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Abstract 30 

Giant clams perform light-enhanced shell formation (calcification) and therefore need to 31 

increase the uptake of exogenous Ca2+ during illumination. The ctenidium of the fluted giant 32 

clam, Tridacna squamosa, is involved in light-enhanced Ca2+ uptake. It expresses the pore-33 

forming voltage-gated calcium channel (VGCC) subunit alpha 1 (subunit alpha 1 (CACNA1) 34 

in the apical membrane of the epithelial cells, and the protein expression level of CACNA1 is 35 

upregulated in the ctenidium during illumination. This study aimed to elucidate the mechanism 36 

involved in the transport of the absorbed Ca2+ across the basolateral membrane of the ctenidial 37 

epithelial cells into the hemolymph. We obtained a homolog of Na+/Ca2+ exchanger 1 (NCX1-38 

like) from the ctenidium of T. squamosa, which comprised 2,418 bp, encoding a protein of 806 39 

amino acids (88.9 kDa). NCX1-like had a basolateral localization in the epithelial cells of the 40 

ctenidial filaments and tertiary water channels. Illumination also resulted in significant 41 

increases in the transcript and protein levels of NCX1-like/NCX1-like in the ctenidium. Hence, 42 

NCX1-like could operate in conjunction with VGCC to increase the transport of Ca2+ from the 43 

ambient seawater into the hemolymph during illumination. Illumination also resulted in the 44 

upregulation of the gene and protein expression levels of Na+/K+-ATPase (NKA) α-subunit 45 

(NKAα/NKAα) in the ctenidium of T. squamosa. As light-enhanced extrusion of Ca2+ into the 46 

hemolymph through NCX1-like would lead to a greater influx of extracellular Na+, the 47 

increased expression of the basolateral NKA was required to augment the capacity of 48 

intracellular Na+ homeostasis.  49 

  50 
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Introduction 51 

Tropical waters are oligotrophic and therefore known as ‘deserts’ of the sea, but some marine 52 

invertebrates such as scleractinian corals and giant clams can flourish in such oligotrophic 53 

environment. Specifically, giant clams (Genus: Tridacna or Hippopus) are inhabitants of the 54 

Indo-Pacific reef ecosystems. They can grow rapidly despite the shortage of nutrients and are 55 

the largest of all bivalves because they live in mutualistic association with Symbiodiniaceae 56 

dinoflagellates of genera Symbiodinium, Cladocopium, Durusdinium and Gerakladium 57 

(Hernawan, 2008; Weber, 2009; DeBoer et al., 2012; Ikeda et al., 2017; Lim et al., 2019; 58 

Pochon et al., 2019; Guibert et al., 2020). In giant clams, symbiotic dinoflagellates reside 59 

extracellularly in a branched tubular system that originates from the host’s digestive tract 60 

(Norton et al., 1992). The tertiary tubules containing the majority of symbionts are located 61 

predominantly in the colorful and extensible outer mantle that contains pigments and 62 

iridophores (Norton et al., 1992). As the symbionts have no excess to the ambient seawater, 63 

the host needs to supply them with nutrients such as inorganic carbon (Ci), nitrogen, and 64 

phosphorus. During illumination, photosynthesizing dinoflagellates donate as much as 95% of 65 

the photosynthates to the clam host in order to fulfil its energy and nutrition requirements 66 

(Klumpp and Griffiths, 1994). As a result, the host can maintain high growth rate and conduct 67 

light-enhanced shell formation in nutrient poor tropical waters (Ip et al., 2017a; Rossbach et 68 

al., 2019). Unlike non-symbiotic bivalve mollusks, shell formation in giant clams is enhanced 69 

by light because the growth rate of the host is the highest while receiving organic nutrients 70 

from its photosynthesizing symbionts. 71 

Light-enhanced shell formation involves the increased deposition of CaCO3 (Ca2+ + 72 

HCO3
−  CaCO3 + H+) from the extrapallial fluid onto the inside surface of the shell valve 73 

during illumination. Hence, giant clams need to increase the uptake of Ca2+
 from the external 74 

seawater during illumination to support light-enhanced shell formation, and there are 75 
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indications that Ca2+ uptake occurs through the ctenidium (Cao-Pham et al., 2019). Each giant 76 

clam consists of two ctenidia and each ctenidium comprises two demibranches. The ctenidium 77 

is comb-shaped, and consists of many protruding filaments and numerous internal tertiary 78 

water channels. Together, the filaments and water channels increase the surface area of the 79 

ctenidium tremendously so that it can function effectively in many physiological processes, 80 

including gaseous exchange, nutrient uptake, waste excretion and acid-base balance. The 81 

ctenidium of the fluted giant clam, Tridacna squamosa, participates in many light-enhanced 82 

processes (Ip et al., 2015; Ip and Chew, 2021). It takes part in the absorption of Ca2+ (voltage-83 

gated calcium channel subunit alpha 1, CACNA1; Cao-Pham et al., 2019), Ci (dual domain 84 

carbonic anhydrase; Koh et al., 2018), urea (urea active transporter or DUR3; Chan et al., 85 

2018), glucose (sodium/glucose cotransporter 1 or SGLT1; Chan et al., 2019), NO3
− (H+:2NO3

− 86 

cotransporter or SIALIN; Ip et al., 2020), and inorganic phosphate (sodium-dependent 87 

phosphate transport protein 2a or NPT2a; Chan et al., 2020; sodium-dependent phosphate 88 

transporter protein 1; Ip et al., 2021). It is involved in the assimilation of ammonia (glutamine 89 

synthetase; Hiong et al., 2017a) and the excretion of H+ (Na+/H+ exchanger 3-like or NHE3; 90 

Hiong et al., 2017b; vacuolar-type H+-ATPase subunit A; Ip et al., 2018). It can also participate 91 

in light-suppressed ammonia excretion (ammonium transporter 1; Boo et al., 2018). Notably, 92 

the gene and/or protein expression levels of the above-mentioned transporters and enzymes are 93 

light-dependent in the ctenidium of T. squamosa. 94 

Concerning Ca2+ absorption, the ctenidium of T. squamosa expresses a homolog of 95 

CACNA1, which is the pore-forming subunit of the L-type voltage-gated Ca2+ channel 96 

