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Abstract 30 

The fluted giant clam, Tridacna squamosa, can perform light-enhanced shell formation, aided 31 

by its symbiotic dinoflagellates (Symbiodinium, Cladocopium, Durusdinium), which are able 32 

to donate organic nutrients to the host. During light-enhanced shell formation, increased Ca2+ 33 

transport from the hemolymph through the shell-facing epithelium of the inner mantle to the 34 

extrapallial fluid, where calcification occurs, is necessary. Additionally, there must be 35 

increased absorption of exogenous Ca2+ from the surrounding seawater, across the epithelial 36 

cells of the ctenidium (gill) into the hemolymph, to supply sufficient Ca2+ for light-enhanced 37 

shell formation. When Ca2+ moves across these epithelial cells, the low intracellular Ca2+ 38 

concentration must be maintained. Sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) 39 

regulates the intracellular Ca2+ concentration by pumping Ca2+ into the 40 

sarcoplasmic/endoplasmic reticulum (SR/ER) and Golgi apparatus. Indeed, the ctenidium and 41 

inner mantle of T. squamosa, expressed a homolog of SERCA (SERCA-like transporter) that 42 

consists of 3009 bp, encoding 1,002 amino acids of 110.6 kDa. SERCA-like-immunolabeling 43 

was non-uniform in the cytoplasm of epithelial cells of ctenidial filaments, and that of the shell-44 

facing epithelial cells of the inner mantle. Importantly, the protein abundance of SERCA-like 45 

increased significantly in the ctenidium and the inner mantle of T. squamosa after 12 h and 6 46 

h, respectively, of light exposure. This would increase the capacity of pumping Ca2+ into the 47 

endoplasmic reticulum and avert a possible surge in the cytosolic Ca2+ concentration in 48 

epithelial cells of the ctenidial filaments during light-enhanced Ca2+ absorption and in cells of 49 

the shell-facing epithelium of the inner mantle during light-enhanced shell formation.   50 

 51 

Keywords: Calcification, mantle, symbiosis, tridacnid, zooxanthellae 52 

  53 
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Introduction 54 

Giant clams of genus Tridacna or Hippopus reside in coral reefs of the tropical Indo-Pacific 55 

(Rosewater, 1965). They harbour symbiotic dinoflagellates (Family: Symbiodiniaceae) of 56 

genera Symbiodinium, Cladocopium and Durusdinium (Takabayashi et al., 2004; Hernawan, 57 

2008; LaJeunesse et al., 2018). The symbiotic dinoflagellates live extracellularly as non-motile 58 

coccoid symbionts, also known as zooxanthellae, in the lumen of a branched tubular system 59 

inside the host. They reside abundantly in tiny tertiary tubules in the fleshy, extensible and 60 

colourful mantle that contains host pigments and iridocytes (Norton et al., 1992). In addition, 61 

substantial quantities of symbionts are located in a special region of the whitish inner mantle, 62 

near the hinge of the shell valves (Poo et al., 2020). The inner mantle is in touch with the 63 

extrapallial fluid and partakes in shell formation. During insolation, symbionts in the outer 64 

mantle, but not those in the inner mantle, can upregulate the protein abundance of form II 65 

Ribulose-1,5-bisphosphate carboxylase/oxygenase for photosynthesis (Poo et al., 2020). The 66 

photosynthates produced can be shared with the host and support 100% of the hosts’ nutritional 67 

requirements (Fitt et al., 1986). This allows giant clams to grow more rapidly and perform 68 

light-enhanced shell formation (Sano et al., 2012; Ip et al., 2017; Rossbach et al., 2019), in 69 

spite of the scarcity of organic nutrients in tropical waters (Lucas et al., 1989).  70 

Shell formation (calcification) involves the deposition of calcium carbonate (Ca2+ + 71 

HCO3
−  CaCO3 + H+) from the extrapallial fluid onto the inner surface of the shell-valve. As 72 

H+ is generated during calcification, the removal of the released H+ can enhance the rate of 73 

shell formation. Indeed, exposure of the fluted giant clam, Tridacna squamosa, to light leads 74 

to a significant increase in the pH of the extrapallial fluid which is in immediate contact with 75 

the inside surface of the half shell (Ip et al., 2006). H+ could combine with NH3 in the 76 

extrapallial fluid to form NH4
+, which is transported into the shell-facing epithelial cells of the 77 

inner mantle through some unknown transporters (Ip et al., 2006), or it could be transferred 78 
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into the epithelial cells through Plasma Membrane Ca2+-ATPase (PMCA; Ip et al., 2018). 79 

Subsequently, the excess H+ can be translocated to the hemolymph and excreted through the 80 

apical beta Na+/H+ Exchanger 3 (βNHE-like) located in the seawater-facing epithelium of the 81 

inner mantle (Cao-Pham et al., 2019a). Some of the excess H+ can also be shuttled through the 82 

hemolymph to the ctenidium for excretion by a homolog of Na+/H+ Exchanger 3 (NHE3-like; 83 

Hiong et al., 2017b) or Vacuolar-type H+-ATPase (VHA; Ip et al., 2018). It has been 84 

established that the expression levels of these three H+ transport mechanisms can be enhanced 85 

in T. squamosa during illumination (Cao-Pham et al., 2019a; Hiong et al., 2017b; Ip et al., 86 

2018). Accordingly, light-enhanced shell formation demands greater secretion of Ca2+ from the 87 

shell-facing epithelial cells of the inner mantle into the extrapallial fluid. Indeed, two Ca2+ 88 

transporters, PMCA (Ip et al., 2017) and a homolog of Na+/Ca2+ exchanger 3 (NCX3-like; Boo 89 

et al., 2019), have been identified for such a function. They are located in the apical membrane 90 

of the shell-facing epithelium of the inner mantle, and their gene and protein expression levels 91 

increase significantly in the inner mantle of T. squamosa during light exposure (Ip et al., 2017; 92 

Boo et al., 2019). As follows, there must be increases in the uptake of Ca2+ by the shell-facing 93 

epithelial cells of the inner mantle from the hemolymph. However, how the absorbed Ca2+ 94 

traverse these cells, from the basolateral membrane to the apical membrane and made available 95 

to the apical PMCA and NCX3-like, without perturbing the cytosolic Ca2+ concentration is 96 

enigmatic at present. 97 

Ultimately, the Ca2+ needed for shell formation must be derived from the ambient 98 

seawater. Like other aquatic mollusks, giant clams possess a pair of ctenidium (gill) positioned 99 

inside the mantle cavity. A ctenidium is a multi-functional organ that is key in respiration. It is 100 

comb-like in shape and comprises many filaments and numerous tertiary water channels, which 101 

increases the surface area for gas exchange (Norton and Jones, 1992). In some mollusks, the 102 

ctenidium also functions in ionoregulation and acid-base balance (Hu et al., 2014). Recently, 103 
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Cao-Pham et al. (2019b) have obtained the complete coding cDNA sequence of a homolog of 104 

