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Abstract 29 

Giant clams represent symbiotic associations between a host clam and its extracellular 30 

zooxanthellae. They are able to grow in nutrient-deficient tropical marine environments and 31 

conduct light-enhanced shell formation (calcification) with the aid of photosynthates donated 32 

by the symbiotic zooxanthellae. In light, there is a high demand for inorganic carbon (Ci) to 33 

support photosynthesis in the symbionts and light-enhanced calcification in the host. In this 34 

study, we cloned and characterized a host Carbonic Anhydrase 4 homolog (CA4-like) from the 35 

whitish inner mantle of the giant clam Tridacna squamosa. The full cDNA coding sequence of 36 

CA4-like consisted of 1,002 bp, encoding for 334 amino acids of 38.5 kDa. The host CA4-like 37 

was phenogramically distinct from algal CAs. The transcript level of CA4-like in the inner 38 

mantle was ~3-fold higher than those in the colorful outer mantle and the ctenidium. In the 39 

inner mantle, CA4-like was immunolocalized in the apical membrane of the seawater-facing 40 

epithelial cells, but absent from the shell-facing epithelium. Hence, CA4-like was positioned 41 

to catalyze the conversion of HCO3
− to CO2 in the ambient seawater which would facilitate 42 

CO2 uptake. The absorbed CO2 could be converted back to HCO3
− by the cytoplasmic CA2-43 

like. As the protein abundance of CA4-like increased in the inner mantle after 6 or 12 h of light 44 

exposure, there could be an augmentation of the total CA4-like activity to increase Ci uptake 45 

in light. It is plausible that the absorbed Ci was allocated preferentially for shell formation due 46 

to the close proximity of the seawater-facing epithelium to the shell-facing epithelium in the 47 

inner mantle that contains only few zooxanthellae. 48 

 49 

Keywords: Bicarbonate, CA4, carbon dioxide, light-enhanced calcification, symbiosis, 50 

zooxanthellae 51 
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Introduction 53 

Giant clams (family Cardiidae; subfamily Tridacninae) live in the shallow and nutrient 54 

deficient seawater of the tropical Indo-Pacific (Neo et al., 2017), which lacks overturn and has 55 

low plankton content (De Goeij et al., 2013). Overturn is instrumental to stirring up bottom 56 

sediments and nutrients to trigger plankton growth in the surface water (Horn, 2003). 57 

Nevertheless, giant clams can grow at high rates in shallow tropical waters despite nutrient 58 

deficiency (Lucas, 1988), because they live in symbiosis with single-celled dinoflagellates of 59 

genera Symbiodinium (previously Symbiodinium clade A), Cladocopium (previously 60 

Symbiodinium clade C) and Durusdinium (previously Symbiodinium clade D) (Trench, 1987; 61 

DeBoer et al., 2012; LaJeunesse et al., 2018), alias zooxanthellae. In light, the 62 

photosynthesizing zooxanthellae transfer >90% of the photosynthates to the host (Muscatine, 63 

1990), fully satisfying the host’s energy requirements (Fisher et al., 1985; Klumpp et al., 1992). 64 

On the other hand, the host delivers essential nutrients like inorganic carbon (Ci), phosphorus 65 

and nitrogen to the symbionts to facilitate their growth and metabolism (Furla et al., 2005).  66 

Giant clams harbor extracellular zooxanthellae inside a tubular system (Norton et al., 67 

1992), which originates from the digestive tract as a primary tubule. The primary tubule splits 68 

into smaller secondary and tertiary zooxanthellal tubules (z-tubules), with the latter permeating 69 

particularly the outer mantle that is fleshy, colorful and extensible (Norton et al., 1992; 70 

Yellowlees et al., 1993). The high density of symbiotic zooxanthellae and the presence of host 71 

iridophores as well as pigments contribute to the distinctive coloration of the outer mantle 72 

(Griffiths et al., 1992). 73 

Biological systems create calcified structures such as mollusc shells, coral exoskeletons 74 

or bacterial crusts via the precipitation of calcium carbonate (CaCO3) based on the reaction 75 