(VGCC). CACNA1 is localized in the apical membrane of epithelial cells covering the 97 

filaments or lining the tertiary water channels (Cao-Pham et al., 2019). The protein abundance 98 

of CACNA1 increases significantly in the ctenidium of T. squamosa during light exposure to 99 

augment exogenous Ca2+ uptake. In addition, the ctenidium of T. squamosa expresses a 100 
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homolog of sarcoplasmic reticulum Ca2+-ATPase (SERCA-like), and illumination also 101 

significantly enhances its protein expression level (Chan et al., 2020). Hence, the Ca2+ absorbed 102 

through VGCC into the ctenidial epithelial cells can be sequestered by SERCA-like into the 103 

endoplasmic reticulum and traverse the cell interior without perturbing cytosolic [Ca2+] 104 

homeostasis. As the free [Ca2+] in the cytosol is about 10,000-fold lower than that (2.1–2.6 105 

mM) in extracellular fluid (Brini et al. 2013; Carafoli and Krebs 2016), Ca2+ cannot exit cells 106 

passively by diffusion and must be actively transported across the basolateral membrane of the 107 

epithelial cells into the hemolymph against a large [Ca2+] gradient. To date, the identity of this 108 

active Ca2+ transporter in the basolateral membrane of the ctenidium of T. squamosa remains 109 

elusive. 110 

In general, two Ca2+ transporters can facilitate the extrusion of Ca2+ across the plasma 111 

membrane: plasma membrane Ca2+-ATPase (PMCA) and Na+/Ca2+ exchanger (NCX). PMCA 112 

has a high Ca2+ affinity but low Ca2+ transport capacity, and it may have a housekeeping role in 113 

maintaining cytosolic [Ca2+] (Brini and Carafoli 2011). In comparison, NCX may play a 114 

dynamic role of counteracting large potential variations in cytosolic [Ca2+] as it has low Ca2+ 115 

affinity for Ca2+ but high capacity for its transport (Brini and Carafoli 2011). Consequently, 116 

PMCA represents only a minute portion of proteins (<0.1%) in the plasma membrane (Brini 117 

and Carafoli 2011). NCX typically transports one Ca2+ out from the cell in exchange for the 118 

import of three Na+ ions. It can operate in a bidirectional fashion, depending on the 119 

electrochemical gradients of Ca2+ and Na+. There are three isoforms of NCX (NCX1, NCX2, 120 

and NCX3; Philipson et al. 1988; Nicoll et al. 1996). They can have specialized physiological 121 

functions, which include calcification in osteoblast (Stains and Gay 1998; Akisaka et al. 1988; 122 

Sosnoski and Gay 2008) and ameloblast (Okumura et al., 2010), transepithelial Ca2+ transport 123 

across kidney and intestine, Ca2+ removal from lens, muscle contractility, and neurotransmitter 124 

release (Blaustein and Lederer 1999; Hoenderop et al. 2005).  125 



6 

 

As NCX1 is widely expressed in various epithelial cells (Liao et al., 2012), this study 126 

aimed to clone and sequence NCX1 from the ctenidium of T. squamosa. Then, an anti-NCX1 127 

polyclonal antibody was custom-made for the localization of NCX1 in the ctenidium by 128 

immunofluorescence microscopy. The hypothesis tested was that NCX1 would have a basal 129 

localization in the ctenidial epithelial cells. In addition, the transcript level and protein 130 

abundance of NCX1/NCX1 were determined by quantitative real time-PCR (qPCR) and 131 

Western blotting, respectively, to test the hypothesis that they could be upregulated in the 132 

ctenidium of individuals exposed to light as compared with those exposed to darkness. If 133 

occurred, the active extrusion of Ca2+ through NCX1 is driven by the influx of Na+ down its 134 

electrochemical potential gradient would increase the intracellular [Na+]. As the intracellular 135 

Na+ homeostasis is known to be maintained by Na+/K+-ATPase (NKA; Blanco and Mercer, 136 

1998), efforts were made to determine whether illumination would also affect the expression 137 

level of NKA α-subunit (NKAα) in the ctenidium of T. squamosa. NKA comprises three types 138 

of subunits (α, β, and γ), and each subunit has its isoforms. There are at least one α- and one β-139 

subunit in a functional NKA (Jorgensen et al., 2003), with NKAα (110-120 kDa) containing 140 

the ATP binding site and the catalytic domains for the binding and transporting of Na+ and K+ 141 

(Blanco and Mercer, 1998). Preliminary results obtained in this study revealed that the NKAα 142 

amino acid sequence obtained from the ctenidium of T. squamosa was identical to that obtained 143 

from the inner mantle as reported by Boo et al. (2017). Hence, we adopted the qPCR primer 144 

set and anti-NKAα antibody designed by Boo et al. (2017) based on NKAα of the inner mantle 145 

to determine the transcript and protein expression levels of NKAα/NKAα in the ctenidium of 146 

individuals of T. squamosa exposed to light or darkness. The anti-NKAα antibody was also 147 

used to determine the subcellular localization of NKAα in the ctenidium by 148 

immunofluorescence microscopy. It was hypothesized that NKAα had a basolateral 149 

localization and its expression level would be upregulated in the ctenidium during light 150 
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exposure. Results obtained were expected to provide a deeper understanding on the molecular 151 

mechanisms involved in light-enhanced Ca2+ absorption through the gills of T. squamosa 152 

apropos of light-enhanced shell formation.   153 
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Materials and Methods 154 

Animals, experimental conditions, and tissue collection 155 

Individuals of T. squamosa specimens (520 ± 180 g with shells; n=26) were purchased from 156 

Xanh Tuoi Tropical Fish Ltd. in Vietnam. They were acclimated in three glass tanks (L90 cm 157 

x W62 cm x H60 cm) under a 12 h light:12 h dark regime for one month before 158 

experimentation. Each tank contained 350 L of recirculating seawater and 8 or 9 clams. The 159 

water conditions were as follows: salinity, 30-32; temperature, ~26°C; pH, 8.1-8.3; hardness, 160 

143–179 ppm; calcium, 380–420 ppm; phosphate, <0.25 ppm; nitrate, 0 ppm; nitrite, 0 ppm, 161 

total ammonia, <0.25 ppm. The underwater light intensity (PPFD) at the level of the clam was 162 

