 

across the side of the epithelial cells facing seawater via an energy-independent process. Then, 371 

Ca2+ is transported intracellularly to the other side of the cell and extruded against its 372 

electrochemical gradient via a supposedly energy-dependent mechanism in the plasma 373 

membrane (Berridge and Oschman 1972). Pharmacological experiments have demonstrated 374 

the suppression of calcification in corals like Galaxea fascicularis (Marshall 1996) and S. 375 

pistillata (Tambutté et al. 1996) by the L-type Ca2+ channel inhibitors, phenylalkylamine and 376 

DHP. Furthermore, a homolog of CACNA1 has been cloned from the calicoblastic ectoderm of 377 

S. pistillata (Zoccola et al. 1999). Hence, in scleractinian corals, VGCC appears to facilitate 378 

the extrusion of Ca2+ into the subcalicoblastic fluid underlying the calicoblastic (calcifying) 379 

epithelium for skeleton formation instead of the uptake of exogenous Ca2+. Nonetheless, as the 380 

subcalicoblastic fluid contains high [Ca2+] to facilitate CaCO3 deposition and the 381 

transmembrane potential would be intracellularly positive, how Ca2+ moves outwards against 382 
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its electrochemical gradient through VGCCs in the calicoblastic epithelium of scleractinian 383 

corals remains unresolved.  384 

VGCC may also be involved in shell formation in the Pacific oyster, C. gigas (Sillanpää 385 

et al. 2018). However, unlike the case of T. squamosa, VGCC is proposed to be positioned in 386 

the basolateral membrane of the shell-facing mantle epithelium of C. gigas, whereby it 387 

facilitates the uptake of Ca2+ from the haemolymph into the cells. The absorbed Ca2+ is then 388 

secreted into the extrapallial fluid through the apical PMCA and/or Na+/Ca2+ exchanger. 389 

Additionally, a paracellular pathway of Ca2+ movement has been proposed for the shell-facing 390 

mantle epithelium of C. gigas (Sillanpää et al. 2018), but whether such a pathway is operational 391 

in the ctenidial epithelium of T. squamosa needs to be confirmed by future studies. 392 

Light-enhanced expression CACNA1 in the ctenidium can facilitate increased uptake of 393 

exogenous Ca2+ for light-enhanced shell formation  394 

A marked increase in the protein abundance of CACNA1 in the ctenidium of T. squamosa was 395 

observed after 12 h of light exposure, but such a light-dependent expression of CACNA1 has 396 

not been reported previously for animals including scleractinian corals. It is probable that the 397 

increase would have occurred progressively between hour 6 and hour 12, despite a relatively 398 

constant level of gene expression (1200-~2000 copies per ng total RNA). Therefore, CACNA1 399 

expression in the ctenidium of T. squamosa appears to be regulated predominantly by 400 

translation. 401 

Our results reiterate the importance of cooperation between two remotely separated 402 

organs, the inner mantle and the ctenidium, to achieve light-enhanced shell formation in giant 403 

clams. In the inner mantle, light exposure leads to increases in the gene and protein expression 404 

levels of PMCA (Ip et al. 2017), carbonic anhydrase (CA) 4-like (Chew et al. 2019) and βNHE-405 

like (Cao-Pham et al. 2019), which are related to the transport of Ca2+, inorganic carbon and 406 

H+, respectively, in the shell formation process. In the ctenidium, light exposure results in 407 
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increases in the gene and protein expression levels of CACNA1 (this study) to facilitate 408 

increased exogenous Ca2+ uptake, as well as NHE3-like (Hiong et al. 2017b) and ATP6V1A 409 

(Ip et al. 2018) to support increased endogenous H+ excretion during light-enhanced shell 410 

formation. Traditionally, light-enhanced calcification in scleractinian corals (see Tambutté et 411 

al. 2011 for a review), and presumably also giant clams, has been attributed to the 412 

photosynthetic activity of the symbiotic zooxanthellae. However, in giant clams, light-413 

enhanced shell formation can be explained primarily by the light-enhanced expression of 414 

several transporters and enzymes of host-origin in the inner mantle and ctenidium, which 415 

contain little zooxanthellae. 416 

Conclusion 417 

Light-enhanced shell formation necessitates an increase in the absorption of Ca2+ from the 418 

ambient seawater during the daytime. Our results indicate that, in T. squamosa, increased Ca2 419 

absorption might occur in the ctenidium, catalyzed by L-type VGCC. This is because 420 