Ca2+ + HCO3
− ⇌ CaCO3 + H+ (Roy et al., 2016). In hard corals, the rate of CaCO3 deposition 76 

(calcification) can be enhanced by light (Kawaguti and Sakumoto, 1948; Goreau, 1959), and 77 
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there are indications that giant clams can do the same (Sano et al., 2012; Ip et al., 2017a). In 78 

giant clams, the main tissue participating in shell formation is the whitish inner mantle located 79 

somewhere inside the pallial line of the shell valve (Hiong et al., 2017b; Ip et al., 2017a). The 80 

inner mantle is in direct contact with the extrapallial fluid, which is the site of calcification. It 81 

consists of the shell-facing epithelium and the seawater-facing epithelium separated by a thin 82 

layer of connective tissue suffused with hemolymph. The relevant ions and organic matrix are 83 

secreted from the hemolymph through the shell-facing epithelium of the inner mantle into the 84 

extrapallial fluid for shell formation (Weiner 1983; Wilbur and Watabe, 2006). 85 

During insolation, the rates of photosynthesis in the symbiotic zooxanthellae and shell 86 

formation in the host clam are accelerated. As both processes require Ci, there is a high demand 87 

for exogenous Ci during the day. In seawater, Ci is present as dissolved CO2, HCO3
−, and CO3

2−, 88 

with HCO3
− (>85%) being the major component. HCO3

− and CO2 can interconvert based on 89 

the reaction HCO3
− + H+ ⇌ H2CO3 ⇌ CO2 + H2O.  In the absence of a biological catalyst, 90 

although the dehydration of H2CO3 can proceed relatively rapidly, CO2 hydration occurs at a 91 

moderate pace (Maren, 1967). Nonetheless, almost all organisms possess the zinc-containing 92 

enzymes, carbonate anhydrases (CAs; EC 4.2.1.1) which catalyze the interconversion of 93 

HCO3
− and CO2 with dramatic acceleration of CO2 hydration (Supuran, 2008) because HCO3

− 94 

is often coupled with rapid transport processes. CAs can be grouped into four genetically 95 

distinct families (α, β, γ and δ), whereby the largest and the most ubiquitous CA family is α-96 

CA (Chegwidden et al., 2000). In humans, 15 α-CAs which have different subcellular 97 

localizations, tissue distribution, and enzyme kinetics have been identified (Aggarwal et al., 98 

2013). 99 

Recently, Koh et al. (2018) have sequenced and characterized a Dual-Domain Carbonic 100 

Anhydrase (DDCA) from Tridacna squamosa, which contains two distinct α-CA domains, and 101 

is expressed mainly in the ctenidium (gill). DDCA is localized apically in epithelial cells 102 
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surrounding the tertiary water channels and those near the base of the ctenidial filament. The 103 

transcript and protein levels of DDCA/DDCA increase significantly in the ctenidium during 104 

light exposure, denoting its involvement in light-enhanced uptake and assimilation of Ci from 105 

the ambient seawater. In addition, a CA2 homolog (CA2-like) has been characterized from T. 106 

squamosa, which has a cytoplasmic localization in the epithelial cells of the z-tubules located 107 

predominantly in the outer mantle (Ip et al., 2017b). As exposure to light induces significant 108 

increases in the protein abundance of CA2-like in both outer and inner mantle tissues, CA2-109 

like can be involved in the increased supply of Ci to the photosynthesizing zooxanthellae by 110 

the host clam. 111 

In giant clams, photosynthesizing zooxanthellae can deplete Ci in the hemolymph in 112 

<13 min without replenishment by respiratory CO2 or exogenous Ci, (Rees et al., 1993). Thus, 113 

in order to conduct light-enhanced calcification, the inner mantle would have to compete for 114 

the Ci available in the hemolymph with the photosynthesizing zooxanthellae residing 115 

predominantly in the outer mantle. As the inner mantle is thin and consists of a seawater-facing 116 

epithelium, it is logical to hypothesize that it could participate in the uptake of Ci from the 117 

ambient seawater, whereby the absorbed Ci can be conveniently delivered to the site of 118 

calcification through the hemolymph and the adjoining shell-facing epithelium. If so, the 119 

seawater-facing epithelium might express some sort of membrane-associated CAs anchored to 120 

the apical surface to catalyze the dehydration of HCO3
− and facilitate the uptake of CO2.  121 