~120 μmol m−2 s−1. Institutional approval was not necessary for research on giant clams 163 

(National University of Singapore Institutional Animal Care and Use Committee). 164 

Five individuals (controls; n=5) were sampled directly and randomly from all the three 165 

glass tanks, and killed for tissue sampling after 12 h of darkness in the normal 12 h light:12 h 166 

dark regime. Other individuals were then exposed to light for 3, 6 or 12 h. At each specific time 167 

points, four individuals (n=5) were randomly selected and killed for tissue sampling. Individual 168 

clams were anaesthetized with 0.2% phenoxyethanol before being forced open to cut the 169 

adductor muscles. Collected tissue samples were stored at -80oC until analyses.  170 

Separately, three individuals exposed to darkness for 12 h (n=3) and three individuals 171 

exposed to light for 12 h (n=3) were anaesthetized in 0.2% phenoxyethanol and killed for the 172 

sampling of tissues for immunofluorescence microscopy. Samples were immersion-fixed in 173 

3% paraformaldehyde in seawater at 4oC overnight and processed according to the method of 174 

Hiong et al. (2017). 175 

Extraction of total RNA and synthesis of cDNA   176 

The total RNA from tissue samples was isolated using TRI ReagentTM (Sigma-Aldrich Co. St. 177 

Louis, MO, USA). Samples were homogenized with silica beads (425-600 µm; Sigma-Aldrich) 178 
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in TRI Reagent® using a Mini-G™ tissue homogenizer (SPEX® Sample Prep, Metuchen, NJ, 179 

USA). Remnant of DNA was removed by PureLinkTM RNA Mini Kit (Invitrogen, Thermo 180 

Fisher Scientific Inc., Waltham, MA, USA), and the purified RNA was quantified by a 181 

Shimadzu BioSpec-nano spectrophotometer (Shimadzu Corporation, Tokyo, Japan). After 182 

verification of the integrity of RNA by electrophoresis, cDNA was synthesized from the 183 

purified total RNA using the RevertAid™ first-strand cDNA synthesis kit (Thermo Fisher 184 

Scientific Inc.).  185 

PCR, cloning, rapid amplification of cDNA ends (RACE)-PCR and sequencing 186 

The partial NCX1-like sequence was isolated using PCR primers (Forward: 5’-187 

TGGGATCTGCTGCTTTCAA-3’ and Reverse: 5’-CTGCTCACCATACCATTGAAT-3’) 188 

designed from the homologous regions of Lingula anatina NCX1-like (XM_013531431.2), 189 

Mizuhopecten yessoensis NCX1-like (XM_021503412.1), and Cherax destructor NCX1 190 

(KP299984.1). A 9902 Veriti 96-well thermal cycle (Thermo Fisher Scientific) and 191 

DreamTaq™ polymerase (Thermo Fisher Scientific Inc.) were used to perform PCR. The PCR 192 

thermal cycle included a 3 min of initial denaturation at 95°C, followed by 40 cycles of 193 

denaturation for 30 s at 95°C, annealing for 30 s at 55°C and extension for 1 min at 72°C, and 194 

a final extension for 10 min at 72°C. PCR products were separated using agarose gel 195 

electrophoresis. Then, the band-of-interest was excised and purified using Wizard® SV Gel 196 

and PCR Clean-up System (Promega, Madison, WI, USA).  197 

Following the method of Chan et al. (2020), the pGEM-T Easy vector system (Promega 198 

Corporation) was used to clone and transform the extracted PCR product into JM109 199 

Escherichia coli competent cells. Multiple clones were sequenced to obtain partial NCX1-like 200 

fragments. The sequences were analysed by using BioEdit version 7.2.5. BlastN 201 

(http://www.ncbi.nlm.nih.gov/BLAST) was used to confirm the identity of the sequences 202 

obtained. Analysis of multiple sequences revealed the absence of isoforms. Subsequently, the 203 

http://www.ncbi.nlm.nih.gov/BLAST
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full coding sequence of NCX1-like was obtained by performing 5’ and 3’ RACE (SMARTer™ 204 

RACE cDNA amplification kit: Clontech Laboratories, Mountain View, CA, USA) PCR with 205 

specific RACE primers (Forward: 5’- CCTACCTGTTCAAGGAGAGCTGTGG-3’ and 206 

Reverse: 5’- ATCGGCAATGTATGCAATGACAACCATGGCT-3’). To prepare samples for 207 

sequencing, the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific Inc.) 208 

was used in combination with ethanol/sodium acetate precipitation. Sequencing was performed 209 

using a 3130XL Genetic Analyzer (Thermo Fisher Scientific Inc.). The complete coding cDNA 210 

sequence of NCX1-like sequence was deposited into GenBank (accession number 211 

MW353260).  212 

Deduced amino acid sequence and phenogramic analysis 213 

The nucleotide sequence of NCX1-like was translated into NCX1-like amino acid sequence 214 

using the ExPASy Proteomic server (http://web.expasy.org/translate/). The TOPCONS protein 215 

structure prediction server (Tsirigos et al., 2015; http://topcons.cbr.su.se/) was used to predict 216 

the transmembrane regions (TMs) in the deduced amino acid sequence.  217 

Amino acid sequences of NCX isoforms from other animals were obtained from 218 

Genbank (Supplementary Table 1). These sequences were then aligned using ClustalX2. 219 

Subsequently, the identity of NCX1-like obtained from the ctenidium of T. squamosa was 220 

confirmed by performing phenogramic analysis using neighbor-joining method with 1000 221 

bootstrap replicates in Phylip.  222 

Quantitative real-time PCR (qPCR) 223 

cDNA (4 µg) was synthesized from the purified total RNA obtained from the ctenidium of T. 224 

squamosa using random hexamer primers and RevertAidTM first strand cDNA synthesis kit. 225 

The transcript level of NCX1-like was quantified using a StepOnePlusTM Real-Time PCR 226 

System (Thermo Fisher Scientific Inc.). The pair of specific qPCR primers (Forward: 5’-227 

GTGTGATTGGTAAACGAGGC-3’) and Reverse: (5’-GCACCATTGACCCGTTGTA -3’) 228 

http://web.expasy.org/translate/
http://topcons.cbr.su.se/
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was stringently designed so that it would have a low probability in reacting with NCX3-like 229 