Voltage-gated Calcium Channel subunit α1 (CACNA1-like) from the ctenidium of T. squamosa 105 

and characterized it as the α1D subunit of L-type voltage-gated calcium channel (VGCC). It is 106 

apically localized in the epithelial cells of filaments and tertiary water channels in the 107 

ctenidium, suggesting that it is well-placed to uptake exogenous Ca2+. As the protein abundance 108 

of CACNA1-like increases significantly in the ctenidium of individuals exposed to light for 12 109 

h, ctenidial VGCC could play a role in augmenting exogenous Ca2+ uptake in support of light-110 

enhanced shell formation during insolation. But then, how the absorbed Ca2+ traverse ctenidial 111 

epithelial cells from the apical membrane associated with seawater to the basolateral membrane 112 

associated with the hemolymph has not been elucidated. 113 

Notably, the concentration of Ca2+ is highly regulated inside cellular compartments of 114 

mammals, such as humans and mice (Stewart and Davis, 2019), and marine invertebrates, such 115 

as nemerteans and molluscs (Deguchi et al., 2015), because Ca2+ partakes in the delicate 116 

regulation of many cell signaling pathways. The resting free Ca2+ concentration in the cytosol 117 

is maintained at ~100 nM, which is much lower than the free Ca2+ concentration of ~1.2 mM 118 

in the extracellular fluid (Carafoli, 2002). Inside the cell, Ca2+ concentration gradients exist 119 

between the cytosol and the lumens of some organelles, such as sarcoplasmic reticulum (SR) 120 

or endoplasmic reticulum (ER) and Golgi apparatus (Berridge et al., 2003). These organelles 121 

serve as Ca2+ stores, facilitated by luminal Ca2+-binding proteins, such as calsequestrin and 122 

calreticulin (Berridge et al., 2003). Ca2+ homeostasis involves three families of P2-type 123 

ATPases: the plasma membrane sarco(endo)plasmic reticulum Ca2+-ATPases (SERCAs), 124 

secretory-pathway Ca2+-ATPases (SPCAs), and plasma membrane Ca2+-ATPases (PMCAs) 125 

(Carafoli, 2002; Blaustein and Lederer, 1999).  126 

Among the three families of Ca2+-transport ATPases, only SERCAs are characterized 127 

by two Ca2+-transport sites, designated site I and site II, with high affinity to Ca2+. 128 
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Consequently, per one ATP hydrolyzed, SERCAs can transport two Ca2+ ions, but the PMCAs 129 

and SPCAs bind to and transport only one Ca2+ ion (where the binding site corresponds to site 130 

II of SERCA). Both SPCAs and SERCAs are responsible for filling the non-mitochondrial 131 

intracellular stores with Ca2+ (Wuytack et al., 2002). Specifically, SPCA1 is an intracellular 132 

Ca2+ pump found mostly in the Golgi apparatus, and it functions to sequester Ca2+ into this 133 

organelle (Van Baelen et al., 2003). In comparison, SERCAs are active Ca2+ transporters 134 

present in the SR, and they function to maintain the low concentration of cytosolic Ca2+. In 135 

humans, multiple SERCA isoforms (SERCAla, b, SERCA2a-c, and SERCA3a-f) are generated 136 

from three genes (ATP2A1, ATP2A2 and ATP2A3) through developmental or tissue-specific 137 

alternative splicing (Hovnanian, 2007). Vertebrates typically show three SERCA genes due to 138 

two successive genome duplications (Wuytack et al., 2002; Altshuler et al., 2012). In 139 

vertebrates, SERCA1a is present predominantly in adult fast-twitch muscles, whereas 140 

SERCA1b is expressed during neonatal development. SERCA2a is expressed mainly in cardiac 141 

and slow-twitch skeletal muscles. SERCA2b is expressed ubiquitously in all tissue types, but 142 

SERCA2c is expressed only in cardiac muscles. SERCA3 is expressed in various non-muscle 143 

tissues (Periasamy and Kalyanasundaram, 2007). By contrast, most invertebrates, including the 144 

starlet sea anemone, Nematostella Vectensis (Putnam et al., 2007), and the placozoan, 145 

Trichoplax adhaerens (Srivastava et al., 2008), contain only one SERCA gene in their genome. 146 

According to Wuytack et al. (2002), the single SERCA gene of invertebrates could be a 147 

homolog of the vertebrate SERCA2 gene (ATP2A2). 148 

Intracellular Ca2+ participates in muscle contraction by interacting with regulatory 149 

proteins, like troponin C, associated with actin filaments. This shifts the positions of the 150 

troponin complexes on thin filaments, exposing myosin-binding sites on the actin molecules 151 

so that they can interact with the thick filament to generate the power stroke for contraction 152 

(Wakayabashi, 2015). Ca2+ needed for this process is stored predominantly in the SR, and 153 
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SERCA is the primary transporter sequestering cytosolic Ca2+ into the SR for storage during 154 

muscle relaxation (Bers, 1997). Under certain conditions, the electrochemical potential 155 

gradient of Ca2+ between the SR and the cytosol could drive ATP synthesis through SERCA 156 

during the exit of Ca2+ from SR into the cytosol (Meis, 2000). In mammary glands of lactating 157 

mammals, SERCA2 participates in milk production, serving a minor role in Ca2+ enrichment 158 

of milk (Faddy et al., 2008). It is involved in Ca2+ transport inside the secretory cells of the 159 

mammary gland, regulating intracellular Ca2+ homeostasis and reducing the risk of 160 

hypocalcaemia (Laporta et al., 2013). SERCA can also participate in mineralisation of the 161 

exoskeleton during ecdysis in arthropods. In the wood louse, Porcellio scaber, the anterior 162 

sternal epithelial cells function to transport cuticular Ca2+ to and from sternal CaCO3 deposits. 163 

The mRNA abundance of SERCA increases in these cells from early premoult to late premoult, 164 

or from early premoult to intramoult, indicating its role in transcellular Ca2+ movement 165 