As CA4 is the most widely distributed membrane-associated CA isoform abundantly 122 

expressed in the plasma membrane of epithelial and endothelial cells (Zhu and Sly, 1990; 123 

Okuyama et al., 1995; Schwartz et al., 2000), this study was undertaken to clone and 124 

characterize a homolog of CA4 (CA4-like) from the inner mantle of T. squamosa. To establish 125 

CA4-like as the major CA in the inner mantle, the transcript levels of CA4-like, CA2-like and 126 

DDCA in the inner mantle, outer mantle and ctenidium of T. squamosa were determined by 127 
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quantitative real-time polymerase chain reaction (qPCR). Immunofluorescence microscopy 128 

was performed on the inner mantle to test the hypothesis that CA4-like was localized in the 129 

apical membrane of the seawater-facing epithelium to facilitate the uptake of exogenous CO2. 130 

Furthermore, it was hypothesized that, with the aid of a cytoplasmic CA, the absorbed CO2 131 

would be converted back to HCO3
−.  Hence, efforts were made to examine whether the cells of 132 

the seawater-facing epithelium would also expressed the cytoplasmic CA2-like using a custom-133 

made anti-CA2-like antibody developed in the previous study (Ip et al., 2017b). Finally, the 134 

effects of light exposure on the mRNA and protein expression levels of CA4-like/CA4-like 135 

were examined. The hypothesis tested was that light would have an enhancing effect on the 136 

expression of CA4-like/CA4-like, in relation to its role in the increased uptake of exogenous Ci 137 

during insolation.  138 

  139 
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Materials and methods 140 

Source of clams, experimental rearing conditions and tissue collection 141 

Tridacna squamosa (N=20) weighing 521 ± 184 g were bought from Xanh Tuoi Tropical Fish 142 

Ltd in Vietnam.  The clams were kept in an indoor recirculating aquarium tank (L90 cm x W62 143 

cm x H60 cm) with a 12 h light to 12 h dark cycle as described by Ip et al. (2015) with slight 144 

modifications. The seawater used for maintenance of clams at a temperature of 26 ± 1ºC with 145 

a salinity of 30-32 and pH of 8.1-8.3 was prepared from Red Sea salt (Red Sea U.S.A., Houston, 146 

Texas, USA).  The other parameters of the seawater maintained include a carbonate hardness 147 

of 143-160 mg/L, 0.0095-0.0105 M calcium, less than 0.0012 mM phosphate, less than 0.016 148 

mM nitrate, and less than 0.006 mM of total ammonia.  Two Aquazonic T5 light sets (Yi Hu 149 

Fish Farm Trading, Singapore) consisting of two sun and two actinic blue fluorescence tubes 150 

(39 W) each were used to illuminate the tanks from above. The light intensity whereby the 151 

giant clams were exposed was measured using the Skye SKP 200 display meter connected with 152 

a SKP 215 PAR Quantum sensor (Skye Instruments Ltd, UK) and found to be ~100 PPF (μmol 153 

m-2 s-1). The giant clams were acclimatized to laboratory conditions for a month before 154 

experimentation. The care and use of animals in this study follows the applicable international, 155 

national, and/or Nanyang Technological University guidelines.  156 

A batch of giant clams (N=5) was sampled at the end of the 12-h dark period and served 157 

as the control. Separately, three batches of giant clams (N=5 each) were sampled after 3, 6, or 158 

12 h light exposure. Parallel controls, whereby the dark period was extended beyond 12 h of 159 

darkness (e.g. 12 h darkness + 3, 6, or 12 h of dark exposure) were not performed so as to 160 

simulate the actual day/light duration of the clam’s natural environment. The clams were 161 

anaesthetized in 0.2% phenoxyethanol before the inner mantle, outer mantle and ctenidium 162 

were collected as described by Hiong et al. (2017b) and Ip et al. (2017a). Samples were frozen 163 
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immediately by clamping with metal tongs that were pre-cooled in liquid nitrogen and then 164 

stored at -80℃ until analysis. 165 

Extraction of total RNA and reverse transcription 166 

Total RNA was extracted from the inner mantle, outer mantle and ctenidium using TRI 167 

isolation ReagentTM (Sigma-Aldrich, St. Louis, MO, U.S.A.) following the manufacturer’s 168 

instruction. The RNA obtained was further purified using the RNeasy Plus Mini Kit (Qiagen, 169 