(Supplementary Table 2). For the absolute quantification of NKAα, the pair of specific qPCR 230 

primers (Forward: 5’-GACACAATACAGCTCCATCC-3’) and Reverse: (5’-231 

CTCACCTTGCCTTCATTCTC -3’) designed by Boo et al. (2017) were adopted in this study. 232 

The overall amplification efficiency for NCX1-like primers and NKAα primers were 95.7% and 233 

97.6%, respectively. Both the transcript levels of NCX1-like and NKAα were calculated using 234 

the plasmid standard curves following the methods described in previous publications (Hiong 235 

et al. 2017a, b).  236 

Antibodies 237 

For immunofluorescence microscopy and Western blotting, a rabbit polyclonal anti-NCX1-like 238 

antibody was custom-made by GenScript (Piscataway, NJ, U.S.A.) against residues 491-504 239 

(AVAGRDYDESAGEI) of NCX1-like of T. squamosa. The anti-NKAα antibody (epitope 240 

sequence ELKQELTMDEHKIP) used for immunofluorescence microscopy and Western 241 

blotting in this study was identical to that described by Boo et al. (2017). The anti-α-tubulin 242 

antibody (12G10) was procured from the Developmental Studies Hybridoma Bank. 243 

Western blotting  244 

Protein extraction was performed according to the methods of Hiong et al. (2017b). For the 245 

immunoblotting of NCX1-like, 100 μg of ctenidial protein was separated electrophoretically 246 

by 8% SDS-PAGE and then trans-blotted onto nitrocellulose membrane. The blot was 247 

incubated with anti-NCX1-like (1.25 μg ml−1) or anti-α-tubulin (0.05 μg ml−1) antibodies in 248 

Fast Western Antibody Diluent (Thermo Fisher Scientific Inc.) for 1 h at 25°C. Then the blot 249 

was incubated for 15 min at 25°C with the secondary antibody provided in the kit. The 250 

subsequent steps were performed according to the methods described in Chan et al. (2020). As 251 

the custom-made anti-NCX1-like antibody is a polyclonal antibody, multiple bands were 252 

observed. The molecular masses of the immunolabelled bands were estimated by comparison 253 



12 

 

with the WesternSure(R) Pre-stained Chemiluminescent Protein Ladder (LI-COR, USA). The 254 

band of interest was estimated based on the molecular mass of 80-90 kDa as predicted by the 255 

translated amino acid sequence of NCX1-like. Importantly, a peptide competition assay (PCA) 256 

was performed by incubating the anti-NCX1-like antibody with the corresponding immunizing 257 

peptide provided by Genscript at a ratio of 1:5 for 1 h prior to immunostaining in order to 258 

confirm the identity of the band of interest.  259 

For NKAα, 20 μg of ctenidial proteins were separated by 8% SDS-PAGE and then 260 

trans-blotted onto nitrocellulose membrane. The blots were blocked with Fast Blocking 261 

Reagent (Thermo Fisher Scientific) for 10 mins prior to incubating with anti-NKAα antibody 262 

(0.83 μg ml−1) or anti-α-tubulin (12G10, 0.1 μg ml−1) antibodies in 1xTTBS for 1 h at 25°C. 263 

Subsequently, the membranes were incubated with a secondary antibody conjugated with 264 

alkaline phosphatase (Santa Cruz Biotechnology Inc.; 0.1 μg ml−1) in TTBS for another 1 h at 265 

25°C. Then, a BCIP/NBT Substrate Kit (Thermo Fisher Inc.) was used to visualize NKAα 266 

proteins. Subsequent steps were performed according to the methods presented in Boo et al. 267 

(2017). A peptide competition assay (PCA) was performed by incubating the anti- NKAα 268 

antibody with the corresponding immunizing peptide provided by Genscript at a ratio of 1:5 269 

for 1 h prior to immunostaining in order to confirm the identity of the band of interest.  270 

Immunofluorescence microscopy 271 

The paraffin-embedded sample of ctenidium was sectioned (3 µm) using a Leitz 1512 rotary 272 

microtome (Leica Biosystems, Germany) and collected on slides. The deparaffinized section 273 

was heated in solution of 0.05% citraconic anhydride (Nacalai Tesque, Japan), pH 7.4, for 5 274 

min for antigen retrieval. Then, it was incubated for 10 min in 1% sodium dodecyl sulfate (SDS) 275 

solution at room temperature. The section was blocked with 1% BSA in TPBS (0.05% Tween 276 

20 in Phosphate-buffered saline: 10 mmol l-1 Na2HPO4, 1.8 mmol l-1 KH2PO4, 137 mmol l-1 277 

NaCl, 2.7 mmol l-1 KCl, pH 7.4) for 20 min. The blocked section was incubated with the anti-278 
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NCX1-like antibody (1 µg ml-1) or the anti-NKAα antibody (1 µg ml-1) for 1 h in a humid 279 

chamber. It was then incubated for another 1 h at 37oC with the Alexa Fluor 488 fluorochrome-280 

coupled goat anti-rabbit gamma globulin (2.5 µg ml-1; Life Technologies Corporation). The 281 

slide was washed again with TPBS, stained with fluorescing DNA stain, 4′ 6‐diamidino‐282 

2‐phenylindole (DAPI) to identify the nucleus. Then, it was mounted in Prolong Gold 283 

antifade reagent (Thermo Fisher Scientific Inc.) for microscopy. PCA was performed by 284 

incubating the anti-NCX1-like and anti-NKAα antibodies with the corresponding immunizing 285 

peptide provided by Genscript at a ratio of 1:5 for 1 h prior to immunostaining. 286 

Microscopy was performed using an Olympus BX60 epifluorescence microscope 287 

(Olympus Corporation, Tokyo, Japan) equipped with a Differential Interference Contrast (DIC) 288 

slider (Olympus U-DICT), as well as corresponding filter sets (Olympus U-MWU, U-MWIG 289 

and U-MNIBA) and various objectives. DIC images were taken to visualize tissue structure. 290 