(Hagedorn et al., 2003).  166 

As information on transcellular Ca2+ transport in giant clams is unavailable, this study 167 

was undertaken to elucidate the role of SERCA in intracellular Ca2+ transport through cells of 168 

the ctenidial epithelium as well as cells of the seawater facing epithelium of the inner mantle 169 

in T. squamosa. We cloned the complete cDNA sequence of a homolog of SERCA (SERC-like) 170 

from the ctenidium and the inner mantle of T. squamosa. A custom-made anti-SERCA-like 171 

antibody was made to elucidate the subcellular localization of SERCA-like in the ctenidium 172 

and the inner mantle using immunofluorescence microscopy. Efforts were made to determine 173 

the effects of light exposure on transcript levels and protein abundance of SERCA-like/SERCA-174 

like in the ctenidium and the inner mantle. The hypothesis tested was that light exposure would 175 

lead to changes in the gene and/or protein expression levels of SERCA-like/SERCA-like in the 176 

ctenidium and the inner mantle to support light-enhanced Ca2+ absorption and light-enhanced 177 

shell formation, respectively.  178 
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Materials and methods 179 

Animal, experimental conditions, sampling 180 

T. squamosa specimens (520  180 g; N=20) were acquired from Xanh Tuoi Tropical Fish, Ltd 181 

(Vietnam) and housed under a 12 h light:12 h dark regime for a duration of one month inside 182 

three glass tanks (length 90 cm x width 62 cm x height 60 cm) before exposure to various 183 

experimental conditions. Each tank contains 350 L of recirculating seawater with water 184 

conditions as follow: salinity, 30-32; temperature, ~25C; pH, 8.1-8.3; hardness, 143-179 ppm; 185 

calcium, 380-420 ppm; phosphate, <0.25 ppm; nitrate, 0 ppm; nitrite, 0 ppm; total ammonia, 186 

<0.25 ppm. The tank was illuminated with two sets of Aquazonic T5 lighting systems (400-187 

700 nm; Yi Hu Fish Farm Trading, Singapore), each with four 39 W fluorescence tubes (90 188 

cm; 2× Sun tubes and 2× Actinic blue tubes), from the top. The shaded light intensity measured 189 

at the depth of the giant clams under water using a Light Meter Lux/FC, model no 840020 190 

(SPER Scientific Inc., USA) was 120 PPFD (mol m-2s-1). At the end of the different time 191 

points for each experimental condition, clams were anesthetized in 0.2% phenoxyethanol and 192 

forced open to cut the adductor muscles. The left and right ctenidia and inner mantle were 193 

excised, blotted dry and freeze-clamped with aluminium tongs cooled in liquid nitrogen. 194 

Samples were stored at -80C. Four individuals subjected to darkness for 12 h were sacrificed 195 

(N=4), while another 12 clams were exposed to light for 3, 6 or 12 h (N=4 each light condition) 196 

and subsequently sacrificed for tissue sampling to study the effects of illumination on the 197 

expression levels of SERCA-like/SERCA-like of T. squamosa. As giant clams would never be 198 

exposed to more than 12 h of darkness in nature, it would be appropriate to incorporate parallel 199 

control into our experimental design. Hence, individuals exposed to 12 h of darkness were 200 

arbitrarily regarded as the control to facilitate the performance of statistical analysis. 201 

Nonetheless, it is important to take note that the different time points of the including 12 h of 202 

darkness represented different phase of their natural light cycle. For immunofluorescence 203 
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microscopy, the ctenidia and inner mantle tissue samples were collected from individuals 204 

which had been exposed to either darkness or light for 12 h, respectively (N=2 for each 205 

condition). 206 

Total RNA extraction and cDNA synthesis 207 

Total RNA was extracted from the ctenidium and inner mantle using TRI ReagentTM (Sigma-208 

Aldrich Co. St. Louis, MO, USA) and purified using PureLink RNA Mini Kit (Invitrogen). 209 

Quantification of purified total RNA was then done using a Shimadzu BioSpec-nano 210 

spectrophotometer (Shimadzu Corporation, Tokyo, Japan). The integrity of the total RNA was 211 

verified through electrophoresis. cDNA synthesis was conducted by reverse transcribing 212 

purified total RNA into cDNA using the RevertAidTM first-strand cDNA synthesis kit (Thermo 213 

Fisher Scientific, Carlsbad, CA, USA). 214 

PCR, rapid amplification of cDNA ends (RACE)-PCR, cloning and sequencing 215 

The PCR primers used to isolate the partial SERCA-like sequence from the ctenidium and the 216 

inner mantle of T. squamosa (Forward: 5'-GGGCTATCAACATTGGACAT-3'; Reverse: 5'-217 

TCATGGATTTCCTGTCACGG-3') were constructed from the homologous regions of 218 

Hyriopsis cumingii SERCA (KP313822.1), Crassostrea virginica SERCA (XM_022487478.1),  219 

and Placopecten magellanicus SERCA (AF022228.1). PCR was done in a 9902 Veriti 96-well 220 

thermal cycle (Thermo Fisher Scientific) using DreamTaqTM polymerase (Thermo Fisher 221 

Scientific). PCR was performed with initial denaturation for 3 min at 95C, accompanied by 222 

40 cycles of denaturation, annealing and extension at 95C for 30 s, 55C for 30 s and 72C 223 

for 30 s, respectively, and a final extension at 72C for 10 min. PCR products were separated 224 

using agarose gel electrophoresis. Then, bands of the estimated size were extracted from the 225 

gels using Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA). 226 

Sequencing was performed using BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo 227 

Fisher Scientific) and then purified by ethanol/sodium acetate precipitation, before being 228 
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processed using the 3130XL Genetic Analyzer (Thermo Fisher Scientific). The PCR amplicons 229 

were cloned using pGEM®-T Easy vector (Promega), in accordance to the methods of Hiong 230 

et al. (2017a). Multiple clones were sequenced to obtain partial SERCA-like fragments. No 231 

isoforms were found. Subsequently, RACE-PCR was done using the SMARTer RACE cDNA 232 

amplification kit (Clontech Laboratories, Mountain View, CA) and a pair of RACE-PCR 233 

primers (5’RACE: 5’-GACAGACAAGACTGGACTGAACAAGAG-3’; 3’RACE: 5’-234 

AGACCTTCTGGGATAGCAGCTACA-3’) to attain the full coding sequence of SERCA-like. 235 

Amino acid sequence and phylogenetic analysis 236 

The SERCA-like amino acid sequence was translated using ExPASy Proteomic server 237 

(https://web.expasy.org/translate/). To confirm the identity of SERCA-like, a phenogramic 238 

analysis was performed with other SERCA sequences obtained from Genbank (Supplementary 239 

Table S1). Maximum-likelihood analysis using RaxML v8.2.5 (Stamatakis, 2014) with 1000 240 

bootstrap replicates was performed. Via ModelGenerator v0.85 (Keane et al., 2006), the best-241 

fit model under Akaike Information Criterion was determined to be LG (Whelan and Goldman 242 

2001). The transmembrane regions (TMs) were predicted using the TOPCONS protein 243 

structure prediction server (Tsirigose et al., 2015; http://topcons.cbr.su.se/).  244 