CACNA1, which forms the Ca2+ selective pore of VGCC, is well-positioned in the apical 421 

membrane of the ctenidial epithelium of T. squamosa to absorb Ca2+ from the external medium, 422 

and its protein abundance increases significantly in the ctenidium after 12 h of light exposure. 423 

Effort should be made in the future to elucidate how Ca2+ can be actively transported from the 424 

ctenidial epithelial cells into the hemolymph, which could probably involve the ATP-425 

dependent PMCA or the Na+-dependent Na+/Ca2+ Exchanger.  426 

 427 

  428 
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Table 1 Percentage similarities between the deduced amino acid sequence of Voltage-gated 591 

Calcium Channel subunit α1 (CACNA1) from the ctenidium of Tridacna squamosa and 592 

CACNA1 sequences from other species obtained from GenBank (accession numbers in 593 

brackets). Sequences are arranged in a descending order of similarity. 594 

Classification Species Similarity (%) 

with CACNA1 

of T. squamosa  

Molluscs Crassostrea gigas Type D subunit alpha 1 (EKC35362.1) 63.1  

 Mizuhopecten yessoensis muscle calcium channel subunit 

alpha-1-like isoform X6 (XP_021370314.1) 

62.8 

 Crassostrea virginica voltage-dependent calcium channel type 

D subunit alpha-1-like (XP_022302530.1) 

59.4 

 Octopus bimaculoides muscle calcium channel subunit alpha-

1-like (XP_014774811.1) 

58.7 

Nematodes Trichinella pseudospiralis Voltage-dependent calcium 

channel type D subunit alpha-1 (KRY90155.1) 

49.7 

 Trichinella papuae Voltage-dependent calcium channel type 

D subunit alpha-1 (KRZ69843.1) 

49.7 

 Trichinella spT8 L-type Voltage-dependent calcium channel 

type D subunit alpha-1 (KRZ89967.1) 

49.7 

 Trichinella spT8 T-type calcium channel subunit alpha-1H 

(KRZ97057.1) 

17.6 

Arthropods  Nicrophorus vespilloides Voltage-dependent calcium channel 

subunit alpha-1 (XP_017785463.1) 

52.6 

 Aedes aegypti Voltage-dependent calcium channel subunit 

alpha-1 (XP_021699872.1) 

49.5 

 Polistes canadensis Voltage-dependent calcium channel 

subunit alpha-1 (XP_014607618.1) 

49.4 

 Aedes albopictus Voltage-dependent calcium channel subunit 

alpha-1 (XP_019544548.1) 

49.1 

 Fopius arisanus Voltage-dependent T-type calcium channel 

subunit alpha-1G (JAG73793.1) 

22.7 

Mammals Homo sapiens Voltage-dependent L-type calcium channel 

subunit alpha-1C (AAI46847.1) 

48.5 

 Mus musculus Voltage-dependent L-type calcium channel 

subunit alpha-1C (AAI45106.1) 

48.4 

 Mus musculus Voltage-dependent P/Q-type calcium channel 

subunit alpha-1A (AAW56205.1) 

34.0 

 Homo sapiens Voltage-dependent P/Q-type calcium channel 

subunit alpha-1A (O00555.2) 

33.2 

 Homo sapiens Voltage-dependent T-type calcium channel 

subunit alpha-1G (O43497.3) 

22.9 

 Mus musculus Voltage-dependent T-type calcium channel 

subunit alpha-1G (AAH57399.1) 

22.6 
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Legends to figures 596 

Fig. 1 Molecular characterization of the Voltage-gated Calcium Channel subunit α1 597 

(CACNA1) obtained from the ctenidium of Tridacna squamosa. A multiple sequence 598 

alignment of the deduced amino acid sequence of CACNA1 from T. squamosa with four 599 

other CACNA1 sequences from Crassostrea gigas (EKC35362.1), Trichinella 600 

pseudospiralis (KRY90155.1), Nicrophorus vespilloides (XP_017785463.1) and Homo 601 

sapiens (AAI46847.1). The colorfully shaded residues represent either identical or 602 

similar amino acids. A red box indicates a signature IQ domain while red asterisks 603 

represent principal aromatic anchor positions of the IQ domain. Four glutamic acid 604 

residues essential for calcium ion selectivity are marked by four red stars. A black box 605 

demarcates an alpha-interaction domain (AID)—a site on CACNA1 where a VGCC β 606 

subunit (CACNB) binds. Within the black box, several black asterisks specify side 607 

chains which interact with CACNB. The 24 transmembrane domains (TMs) were 608 

predicted by TOPCONS program and were underlined and numbered accordingly 609 

(TM1-24). 610 

Fig. 2 A phenogramic analysis of the Voltage-gated Calcium Channel subunit α1 611 