Hilden, Germany). The quantification of RNA was carried out using the BioSpec-nano 170 

spectrophotometer (Shimadzu, Tokyo, Japan) while the integrity of the RNA was verified by 171 

electrophoresis. First strand cDNA was synthesized by reverse transcribing 4 µg of purified 172 

RNA using oligo(dT) primer and a RevertAidTM  reverse transcriptase (Thermo Fisher 173 

Scientific, Waltham, MA, USA) following the manufacturer’s protocol. 174 

PCR, rapid amplification of cDNA ends (RACE)-PCR, cloning and sequencing 175 

The conserved regions of Lingula anatine CA4-like (XM_024076218.1), Octopus 176 

bimaculoides CA4-like (XM_014920369.1) and Exaiptasia pallida CA4 (KU557767.1) were 177 

used to design the forward (5′-CCAGTCTCCAATHGACAT-3’) and reverse (5′-178 

CAATATGCAHTTCTAGTGGG-3’) primers so as to sequence out the partial CA4-like 179 

fragment from T. squamosa.  DreamTaq polymerase (Thermo Fisher Scientific) was used in 180 

the PCR performed in a 9902 Veriti 96-well thermal cycler (Thermo Fisher Scientific) with the 181 

following cycling conditions: initial denaturation for 3 min at 94°C then continued with 40 182 

cycles of 30 s at 94°C, 30 s at 50°C, and 30 s at 72°C. The final cycle was performed for 10 183 

min at 72°C and the reaction was held at 5°C.  The expected size of fragments obtained after 184 

electrophoresis were purified and cloned into pGEM-T Easy vector (Promega Corporation, 185 

Madison, WI, USA) according to method described by Hiong et al. (2017a). The clones 186 

obtained were sequenced and confirmed to be the CA4-like fragments based on the National 187 

Center for Biotechnology Information (NCBI) database. The different clones obtained were 188 
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identical sequences of the CA4-like fragments. In order to obtain the full length of the complete 189 

cDNA of the CA4-like, 3’ and 5’ RACE-PCR were carried out with specific primers (forward: 190 

5′-AGCACGATATTAACGGTGTTCATTACCC-3′ and reverse: 5′- 191 

CCTCCGCTAACTGTGCTCAATTTCTGG-3′) using the SMARTer RACE cDNA 192 

amplification kit (Clontech Laboratories, Mountain View, CA, USA). Subsequently, the 193 

sequences obtained were assembled and analysed using BioEdit version 7.2.5 (Hall, 1999). The 194 

GenBank accession number of the cDNA sequence of CA4-like is MH279621. 195 

Multiple sequences alignment and phenogramic analyses 196 

The protein sequence was predicted from the nucleotide sequence of CA4-like obtained from 197 

T. squamosa using the ExPASy Proteomic server (Gasteiger et al., 2003; 198 

http://web.expasy.org/translate/).  The protein sequences of CAs from humans, T. gigas as well 199 

as those from algal and dinoflagellate species were aligned and a sequence identity matrix was 200 

generated.  The protein sequences of CAs from GenBank were used to construct the phenogram 201 

via the neighbour-joining method using Phylip (Felsentein, 1989) with 1000 bootstrap 202 

replications. The phenogram was used to confirm the identity of the CA isoform as well as its 203 

origin.  204 

Quantitative analysis of the transcript levels of CA4-like, CA2-like and DDCA in the inner 205 

mantle, outer mantle and ctenidium 206 

In order to determine the major CA isoforms present in the inner mantle, outer mantle and 207 

ctenidium of T. squamosa, the transcript levels of CA4-like, CA2-like and DDCA were 208 

measured in the three tissues by qPCR using the absolute quantification method with reference 209 

to a standard curve (Gerwick et al., 2007). The qPCR was carried out in a StepOnePlusTM Real-210 