Qualitative real-time PCR (qPCR) 245 

Absolute quantification through qPCR was performed using a StepOnePlusTM Real-Time PCR 246 

System (Thermo Fisher Scientific). cDNA of both inner mantle (2 µg) and ctenidium (4 µg) 247 

were synthesized from RNA using random hexamer primers and RevertAidTM first strand 248 

cDNA synthesis kit. The absolute quantification of SERCA-like transcripts was determined 249 

through qPCR, performed using a StepOnePlusTM Real-Time PCR System (Thermo Fisher 250 

Scientific), with a pair of qPCR primers (forward: 5’-GAAGAAACCACCTCGTAGTCC-3’; 251 

reverse: 5’-GCAGCACCAACAGTAGCA-3’) and following the methods of Hiong et al. 252 

(2017a), albeit with slight modifications. The qPCR reactions contained a 10 l reaction 253 

https://web.expasy.org/translate/
http://topcons.cbr.su.se/
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volume consisting of 5 l of 2x qPCRBIO SyGreen Mix Hi-ROX (PCR Biosystems), 0.2 mol 254 

l-1 each of specific forward and reverse primers and 1 ng of sample cDNA. The cycling 255 

conditions were as follows: initial 20 s of denaturation and enzyme activation at 95C, 40 256 

cycles of 95C for 3 s and 62C for 30 s. SERCA-like had an overall amplification efficiency 257 

of 98.4%. The transcript level of SERCA-like was determined utilizing a plasmid standard curve 258 

of serially diluted plasmids, constructed according to methods of Hiong et al. (2017a).  259 

Antibodies 260 

A rabbit polyclonal anti-SERCA-like antibody was custom-made by GenScript against 261 

residues 20-33 (EEAGLTDDQVKRSR) of SERCA-like of T. squamosa. The anti--tubulin 262 

antibody (12G10) was procured from the Developmental Studies Hybridoma Bank produced 263 

under the auspices of the National Institute of Child Health and Human Development and 264 

preserved by the University of Iowa. 265 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western 266 

blotting 267 

Protein extraction from the ctenidium and inner mantle tissues were carried out in accordance 268 

with the procedures of Hiong et al.(2017a), with some modifications. Protein samples (20 g) 269 

from the ctenidium and inner mantle were each placed in 8% SDS-PAGE and separated under 270 

conditions as detailed by Laemmli (1970) using a vertical mini-slab apparatus (Bio-Rad 271 

Laboratories, Hercules, CA). Proteins were blotted onto nitrocellulose membranes via 272 

electrophoresis using a transfer apparatus (Bio-Rad Laboratories). We then performed Western 273 

blotting using Pierce Fast Western Blot kit, SuperSignal® West Pico Substrate (Thermo Fisher 274 

Scientific). The membranes were incubated with either anti-SERCA-like antibodies at 1:8000 275 

(1.25 g ml-1) or anti--tubulin antibodies at 1:15000 (0.67 g ml-1) for 1 h at 25C, before 276 

incubation with optimized anti-rabbit or anti-mouse secondary antibodies respectively, at 25C 277 

for 15 min. The membranes were washed six times using Fast Western Wash Buffer, before 278 
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visualization by chemiluminescence provided in the Fast Western Blot kit (Thermo Fisher 279 

Scientific) and using ChemiDocTM Imaging Systems (Bio-Rad Laboratories). The optical 280 

density of SERCA-like band was quantified using ImageJ (version 1.52a, NIH), calibrated with 281 

a 21-step reflection scanner scale (1”9 8”; Stouffer #R3705-IC) and then normalized using -282 

tubulin. 283 

Immunofluorescence microscopy 284 

Inner mantle and ctenidia samples were processed according to the method of Hiong et al. 285 

(2017a). Antigen retrieval was conducted by incubating the sections in citraconic anhydride 286 

(pH 7.4) (Nacalai Tesque) at 95C for 5 min, followed with incubation for 10 min in 1% SDS 287 

in TPBS (0.05% Tween 20 in Phosphate-buffered saline: 10 mmol l-1 Na2HPO4, 1.8 mmol l-1 288 

KH2PO4, 137 mmol l-1 NaCl, 2.7 mmol l-1 KCl, pH 7.4) at room temperature. Sections were 289 

blocked using 1% bovine serum albumin (BSA) in TPBS for 1 h at room temperature to 290 

minimize non-specific binding. Subsequently, sections were incubated overnight with anti-291 

SERCA-like antibody at a dilution of 1:600 (1.67 ug ml-1 in blocking buffer) in TPBS, followed 292 

with incubation with goat anti-rabbit Alexa Fluor-488 (1:800 dilution; 2.5 g ml-1; Invitrogen) 293 

in TPBS for 1 h at 37C. The sections were then rinsed three times using TPBS, before 294 

counterstaining with 4’6’-diamidino-2-phenylindole (DAPI, Sigma-Aldrich Co.) nuclear stain. 295 

Sections were mounted in Prolong Gold Antifade Mountant (Life Technologies Corporation). 296 

With an Olympus BX-60 epifluorescence microscope (Olympus Corporation, Tokyo, Japan), 297 

images were captured at 50-100 ms exposure, using Cell Sens digital imaging software 298 

(Olympus Corporation) and an Olympus DP73 digital camera (Olympus Corporation). The 299 

green fluorescence of Alexa Fluor-488 was examined using the Olympus U-WNIBA Blue 300 

Fluorescence Filter (excitation wavelengths: 470-490 nm; emission wavelengths: 515-550 nm). 301 

Differential interference contract (DIC) images of tissue morphology were obtained using an 302 
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Olympus U-DICT DIC slider. All images were overlaid using Adobe Photoshop CC (Adobe 303 

Systems, USA). 304 

Statistical analysis 305 

Statistical analysis was done via IBM SPSS Statistics version 20 software (IBM Corporation, 306 

Armonk, NY, USA). The results in Fig 7 and 8 were presented as means + S.E.M. The 307 

homogeneity of variance was analysed using Levene’s test, followed by using One-Way 308 

Analysis of Variance (ANOVA) to evaluate differences among means. Means with equal 309 

variance and unequal variance were analyzed with Tukey’s post-hoc test and Dunnett’s T3 310 

post-hoc test, respectively. Differences were deemed statistically significant when (P < 0.05). 311 

 312 
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Results 313 

Nucleotide sequences, amino acid sequences and phenogramic analysis  314 

The full cDNA coding sequences of SERCA-like obtained from the ctenidium and inner mantle of T. 315 

squamosa were identical and has been deposited into Genbank with the accession number, 316 

KT962828. It comprised 3,009 bp that encoded a protein with 1002 amino acids of 110.6 kDa. The 317 

deduced SERCA-like amino acid contained 10 predicted TMs (Fig. 1). It also contained a 318 

phosphorylation site of SERCA, DKTGTLT, and a putative SR/ER retention signal domain, KILLL 319 