DAPI staining (in blue) of the nuclei was visualized using the U-MWU filter (emission at 420 291 

nm). NCX1-like or NKAα immunostaining (in green) was visualized using the U-MNIBA band 292 

pass filter (emission at 515-550 nm). Digital photos were taken using an Olympus DP73 camera 293 

(Olympus Corporation, Tokyo, Japan) fitted to the BX60 microscope. All images were 294 

processed using the cellSens Standard v1.15 software (Olympus Corporation). The overlaid of 295 

images was performed using Adobe Photoshop CC (Adobe Systems, CA, USA).  296 

Statistical analysis 297 

Results were presented as mean ± standard error (S.E.M). IBM SPSS Statistics version 21 298 

software (IBM Corporation, Armonk, NY, USA) was used to perform statistical analysis. 299 

Levene’s test was used to analyze the homogeneity of variance among the data sets. One-way 300 

analysis of variance (ANOVA), followed by either Tukey or Dunnett T3 post-hoc test 301 

depending on the homogeneity of variance of the data set, was used to evaluate the differences 302 
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among means of multiple data sets. Differences were deemed statistically significant when 303 

P<0.05.  304 
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Results 305 

Nucleotide and deduced amino acid sequences of NCX1-like/NCX1-like from the 306 

ctenidium of T. squamosa 307 

The cDNA sequence of NCX1-like obtained from the ctenidium of T. squamosa had been 308 

deposited into Genbank (MW353260). It comprised 2,418 bp, encoding a protein of 806 amino 309 

acids with a predicted molecular mass of 88.9 kDa (Fig. 1). The deduced NCX1-like amino 310 

acid has 10 predicted TM regions, with an exchanger inhibitory peptide (XIP), which represents 311 

an auto-inhibitory region involved in the Na+-dependent inactivation of the exchanger, and two 312 

Ca2+ binding domains (Fig. 1). Additionally, NCX1-like of T. squamosa was closely related to 313 

NCX1-like of other mollusks, as revealed by the phenogramic analysis (Fig. 2). 314 

Immunolocalization of NCX1-like in the ctenidium 315 

The anti-NCX1-like immunofluorescence was detected mainly in the basolateral membrane of 316 

epithelial cells of the filaments (Fig. 3) and the tertiary water channels (Fig. 4) in the ctenidium 317 

of T. squamosa. The intensity of immunofluorescence observed for samples obtained from 318 

individuals exposed to light for 12 h (filaments, Fig. 3C; tertiary water channels, Fig. 4C) were 319 

apparently stronger than those obtained from individuals kept in darkness for 12 h (filament, 320 

Fig. 3F; tertiary water channel, Fig. 4F). Reproducible results were obtained from three 321 

biological replicates (n=3) for each condition.  322 

Effects of light on the transcript level and protein abundance of NCX1-like/NCX1-like in 323 

the ctenidium 324 

The transcript level of NCX1-like in the ctenidium of individuals of T. squamosa exposed to 325 

light for 6 h was significantly higher (by 1.5-fold) than that of the control kept in darkness for 326 

12 h. (Fig. 5). Furthermore, exposure of individuals to light for 6 h or 12 h resulted in a 327 

significant increase in the protein abundance of NCX1-like in the ctenidium as compared with 328 

the control kept in darkness (Fig. 6). Although multiple bands were observed due to the 329 
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polyclonal nature of the custom-made anti-NCX1-like antibody, the NCX1-like band was 330 

identified by both molecular mass and PCA. The application of peptide-neutralized anti-NCX1 331 

antibody to Western blotting abolished the band of interest positioned between 80 and 90 kDa 332 

(Fig. 6). Furthermore, results from immunofluorescence microscopy of NCX1-like (Fig 3, 4) 333 

could possibly corroborate with the results obtained through Western blotting. 334 

Immunolocalization of NKAα in the ctenidium 335 

Anti-NKAα immunofluorescence labeling was observed mainly in the basolateral membrane 336 

of epithelial cells of filaments (Fig. 7) and water channels (Fig. 8) in the ctenidium of T. 337 

squamosa. The anti-NKAα immunofluorescence of samples obtained from individuals exposed 338 

to light for 12 h (filaments, Fig. 7C; tertiary water channels, Fig. 8C) was apparently stronger 339 

than that obtained from individuals kept in darkness for 12 h (filament, Fig. 7F; tertiary water 340 

channel, Fig. 8F). Reproducible results were obtained from three biological replicates (n=3) 341 

for each condition.  342 

Effects of light on the transcript level and protein abundance of NKAα/NKAα from 343 

ctenidium 344 

The transcript level of NKAα in the ctenidium of individuals of T. squamosa exposed to light 345 

for 6 h was significantly higher (by 1.5-fold) than that of the control kept in darkness for 12 h. 346 

(Fig. 9). Furthermore, exposure of individuals to light for 6 h or 12 h resulted in significantly 347 

higher protein abundance of NCX1-like in the ctenidium as compared with the control kept in 348 

darkness (Fig. 10). 349 

  350 
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Discussion  351 

In aquatic crustaceans, the efficient uptake of Ca2+ from the medium through the gills is 352 

essential for re-calcifying the exoskeleton during the postmolt period (See Ahearn et al., 2004 353 

for review). Using the basolateral membrane fraction (membrane vesicles) isolated from the 354 

posterior gills of shore crabs (Carcinus maenas), it has been demonstrated that significantly 355 

more Ca2+ is accumulated in the K+-loaded vesicles as compared to that in Na+-loaded vesicles, 356 

suggesting the presence a Na+-gradient-driven Ca2+extrusion mechanism (Flik et al., 1994). In 357 

addition, the activity of NKA increases significantly in the gills of blue crab (Callinectes 358 

sapidus) during postmolt period (Towle and Mangum, 1985). Taken together, it can be deduced 359 

that the gill epithelial cells of aquatic crustaceans consist of a basolateral NCX, which employs 360 

the energy derived from the Na+ gradient established by NKA to support the active extrusion 361 

of the Ca2+ absorbed from the external medium into the hemolymph (Flik et al., 1994). 362 

However, the identity and the subcellular (possibly basolateral) localization of the NCX 363 

isoform involved in the extrusion process in the gills of aquatic crustaceans have not been 364 

confirmed.  365 

Light-enhanced shell formation in giant clams naturally requires an augmentation of 366 