(CACNA1) of Tridacna squamosa. This neighbor-joining tree was generated using 612 

known CACNA1 sequences from various types of voltage-gated calcium channels, 613 

including L type, P/Q type and T type. The number at each node represents the number 614 

of bootstrap supports in 1000 replicates. The CACNA1 of T. squamosa is demarcated 615 

with a red box. 616 

Fig. 3 Immunofluorescence localization of Voltage-gated Calcium Channel subunit α1 617 

(CACNA1) in the ctenidial filaments (CFs) of Tridacna squamosa exposed to 12 h of 618 

light or 12 h of darkness (control). The differential interference contrast (DIC) image 619 
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was overlaid with blue nucleic-staining (DAPI) to show the morphology of CFs (a, d) 620 

facing the seawater. Apical CACNA1 staining (arrowheads) is depicted in green 621 

immunofluorescence (b, e). Composite images of DIC, DAPI with green CACNA1 622 

staining of the apical membrane of the epithelial cells covering CFs (arrowheads) were 623 

shown in (c, f), with the boxed area being magnified as insets. Overall, more epithelial 624 

cells of the CFs from clams exposed to 12 h of light were immunolabelled than those 625 

from the control kept in darkness for 12 h. Consequently, the intensity of CACNA1 626 

staining in the former was apparently stronger than that in the latter. Reproducible results 627 

were obtained from four individual clams. Scale bar: 20 µm. 628 

Fig. 4 Immunofluorescence localization of Voltage-gated Calcium Channel subunit α1 629 

(CACNA1) in the tertiary water channels (WCs) of the ctenidium of Tridacna 630 

squamosa exposed to 12 h of light or 12 h of darkness (control). The differential 631 

interference contrast (DIC) image was overlaid with blue nucleic-staining (DAPI) to 632 

show the morphology of the lattice formation of WCs (a, d) found in the demi-branches 633 

of the ctenidium. Apical CACNA1 staining (arrowheads) is depicted in green 634 

immunofluorescence (b, e). Composite images of DIC, DAPI with green CACNA1 635 

staining of the apical membrane of the epithelial cells linning the ECs (arrowheads) were 636 

shown in (c, f), with the boxed area being magnified as insets. Overall, more epithelial 637 

cells of the WCs from clams exposed to 12 h of light were immunolabelled than those 638 

from the control kept in darkness for 12 h. Consequently, the intensity of CACNA1 639 

staining in the former was apparently stronger than that in the latter. Reproducible results 640 

were obtained from four individual clams. HL, hemolymph. Scale bar: 20 µm. 641 

Fig. 5 Effects of light on the mRNA expression level of Voltage-gated Calcium Channel 642 

subunit α1 (CACNA1) in the ctenidium of Tridacna squamosa. Absolute 643 

quantification of the transcript level (x103 copies of transcripts per ng of total RNA) of 644 
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CACNA1 in the ctenidium of T. squamosa kept in darkness for 12 h (control), or 645 

exposed to light for 3, 6 or 12 h. Results represent means + S.E.M. (N=5). Means not 646 

sharing the same letter are significantly different from each other (P<0.05).  647 

Fig. 6 Effects of light on the protein abundance of Voltage-gated Calcium Channel 648 

subunit α1 (CACNA1) in the ctenidium of Tridacna squamosa. (a) Example of an 649 

immunoblot of CACNA1, with tubulin as a reference protein, from clams kept in 650 

darkness for 12 h (control), or exposed to light for 3, 6 or 12 h, together with an 651 

immunoblot of CACNA1 in a peptide competition assay (PCA). (b) The optical density 652 

of the CACNA1 band for 100 μg protein was normalized with that of tubulin. Results 653 

represent means + S.E.M (N=5). Means not sharing the same letter are significantly 654 

different from each other (P<0.05).  655 
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Fig. 2 662 
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Fig. 5 
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Fig. 6 
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