(Fig. 1). Additionally, it consisted of two Ca2+-binding sites (I and II) in the TMs, a FITC-binding site 320 

as well as a FITC-reaction site (Fig. 1). A phenogramic analysis showed that the SERCA-like was 321 

grouped with other SERCAs from bivalves (Fig. 2). The similarity between the amino acid sequence 322 

of SERCA-like of T. squamosa and those of SERCA2a, SERCA1, SERCA2b and SERCA3 of Homo 323 

sapiens were 73.16%, 73.11%, 70.66%, and 65.39%, respectively. Due to its high equivalent 324 

similarities with SERCA2a and SERCA1, it was not possible to confirm the exact identify of SERCA-325 

like of T. squamosa, although it had been proposed that the single SERCA gene of invertebrates could 326 

be a homolog of the vertebrate SERCA2 gene (Wuytack et al., 2002). There were also high similarities 327 

between SERCA-like of T. squamosa and the three SERCA isoforms of Pinctada fucata (86.03% for 328 

PSERC, 85.23% for PSERA and 83.98% for PSERB). 329 

Cellular and subcellular localisation of SERCA-like in the ctenidium and inner mantle  330 

Due to the low resolution of fluorescence microscopy, fluorescence of ER would manifest as 331 

fluorescence of the cytoplasm. Indeed, SERCA-like was immunolocalised non-uniformly in the 332 

cytoplasm, presumable in the ER membranes, of the epithelial cells in the ctenidium of T. squamosa. 333 

SERCA-like-immunofluorescence was apparently stronger in the cytoplasm adjacent to the apical 334 

membrane of the ctenidial filaments in individuals exposed to 12 h of light (Fig. 3B, 3C) than that in 335 

the controls kept in darkness for 12 h (Fig. 3E, 3F). Reproducible results were obtained from to 336 
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experimental and two control individuals. In the inner mantle of T. squamosa, SERCA-like 337 

immunolabeling was detected in the epithelial cells of the shell-facing epithelium, but not those of the 338 

seawater-facing epithelium. In the shell-facing epithelial cells, SERCA-like was also 339 

immunolocalized in the cytoplasm non-uniformly, with more intense staining near the apical region 340 

of the cells in individuals exposed to 12 h of light (Fig. 4B, 4C) than that in the controls kept in 341 

darkness for 12 h (Fig. 4E, 4F). Reproducible results were obtained from to experimental and two 342 

control individuals. The validity of SERCA-like immunolabelling was confirmed by peptide 343 

competition assays (Supplementary Figure S1, Supplementary Figure S2 ). 344 

Effects of light on transcript levels and protein abundance of SERCA-like/SERCA-like in the 345 

ctenidium and inner mantle  346 

The transcript level of SERCA-like in the ctenidium exposed to light for 12 h was significantly lower 347 

(decreased by ~60%; P < 0.05) than that of the control (Fig. 5A). However, in the inner mantle, the 348 

transcript level of SERCA-like remained unchanged throughout all conditions with reference to 349 

control (Fig. 5B). 350 

Western blotting showed a band of interest at ~100 kDa, which was similar to the predicted 351 

molecular mass of SERCA-like of T. squamosa. The protein abundance of SERCA-like in both the 352 

ctenidium (Fig. 6A) and inner mantle (Fig. 6B) increased significantly after 6 h or 12 h of light 353 

exposure with reference to the control (P < 0.05).  354 
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Discussion 355 

Molecular characteristics of SERCA-like from the ctenidium and inner mantle of Tridacna 356 

squamosa  357 

SERCA-like of T. squamosa contains 10 predicted TMs (Fig. 1). It consists of the highly conserved 358 

phosphorylation site of SERCA, DKTGTLT (Asp363-Thr369), with the critical residue Asp363 involved 359 

in phosphorylation by protein kinase C (Fig. 1). In addition, a putative SR/ER retention signal, KILLL 360 

(Lys69-Leu73), is conserved across SERCAs of invertebrates including T. squamosa, P. scaber and P. 361 

clarkii (Fig. 1). In SERCAs of Drosophila melanogaster and mammals, KILLL serves as a signal 362 

recognition domain for their integration into the membrane of organelles (Magyar and Varadi, 1990). 363 

A substitution of lysine with arginine would conserve the function of the motif, as both amino acids 364 

are positively charged at pH 7 (Magyar and Varadi, 1990). Thus, the KILLL motif may serve a similar 365 

function in SERCA-like of T. squamosa. Furthermore, two Ca2+-binding sites, I and II, can be found 366 

in SERCA-like of T. squamosa; Ca2+-binding site I comprises Asn797 and Leu800 of TM5, Thr828 of 367 

TM6, and Phe952 of TM8, while Ca2+-binding site II consists of Val316, Ala317, Ile319 and Glu321 of 368 

TM4, and Asn852 of TM6. Mutagenesis studies of Ca2+ binding sites in SERCAs showed that mutation 369 

of critical residues Glu309, Asn796 and Thr799 would result in the loss of Ca2+ transport and Ca2+-370 

dependent phosphoenzyme formation (Clark et al., 1989). Mutation of glutamate at position 309, 371 

which corresponds to Glu321 in SERCA-like of T. squamosa in TM4, to glycine resulted in the loss of 372 

one of the two Ca2+ binding sites. The loss-of-function mutation supports these residues to be essential 373 

for Ca2+ binding (Skerjanc et al., 1993). Inside the membrane, FITC-binding (Lys529) and FITC-374 

reaction site (Lys711) are present in T. squamosa. FITC is a strong inhibitor of SERCA, completely 375 

inhibiting Ca2+ uptake activity (Pick and Bassilian, 1981).  376 

SERCA-like of T. squamosa had high sequence similarity with SERCA2a (73.16%) and 377 

SERCA1 (73.11%) of H. sapiens. Furthermore, there were also high similarities in the amino acid 378 
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sequences between SERCA-like of T. squamosa and the three SERCA isoforms of the Akoya pearl 379 

oyster, Pinctada fucata (86.03% for PSERC, 85.23% for PSERA and 83.98% for PSERB). For P. 380 

fucata, SERCA isoforms are named with a different nomenclature: PSERA, PSERB and PSERC. 381 

Specifically, SERCA-like of T. squamosa shows the highest similarity (86.03%) with PSERC, which 382 

is expressed mainly in gills and the mantle of P. fucata (Fan et al., 2007). Phenogramic analysis also 383 

denotes the grouping of SERCA-like of T. squamosa with SERCA from bivalves, including the 384 

freshwater pearl mussel, Hyriopsis cumingii, and the eastern oyster, Crassostrea virginica. Unlike 385 