Ca2+ absorption from the ambient seawater during illumination. In T. squamosa, the ctenidial 367 

epithelial cells can absorb exogenous Ca2+ through the apical VGCC (Cao-Pham et al., 2019). 368 

The absorbed Ca2+ can be transported into the endoplasmic reticulum by SERCA-like and 369 

shuttled across the cell interior without disrupting the low cytosolic [Ca2+] (Chan et al., 2020). 370 

Then, Ca2+ must be actively transported across the basolateral membrane of the ctenidial 371 

epithelial cells to the hemolymph to be shuttled to the inner mantle that is involved in shell 372 

formation. Here, we report for the first time that the ctenidial epithelial cells of T. squamosa 373 

expressed a basolateral NCX1-like, of which, the protein expression level was upregulated 374 

during light exposure.  375 
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Molecular characterization of NCX1-like from the ctenidium of T. squamosa 376 

Like other NCXs, the deduced NCX1-like from the ctenidium of T. squamosa consists of 10 377 

predicted TMs with a large cytoplasmic loop that contains several regulatory motifs between 378 

the 5th and the 6th TMs. The Ca2+ binding domain 1 (CBD1) and Ca2+ binding domain 2 (CBD2) 379 

located in this large intracellular loop facilitates the activation of NCX1 by Ca2+ (Ottolia et al., 380 

2009; John et al., 2011). A XIP domain is present at the N-terminal end of the intracellular loop 381 

with inherent Na+ inactivation properties (Matsuoka et al. 1997). In addition, NCX1-like 382 

obtained from T. squamosa also contains two conserved internal repeat sequences (α1 and α2 383 

repeats). These two internal repeats contribute to the formation of translocation pathway for 384 

Ca2+, while the α1 repeat loop plays an important role in ion selection. 385 

The basolateral NCX1-like could participate in the extrusion of Ca2+ from the ctenidial 386 

epithelial cells to the hemolymph  387 

NCX1 is known to be localized in the basolateral membrane of several types of epithelial cell 388 

(Magyar et al., 2002; See Hoenderop et al., 2005 for a review; Hwang and Perry, 2010; Brini 389 

and Carafoli, 2011). In T. squamosa, NCX1-like also had a basolateral localization in the 390 

ctenidium, and is therefore positioned to extrude Ca2+ from the ctenidial epithelial cells into 391 

the hemolymph (Fig. 11). Furthermore, the transcript level and protein abundance of NCX1-392 

like/NCX1-like increased significantly in the ctenidium of T. squamosa during illumination, 393 

which aligned well with the light-enhanced expression of CACNA1 (Cao-Pham et al., 2019). 394 

Taken together, it can be concluded that there is an increase in the capacity of Ca2+ absorption 395 

through the ctenidium of T. squamosa during light exposure to support of light-enhanced shell 396 

formation. 397 

The operation of NCX1-like is supported by NKA in the ctenidium 398 

As NCX catalyzes the coupling of an efflux of Ca2+ with an influx of Na+ at a ratio of 1:3, the 399 

increased operation of NCX1-like in the ctenidium of T. squamosa during light-enhanced 400 
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transepithelial Ca2+ absorption would theoretically disrupt the intracellular [Na+] homeostasis 401 

of these epithelial cells. Hence, there must be a concurrent increase in the operation of a 402 

transporter, which can actively pump Na+ out of the cell. NKA is essential for maintaining the 403 

Na+ and K+ gradients across the plasma membrane of animal cells, and these gradients in turn 404 

support the secondary active transport of certain ions/molecules (Blanco and Mercer, 1998). 405 

Indeed, the ctenidium of T. squamosa expressed NKAα, which had an amino acid sequence 406 

identical to that expressed in the inner mantle (Boo et al., 2017) and a basolateral localization 407 

(Fig. 11). Furthermore, illumination led to significant increases in the transcript level and 408 

protein abundance of NKAα/NKAα in the ctenidium of T. squamosa. This aligned well with 409 

the upregulation of the expression of NCX1-like to achieve light-enhanced transepithelial Ca2+ 410 

absorption. Besides NCX1-like, the Na+ gradient generated by NKA can also drive three other 411 

Na+-dependent light-enhanced physiological processes that occur in the ctenidial epithelial 412 

cells of T. squamosa (Fig. 11). These are (1) the active excretion of H+ in exchange for Na+ 413 

through NHE3-like (Hiong et al., 2017), (2) the active absorption of glucose through SGLT1-414 

like (Chan et al, 2019), and (3) the active absorption of inorganic phosphate through NPT2a-415 

like (Chan et al., 2020), which are localized in the apical membrane. In turn, the transmembrane 416 

H+ gradient generated by NHE3-like across the apical membrane can be used to drive the active 417 

uptake of exogenous urea through DUR3 (Chan et al., 2018) and nitrate through SIALIN (Ip 418 

et al., 2020) in the ctenidium of T. squamosa.  419 

Certain NCX isoforms can also participate in biomineralization  420 

In higher vertebrates, NCX1 has an apical localization in ameloblasts, which deposit the enamel 421 

during tooth development (Okumura et al., 2010). Enamel is composed of calcium phosphate, 422 

arranged in a crystal structure known as hydroxyapatite. In ameloblasts. both NCX1 and NCX3 423 

are localized in the apical membrane, and they work cooperatively to actively extrude Ca2+ for 424 

enamel formation (Okumura et al., 2010). In osteoblasts that take part in bone formation, the 425 
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NCX3 that is facing the mineralizing bone surface is the primary Ca2+ extrusion mechanism 426 