SERCA2 of vertebrates, SERCA-like of T. squamosa lacks the characteristic phospholamban-binding 386 

motif KDDKPV (Lys397-Val402). 387 

Is light-enhanced SERCA2-like expression in T. squamosa atypical? 388 

There is little information on the regulation of plant type Ca2+-ATPases that are homologous to 389 

vertebrate SERCA (Kabala and Klobus, 2005). In animals, SERCA can be regulated by multiple 390 

mechanisms like hormonal control (Kimura et al., 1994), transcriptional control (Watanabe et al., 391 

2011), post-translational modifications (Stammers et al., 2015), redox balance (Kuster et al., 2010) 392 

and interactions with other proteins (Bhupathy et al., 2007; Periasamy et al., 2008). In small mammals, 393 

thyroid hormones control the transcriptional activity of SERCA2 and regulate the expression of 394 

SERCA2 proteins (Nagai et al., 1989; Kimura et al., 1994). SERCA can also be regulated by post-395 

translational modifications (Stammers et al., 2015). In rat myocytes, redox-mediated regulation can 396 

inhibit SERCA activity by irreversibly oxidising cysteine thiols (Kuster et al., 2010). In addition, 397 

binding of phospholamban or sarcolipin to SERCA decreases its affinity to Ca2+, resulting in lower 398 

SERCA2a activity (Periasamy et al., 2008). As SERCA-like of T. squamosa lacks the 399 

phospholamban-binding motif KDDKPV, it may not be regulated by phospholamban. However, there 400 

is a scarcity of example of increased expression levels of SERCA in response to illumination in 401 

animals. Yet, exposure of T. squamosa to light for 6 or 12 h significantly increased the protein 402 
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abundance of SERCA-like in the ctenidium and the inner mantle, although the transcript level of 403 

SERCA-like decreased in the ctenidium at hour 12 while remaining unchanged in the inner mantle. 404 

These results are novel and indicate that SERCA-like is regulated at the translational level in these 405 

two organs of T. squamosa in response to light. Translational regulation would circumvent energetic 406 

requirements of transcriptional regulation related to synthesis, processing and exporting of mRNA, 407 

and allow for a faster response to external changes (Lackner and Bähler, 2008). Importantly, the 408 

increase in protein abundance of SERCA-like would augment the capacity of Ca2+ sequestration into 409 

the ER in the cells of the ctenidial epithelium and the shell-facing epithelium of the inner mantle in T. 410 

squamosa exposed to light.  411 

Two separate studies have made attempts to elucidate whether the diel fluctuations in 412 

expression levels of manganese superoxide dismutase (MnSOD; Hiong et al., 2018) and Na+/Ca2+ 413 

exchanger 3 (NCX3; Boo et al., 2019) in T. squamosa could be attributable to circadian rhythm. 414 

Individuals of T. squamosa were exposed to 12 h + 12 h (a total of 24 h) of darkness or 24 h of 415 

darkness followed by 12 h of light, as compared with individuals exposed to 12 h of darkness (control) 416 

or 12 h of darkness followed with 12 h of light. These studies concluded that changes in the expression 417 

levels of MnSOD in the outer mantle (Hiong et al., 2018) and NCX3-like (Boo et al., 2019) in the 418 

inner mantle of T. squamosa were unrelated to circadian rhythm, as they occur in response to light 419 

even after the giant clams had been exposed experimentally to darkness for 24 h. Hence, it is logical 420 

to deduce that the increases in protein abundance of SERCA-like in the ctenidium and the inner mantle 421 

of T. squamosa were probably resulted from a general light-responsive signaling mechanism that 422 

coordinate the gene and protein expression levels of a variety of transporters in multiple organs in 423 

relation to various diurnally light-dependent physiological processes.  424 

Light-enhanced expression of SERCA-like in the ctenidial epithelium supports light-enhanced 425 

Ca2+ uptake  426 
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Light-enhanced shell formation requires an increase in Ca2+ absorption from the surrounding seawater. 427 

In T. squamosa, increased exogenous Ca2+ uptake can occur in the ctenidium, which expresses 428 

CACNA1-like, the pore-forming subunit of VGCCs. CACNA1-like is localized in the apical 429 

membrane of epithelial cells of ctenidial filaments and tertiary water channels, which are structured 430 

to increase the surface area for membrane transport (Cao-Pham et al., 2019b). After illumination, the 431 

protein abundance of CACNA1-like increases significantly in the ctenidium of T. squamosa, 432 

suggesting that it supports increased Ca2+ uptake into the ctenidial epithelial cells (Cao-Pham et al., 433 

2019b). However, the resulting high intracellular Ca2+ concentration would theoretically disrupt 434 

intracellular signaling pathways and precipitate phosphates (Clapham, 2007). Our results obtained 435 

indicate that the absorbed Ca2+ could traverse ctenidial epithelial cells through the ER, similar to milk 436 

secretion in mammary gland (Faddy et al., 2008) and mineralisation during ecdysis in arthropods 437 

(Hagedorn et al., 2003), because of three reasons. Firstly, both transporters have similar cellular 438 

localization in the ctenidial filaments of T. squamosa. Secondly, at the subcellular level, CACNA1-439 

like is apically localized in the membranes of the epithelial cells of the ctenidial filaments, while 440 

SERCA-like is localized non-uniformly in the cytoplasm of these cells, with apparent concentration 441 

in the apical region. Hence, Ca2+ that has entered the cell through CACNA1-like can be taken up by 442 

SERCA-like into the ER. Thirdly, the protein abundance of SERCA-like and CACNA1-like 443 

significantly increased in the ctenidium after 12 h of light exposure, indicating a gradual increase in 444 

their protein abundance between hour 6 and hour 12. A priori, an increase in the protein abundance 445 

of SERCA-like in the ctenidium during light exposure, as substantiated by the immunofluorescence 446 

results, would increase the capacity of Ca2+ transport into the ER, which aligns well with the increased 447 

Ca2+ uptake through CACNA1-like (Cao-Pham et al., 2019b). Thus, low cytosolic Ca2+ concentration 448 

in the ctenidial epithelial cells can be maintained, although how Ca2+ moves across the ER lumen is 449 

uncertain at present. It has been proposed that intra-ER Ca2+ movement can be guided by calsequestrin 450 
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and calreticulin (Berridge et al., 2003), but whether these proteins are involved in the ctenidial 451 

epithelial cells of T. squamosa needs further investigation. 452 

SERCA-like of shell-facing epithelium of the inner mantle supports increased supply of Ca2+ 453 

from the hemolymph to the extrapallial fluid during illumination  454 

In T. squamosa, Ca2+ absorbed by the ctenidium must be translocated through the hemolymph to the 455 

inner mantle which participates in light-enhanced shell formation. In general, Ca2+ is transported in 456 

plasma as dissolved ions or as a complex bound to proteins, such as albumin. Non-ionic Ca2+ transport 457 

has been described in the Eastern oyster, Crassostrea virginica, which possess in the hemolymph 458 

refractive granulocytes that contain CaCO3 (Mount et al., 2004). It has been reported that these 459 