(Stains et al., 2002; Sosnoski and Gay, 2008), whereas NCX1 is only weakly expressed and its 427 

subcellular localization could not be identified even by using specific NCX1 antibodies (Stains 428 

et al., 2002). In the scleractinian coral, Acropora yongei, a form of NCX (AyNCXA) has been 429 

localized in the intracellular vesicles of calicoblastic cells (Barron et al., 2018). In addition, 430 

amorphous CaCO3 can be found inside coral cells. Hence, skeleton formation in scleractinian 431 

corals may involve in the deposition of CaCO3 inside the calicoblastic cells, instead of the 432 

translocation of Ca2+ from the calicoblastic cells into the subcalicoblastic fluid where 433 

calcification occurs (Mass et al., 2017).  434 

In T. squamosa, the inner mantle, which is in direct contact with the extrapallial fluid 435 

where shell formation occurs, expressed NCX3-like in the apical membrane of the shell-facing 436 

epithelium (Boo et al., 2019). NCX3-like has an apical localization in the shell-facing epithelial 437 

cells of the inner mantle, and is therefore positioned to activity transport Ca2+ from these 438 

epithelial cells into the extrapallial fluid to increase the [Ca2+] therein. Furthermore, the gene 439 

and protein expression levels of NCX3-like are upregulated in the inner mantle of T. squamosa 440 

during illumination to support light-enhanced shell formation.  441 

Conclusion 442 

Light-enhanced shell formation requires the increased delivery of Ca2+ to the extrapallial fluid, 443 

which involves the apical NCX3-like localized in the shell-facing epithelium of the inner 444 

mantle (Boo et al., 2019). As a consequent, there must be an increase in the absorption of 445 

exogenous Ca2+ through the ctenidium, which involves the increased translocation of Ca2+ from 446 

the ctenidial epithelial cells to the hemolymph through their basolateral NCX1-like (Fig. 11; 447 

this study). Taken together, light-enhanced shell formation in T. squamosa requires the 448 

cooperation of two NCX isoforms located in two remotely separated organs that are connected 449 

through the hemolymph. The operation of these two NCXs requires the support of NKA, the 450 
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operation of which needs a supply of ATP. Therefore, the light-enhanced Ca2+ absorption 451 

through the ctenidium and the light-enhanced shell formation that involves the shell-facing 452 

epithelium of the inner mantle must be supported ultimately by the symbiotic dinoflagellates 453 

located in the colorful outer mantle, which can conduct photosynthesis with enhanced 454 

expression level of during illumination (Poo et al., 2020). The release of O2 and photosynthates 455 

by photosynthesizing symbionts in the outer mantle may promote the host's aerobic energy 456 

metabolism and augment ATP formation in the ctenidium and the inner mantle to support the 457 

operation of the primary pumps like NKA (Boo et al., 2017) and PMCA (Ip et al., 2017). 458 

Therefore, efforts should be made in the future to examine the effects of anthropogenic 459 

stressors, including elevated ocean temperature and lowered seawater pH, not only on 460 

symbiotic dinoflagellates but also on the host’s mechanisms participating in light-enhanced 461 

shell formation, such as NCX1, NCX3, NKA and PMCA. 462 

  463 
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Legends to Figures 661 

Fig. 1 A multiple amino acid alignment of Na+/Ca2+-exchanger 1-like (NCX1-like) from the 662 

ctenidium of Tridacna squamosa with Lingula anatina NCX1-like (XP_013386885.1), 663 

Mizuhopecten yessoensis NCX1-like (XP_021359087.1), and Homo sapiens NCX1 664 

(NP_001359192.1). Similar/identical amino acid residues are shaded (threshold value 665 

60%). The 10 predicted transmembrane regions (TM1-TM10) are underlined. Cluster 666 

of residues responsible for Na+/Ca2+ exchange activity is indicated with boxes. The α-667 

repeat regions (shaded dark gray) that are important for ion translocation were indicated 668 

with a double line. The transmembrane domains were predicted using TOPCONS.  669 

Fig. 2 A phenogram of the Na+/Ca2+-exchanger 1-like (NCX1-like) of Tridacna squamosa with 670 

different NCX from various organisms. The Ncx of bacteria Anaerolineae bacterium 671 

(HFC12677.1) was used as outgroup. The number located at each branch point 672 

represents the bootstrap value. 673 

Fig. 3 The immunofluorescence localization of Na+/Ca2+-exchanger 1-like (NCX1-like) in the 674 

ctenidium of Tridacna squamosa exposed to 12 h of light (A to C) or12 h of darkness 675 

(D to F; control). Composite image of differential interference contrast images (DIC) 676 

showing various cellular structures, and nuclei (N) stained with DAPI in blue (A, D). 677 

NCX1-like-immunofluorescence is displayed in green (B, E). The green and blue 678 

channels with DIC are merged (C, F). Arrowheads in (C) show extensive immuno-679 

staining of NKAα at the basolateral membrane of the epithelial cells covering the 680 

ctenidial filament (CF) as compared with (F). Scale bar: 20 µm. Reproducible results 681 

were obtained from 3 clams exposed to light and 3 clams kept in darkness.  682 

Fig. 4 The immunofluorescence localization of Na+/Ca2+-exchanger 1-like (NCX1-like) in the 683 

ctenidium of Tridacna squamosa exposed to 12 h of light (A to C) or12 h of darkness 684 

(D to F; control). Composite image of differential interference contrast images (DIC) 685 
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showing various cellular structures, and nuclei (N) stained with DAPI in blue (A, D). 686 

NCX1-like-immunofluorescence is displayed in green (B, E). The green and blue 687 

channels with DIC are merged (C, F). Arrowheads in (C) show extensive NCX1-like-688 

immunostaining at the basolateral membrane of the epithelial cells lining the tertiary 689 

water channel (TWC) as compared with (F). Scale bar: 20 µm. Reproducible results 690 

were obtained from 3 clams exposed to light and 3 clams kept in darkness. HL: 691 

hemolymph. 692 

 Fig. 5 The transcript level (×103 copies of transcript per ng of total RNA) of Na+/Ca2+-693 

exchanger 1-like (NCX1-like) in the ctenidium of Tridacna squamosa kept in darkness 694 

for 12 h dark (control), or exposed to light for 3, 6, or 12 h. Results represent means + 695 

S.E.M. (n=5). Means not sharing the same letter are significantly different (p<0.05). 696 

Fig. 6 The protein abundance of Na+/Ca2+-exchanger 1-like (NCX1-like) from the ctenidium 697 

of Tridacna squamosa exposed to 12 h of darkness (control) or to light for 3, 6 or12 h. 698 

(A) An example of immunoblot of NCX1-like with tubulin as the reference protein. 699 

The validity of the NCX1-like band was confirmed by a peptide competition assay 700 

(PCA) whereby the anti-NCX1-like antibody was neutralized by the immunizing 701 

peptide. (B) The optical density of the NCX1-like band for 100 µg protein was 702 

normalized with respect to that of tubulin. Results represent means + S.E.M. (n=5). 703 