CaCO3-containing granulocytes can release the CaCO3 crystals at the mineralisation front of C. 460 

virginica (Mount et al., 2004). However, how the granulocytes can cross the shell-facing epithelium, 461 

and get access to the extrapallial fluid where shell formation occurs has not been elucidated. At 462 

present, the route and mechanism of Ca2+ translocation in the hemolymph of T. squamosa is uncertain.  463 

During shell formation, CaCO3 is deposited from the extrapallial fluid onto the inner surface 464 

of the shell valve, and the inner mantle is in direct contact with the extrapallial fluid. To increase 465 

CaCO3 precipitation during light-enhanced shell formation, the host must augment Ca2+ supply from 466 

the hemolymph through the shell-facing epithelial cells of the inner mantle to the extrapallial fluid 467 

during illumination. In T. squamosa, two apical transporters can be involved: PMCA (Ip et al., 2017) 468 

and NCX3-like (Boo et al., 2019), and the expression levels of these two transporters in the inner 469 

mantle are upregulated by light. It would imply that the quantity of Ca2+ traversing the shell-facing 470 

epithelial cells of the inner mantle would increase during illumination, and there must be mechanisms 471 

to avoid the disruption of intracellular Ca2+ homeostasis. Our results show that, similar to the case of 472 

ctenidium, SERCA-like could be the mechanism involved. In the inner mantle of T. squamosa, 473 

SERCA-like is localized non-uniformly in the cytoplasm of the epithelial cells facing the extrapallial 474 
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fluid, and the protein abundance of SERCA-like was up-regulated by illumination, corroborating with 475 

the results derived from immunofluorescence microscopy. Hence, it is probable that the low 476 

intracellular Ca2+ concentration is maintained by transporting Ca2+ into the ER during light-enhanced 477 

shell formation, but whether the intra-ER Ca2+ movement is guided by calsequestrin and calreticulin 478 

(Berridge et al., 2003) is unclear at present.  479 

Notably, in T. squamosa, the seawater-facing epithelial cells has much weaker SERCA-like 480 

immunolabeling than the shell-facing epithelial cells in the inner mantle, which can have two 481 

implications. Firstly, SERCA-like should be expressed, albeit to different extent, in all cell types and 482 

has multiple functions in Ca2+ metabolism. The differential immunolabeling of SERCA-like between 483 

these two epithelia of T. squamosa supports the proposition that it would play a role in the 484 

translocation of Ca2+ across the shell-facing epithelium in support of light-enhanced shell formation. 485 

Secondly, the weak expression of SERCA-like in the seawater-facing epithelium of the inner mantle 486 

of T. squamosa corroborates the proposition that increased exogenous Ca2+ uptake for light-enhanced 487 

shell-formation occurred mainly at the ctenidium, and not the inner mantle.  488 

Scleractianian corals form skeletons by depositing aragonite crystals in the subcalicoblastic 489 

medium underlying the calicoblastic (calcifying) epithelium. Unlike giant clams, skeleton formation 490 

in scleractinian corals may involve the formation of intracellular CaCO3 instead of the translocation 491 

of Ca2+ across the calicoblastic cells, as amorphous CaCO3 can be found inside coral cells (Mass et 492 

al., 2017). Furthermore, PMCA (Barott et al., 2015) and NCX (Barron et al., 2018) are localized in 493 

the cytoplasm and intracellular vesicles, respectively, of calicoblastic cells of scleractinian coral, 494 

Acropora yongei. Calicoblastic cells also express HCO3
- transporting proteins that could supply 495 

inorganic carbon (Zoccola et al., 2015; Barott et al., 2015; Tresguerres et al., 2017) and coral acidic 496 

rich proteins (CARPs) that can catalyze aragonite formation even at pH ~7.6 (Mass et al., 2013, 2014, 497 

2017). Intracellular amorphous CaCO3 can be secreted together with HCO3
-, CARPs, and several 498 
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other proteins into the subcalicoblastic medium for skeleton formation (von Euw et al., 2017). Hence, 499 

it is logical to propose that scleractinian corals may not need to maintain a low intracellular [Ca2+] in 500 

the calicoblastic cells through light-enhanced expression of SERCA during light-enhanced skeleton 501 

formation. Future studies are needed to confirm such a proposition.  502 

Coordination of transport processes by light-responsive regulatory mechanisms 503 

Giant clams live in symbiosis with symbiotic dinoflagellates that can donate their photosynthates to 504 

support host’s growth (Fisher, 1985; Hawkins and Klumpp, 1995). This can partly explain why giant 505 

clams could afford energetically to have higher rates of shell formation in light than in darkness (Sano 506 

et al., 2012; Rossback et al., 2019). As a corollary, many of the host’s physiological activities need to 507 

be aligned with the photosynthetic activity in the symbionts. Indeed, many host transporters partaking 508 

in these physiological processes display light-enhanced gene and protein expression. The ctenidium 509 

of T. squamosa possess transporters that take part in absorption of Ca2+ (CACNA1-like, Cao-Pham et 510 

al., 2019b; SERCA-like, this study), inorganic carbon (Dual Domain Carbonic Anhydrase; Koh et al., 511 

2018), urea (DUR3-like; Chan et al., 2018), glucose (SGLT1; Chan et al., 2019), nitrate (SIALIN-512 

like; Ip et al., 2020) and phosphate (NPT2a-like; Chan et al., 2020). It also possesses transporters for 513 

the excretion of excess H+ (Na+/H+ Exchanger 3-like; Hiong et al., 2017b; VHA subunit A; Ip et al., 514 

2018). The inner mantle of T. squamosa possesses transporters that participate in the uptake of 515 

inorganic carbon (CA4-like; Chew et al., 2019), the secretion of Ca2+ (PMCA; Ip et al., 2017; NCX3-516 

like; Boo et al., 2019; SERCA-like, this study), the excretion of H+ (βNHE-like; Cao-Pham et al., 517 

2019a) and the maintenance of Na+ and K+ gradients (NKA; Boo et al., 2017). The regulation of these 518 

transporters/enzymes at the transcriptional and translational levels is energy-intensive, but the host 519 

clam could afford it probably because of the constant supply of photosynthates from its symbionts. 520 

Taken together, it becomes apparent that the host clam has developed some kind of light-dependent 521 
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regulatory mechanisms to control the gene and/or protein expression levels of these transporter and 522 

enzymes, and efforts should be made in the future to elucidate those regulatory mechanisms.  523 

  524 
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Legends to figures 817 

Fig 1. Molecular characterization of a homolog of sarco/endoplasmic reticulum Ca2+-ATPase 818 

(SERCA-like) obtained from the ctenidium and inner mantle of Tridacna squamosa. Multiple 819 

amino acid alignment of SERCA-like from T. squamosa, with other known SERCA sequences 820 

from Paramecium tetraurelia (CAA76764), Oryctolagus cuniculus (P20647.2), Porcellio 821 

scaber (AAN77377) and Procambarus clarkii (AAB82291). Identical or similar amino acid 822 

residues are indicated by shaded residues while predicted transmembrane regions (TM1-TM10) 823 

are underlined. The conserved KILLL motif is marked by a black box. There are two Ca2+-824 

binding sites: I and II; the former is marked with a black box labelled with I, while the latter 825 

is marked with a black box labelled with II. The fluorescein isothiocyanate (FITC)-binding 826 

site is marked with an open arrow. The FITC-reaction site is marked with a close arrow. The 827 

asterisk denotes the residue phosphorylated by protein kinase C (PKC), while the 828 

phosphorylation domain is double underlined.  829 

Fig 2. Phenogramic analysis of a homolog of sarco/endoplasmic reticulum Ca2+-ATPase (SERCA-830 

like) of Tridacna squamosa. The maximum-likelihood tree was generated using known 831 

SERCA sequences of various organisms (Supplementary Table S1). SERCA from 832 

Histoplasma capsulatum is used as the outgroup. The support for nodes is indicated by % 833 

bootstrap support (out of 1000), employing LG model of amino acid substitution. Maximum-834 

likelihood analysis was applied using RaxML v8.2.5 (Stamatakis, 2014) with 1000 bootstraps. 835 

Through ModelGenerator v0.85 (Keane et al., 2006), the best-fit model under Akaike 836 

Information Criterion was determined to be LG+G (Whelan and Goldman 2001). 837 

Fig 3. Immunofluorescence of a homolog of sarco/endoplasmic reticulum Ca2+-ATPase (SERCA-like) 838 

in the ctenidium of Tridacna squamosa exposed to 12 h of light (A-C) or 12 h of darkness (D-839 

F). (A, D) The differential interference contrast (DIC) image shows the morphology of the 840 
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ctenidial filaments (CFs). The nuclei are stained blue using 4’,6-diamidino-2-phenylindole 841 

(DAPI). (B, E) SERCA-like immunofluorescence is displayed in green. (C, F) Composite 842 

images of DIC and DAPI with green channels. Arrowheads in (B, C, inset of C) show non-843 

uniform immunostaining of SERCA-like in the cytoplasm of ctenidial epithelial cells as 844 

compared with (E, F, inset of F). SERCA-like-immunolabelling is stronger near the apical 845 

membrane of the epithelial cells of CFs. Abbreviations: TWC: tertiary water channels; HL: 846 

hemolymph. Scale bar: 20 m 847 

Fig 4. Immunofluorescence of a homolog of sarco/endoplasmic reticulum Ca2+-ATPase (SERCA-like) 848 

in the inner mantle of Tridacna squamosa exposed to 12 h of light (A-C) or 12 h of darkness 849 

(D-F). (A, D) The differential interference contrast (DIC) image shows the morphology of 850 

various cell structures. The nuclei are stained blue using 4’,6-diamidino-2-phenylindole 851 

(DAPI). (B, E) SERCA-like immunostaining is displayed in green. (C, F) Composite images 852 

of DIC and DAPI with green channels. The green and blue channels are merged with an inset 853 

of 40x magnification. Arrowheads in (B, C, inset of C) show that SERCA-like 854 

immunolabelling is more intense near the apical region of the epithelial cells facing the 855 

extrapallial fluid as compared with (E, F, inset of F). Abbreviations: EP: epithelium; EPF: 856 

extrapallial fluid; SW: seawater; HL: hemolymph. Scale bar: 50 m (inset: 20 m) 857 

Fig 5. The transcript level (x104 copies of transcripts per ng total RNA) of a homolog of 858 

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA-like) in the (A) ctenidium and (B) inner 859 

mantle of Tridacna squamosa exposed to darkness for 12 h (control) or to light for 3, 6 or 12 860 

h. Results represent means + S.E.M. (N=4). Means not sharing the same letter are significantly 861 

different (P < 0.05). 862 

Fig 6. The protein abundance of a homolog of sarco/endoplasmic reticulum Ca2+-ATPase (SERCA-863 

like) in the ctenidium (A) and inner mantle (B) of Tridacna squamosa exposed to darkness for 864 
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12 h (control) or to light for 3, 6 or 12 h. (i) An immunoblot of SERCA-like with tubulin as 865 

the reference protein. (ii) The arbitrary densitometric units of the SERCA-like band for 20 µg 866 

protein extracted from the ctenidium and inner mantle were normalised with that of tubulin. 867 

Results represent means + S.E.M. (N=4). Means not sharing the same letter are significantly 868 

different (P < 0.05). 869 

  870 



40 

Supplementary Table S1. Sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) amino acid 871 

sequences and their accession numbers obtained from Genbank and used for phenogramic analysis.  872 

Supplementary Figure S1. Validation of sarco/endoplasmic reticulum Ca2+-ATPase  (SERCA-like) 873 

in the ctenidium of Tridacna squamosa exposed to 12 h of light by a peptide competition assay (PCA). 874 

(A) The differential interference contrast (DIC) image shows the morphology of the ctenidial 875 

filaments (CFs). The nuclei are stained blue using 4’,6-diamidino-2-phenylindole (DAPI). (B, C) 876 

Minimal SERCA2-like staining in the cytoplasm of ctenidial epithelial cells near the apical region. 877 

Abbreviations: TWC: tertiary water channels; HL: hemolymph. Scale bar: 20 m 878 

Supplementary Figure S2. Validation of sarco/endoplasmic reticulum Ca2+-ATPase (SERCA-like) 879 

in the inner mantle of Tridacna squamosa exposed to 12 h of light by a peptide competition assay 880 

(PCA). (A) The differential interference contrast (DIC) image shows the morphology of various cell 881 

structures. The nuclei are stained blue using 4’,6-diamidino-2-phenylindole (DAPI). (B, C) Lack of 882 

SERCA-like staining near the apical region of the epithelial cells facing the extrapallial fluid. The 883 

green and blue channels are merged with an inset of 40x magnification. Abbreviations: EP: epithelium; 884 

EPF: extrapallial fluid; SW: seawater; HL: hemolymph. Scale bar: 50 m (inset: 20 m) 885 
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Fig. 1 887 
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Fig. 5 902 
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Fig. 6. 905 
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