Means not sharing the same letter are significantly different. (p<0.05). 704 

Fig. 7 The immunofluorescence localization of Na+/K+-ATPase α-subunit (NKAα) in the 705 

ctenidium of Tridacna squamosa exposed to 12 h of light (A to C) or12 h of darkness 706 

(D to F; control). Composite image of differential interference contrast images (DIC) 707 

showing various cellular structures, and nuclei stained with DAPI in blue (A, D). 708 

NKAα-immunofluorescence is displayed in green (B, E). The green and blue channels 709 

with DIC are merged (C, F). Arrowheads in (C) show extensive immuno-staining of 710 
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NKAα at the basolateral membrane of the epithelial cells covering the ctenidial filament 711 

(CF) as compared with (F). Scale bar: 20 µm. Reproducible results were obtained from 712 

3 clams exposed to light and 3 clams kept in darkness.  713 

Fig. 8 The imunofluorescence localization of Na+/K+-ATPase α-subunit (NKAα) in the 714 

ctenidium of Tridacna squamosa exposed to 12 h of light (A to C) or12 h of darkness 715 

(D to F; control). Composite image of differential interference contrast images (DIC) 716 

showing various cellular structures, and nuclei stained with DAPI in blue (A, D). 717 

NKAα-immunofluorescence is displayed in green (B, E). The green and blue channels 718 

with DIC are merged (C, F). Arrowheads in (C) show extensive NKAα-immunostaining 719 

at the basolateral membrane of the epithelial cells lining the tertial water channel 720 

(TWC) as compared with (F). Scale bar: 20 µm. Reproducible results were obtained 721 

from 3 clams exposed to light and 3 clams kept in darkness. HL, hemolymph.  722 

Fig. 9 The transcript level (×104 copies of transcript per ng of total RNA) of Na+/K+-ATPase 723 

α-subunit (NKAα) from the ctenidium of Tridacna squamosa kept in darkness for 12 h 724 

dark (control), or exposed to light for 3, 6, or 12 h. Results represent means + S.E.M. 725 

(n=5). Means not sharing the same letter are significantly different (p<0.05). 726 

Fig. 10 The protein abundance of Na+/K+-ATPase α-subunit (NKAα) from the ctenidium of 727 

Tridacna squamosa exposed to 12 h of darkness (control) or exposed to light for 3, 6 728 

or 12 h. (A) An example of immunoblot of NKAα with tubulin as the reference protein. 729 

The validity of the NKAα band was confirmed by a peptide competition assay (PCA) 730 

whereby the anti-NCX1-like antibody was neutralized by the immunizing peptide (B) 731 

The optical density of the NKAα band for 20 µg protein was normalized with respect 732 

to that of tubulin. Results represent means + S.E.M. (n=5). Means not sharing the same 733 

letter are significantly different. (p<0.05). 734 
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Fig. 11 A proposed scheme on the involvement of a homolog of Na+/Ca2+-exchanger 1 (NCX1-735 

like) in the transport of Ca2+ across the basolateral membrane of the epithelial cells of 736 

the ctenidium in Tridacna squamosa. Ca2+ from seawater could be transported into the 737 

epithelial cells of the ctenidium through the apical voltage-gated Ca2+ channel (VGCC; 738 

Cao-Pham et al., 2019). Subsequently, the basolateral NCX1-like could participate in 739 

the extrusion of Ca2+ to the hemolymph, and eventually circulated to the inner mantle 740 

which is in direct contact with the site of shell formation (extrapallial fluid). As the 741 

increased operation of NCX1-like would lead to an increase of Na+ influx, the 742 

participation of the basolateral Na+/K+-ATPase (NKA) is required to maintain the Na+ 743 

gradient across the plasma membrane. The expression levels of NCX1-like and NKA 744 

(specifically NKAα) can be upregulated by illumination. Besides NCX1-like, the 745 

electrochemical gradient of Na+ generated by NKA can also drive three other Na+-746 

dependent light-enhanced physiological processes that occur across the apical 747 

membrane of the ctenidial epithelial cells. These processes are (1) the active excretion 748 

of H+ in exchange for Na+ through a homolog of Na+/H+ exchanger 3 (NHE3; Hiong et 749 

al., 2017), (2) the active absorption of glucose through a homolog of sodium:glucose 750 

cotransporter 1 (SGLT1, Chan et al., 2019), and (3) the active absorption of inorganic 751 

phosphate through a homolog of sodium-dependent phosphate transport protein 2a 752 

(NPT2a; Chan et al., 2020). 753 
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Fig. 1 755 
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Fig. 1, continued 758 
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Fig. 2 761 
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Fig. 3 764 
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Fig. 4 767 
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Fig. 5 769 
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Fig. 6 772 
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Fig. 7 774 
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Fig. 8 777 
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Fig. 9 780 
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Supplementary Table S1. The Na+/Ca2+ exchanger (NCX) protein sequences and their 787 

accession numbers of various organisms obtained from Genbank and used for phenogramic 788 

analysis. 789 

Species (NCX isoform) Accession number 

Lingula anatina (NCX1-like) XP_013386885.1 

Mizuhopecten yessoensis (NCX1-like) XP_021359087.1 

Necator americanus (NCX1-like) XP_013299861.1 

Trichinella spiralis (NCX1-like) XP_003380893.1 

Aplysia californica (NCX2-like) XP_035824255.1 

Trichinella pseudospiralis (NCX3-like) KRZ28841.1 

Trichinella papuae (NCX3-like) VED96468.1 

Tridacna squamosa (NCX3-like) QHT72360.1 

Anaerolineae bacterium (Ncx) HFC12677.1 

 790 

  791 
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Supplementary Table S2. The specific qPCR primer designed for Na+/Ca2+ exchanger 1-like 792 

(NCX1-like) Tridacna squamosa would not react with NCX3-like.  793 

Sequences from T. squamosa Number of nucleotide matches between the qPCR primer 

sequences and NCX1-like or NCX3-like, with percentage 

(%) match in parenthesis 

 Forward Reverse 

NCX1-like 20/20 (100) 19/19 (100) 

NCX3-like 1/20 (5) 9/19 (47.4) 

 794 
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