Time PCR System (Applied Biosystems) using specific primers adopted from Ip et al. (2017b) 211 

for CA2-like, from Koh et al. (2018) for DDCA, and forward (5’- 212 

GTGGATACGGCGCGTCTTC -3’) and reverse (5’- GCCTCCGCTAACTGTGCTCAA -3’) 213 

http://web.expasy.org/translate/
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primers for CA4-like.  Each qPCR reaction was accomplished in 10-µl volume containing 5 l 214 

of 2x KAPA SYBR® FAST Master Mix (Kapa Biosystems Inc., Wilmington, MA, USA.), 0.3 215 

mol l-1 each of specific forward and reverse primers and various quantities of standard or 10 216 

ng of cDNA of each tissue sample. The amplification protocol used was as follows: initial 20 217 

s denaturation and enzyme activation at 95ºC, 40 cycles of 95ºC for 3 s and 60ºC for 30 s. The 218 

qPCR for each tissue sample and standard was carried out in triplicates followed by a melt 219 

curve analysis at the end of the reaction. A standard curve was constructed based on the method 220 

of Hiong et al. (2017a). The amplification efficiency for CA4-like was determined to be 98.8%. 221 

The absolute number of transcripts obtained from the linear regression line derived from the 222 

standard curve was expressed as copy numbers per ng of total RNA. In order to demonstrate 223 

the absence of light dependency, all samples were run in parallel with a reference gene (α-224 

tubulin) using the specific qPCR primers in Chan et al. (2018). The transcript level of α-tubulin 225 

remained unchanged throughout the 12 h of light exposure as compared to the control kept in 226 

the dark (Table 3 in Supplementary Materials).  227 

Antibodies 228 

For immunoblotting and immunofluorescence microscopy, a rabbit anti-CA4-like polyclonal 229 

antibody was custom made by GenScript (Piscataway, NJ, USA) against amino acid residues 230 

123-136 (GSVDSRGSEHDING) of the CA4-like from T. squamosa. The anti-CA2-like 231 

polyclonal antibody was developed previously by Ip et al. (2018). The anti-α-tubulin antibody 232 

(12G10) was purchased from the Developmental Studies Hybridoma Bank (Department of 233 

Biological Sciences, University of Iowa, Iowa City, USA). 234 

Immunofluorescence microscopy 235 

The cellular localization of CA4-like in the inner mantle epithelial cells of T. squamosa was 236 

determined by immunofluorescence microscopy following the procedure of Hiong et al. (2017a, 237 

b). The primary rabbit anti-CA4-like antibody (2.5 g ml-1) was applied in conjunction with 238 
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the Alexa Fluor 488, goat anti-rabbit secondary antibody (Invitrogen; 2.5 g ml-1) in green. 239 

The specificity of CA4-like staining was validated by the parallel staining of tissue sections 240 

with the CA4-like antibody (25 g ml-1) neutralized with the immunizing peptide (125 g  241 

ml-1 for 1 h at 25°C). Ip et al. (2017b) used the anti-CA2-like antibody at a concentration of 242 

1.67 g ml-1 to label the epithelial cells of the z-tubules, but a higher concentration of 2.5 g 243 

ml-1 was needed to label the CA2-like of the seawater-facing epithelium of the inner mantle of 244 

T. squamosa, due to its weaker staining.  245 

After staining, images were taken immediately using an Olympus BX60 246 

epifluorescence microscope (Olympus, Tokyo, Japan) fitted with an Olympus DP73 digital 247 

camera.  The emission and excitation wavelengths of the fluorescent filters used were as stated 248 

in Ip et al. (2018). Micrographs were collected using CellSens Imaging Software (Olympus) 249 

under optimal exposure settings of 300-500 ms. Corresponding differential interference 250 

contrast (DIC) images were used to record the tissue structure of the inner mantle.  251 

Sodium dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE) and Western 252 

blotting  253 

Protein extraction of the various tissue samples and SDS-PAGE of the samples were performed 254 

according to Hiong et al. (2017a, b). Extracted proteins (100 µg) were separated 255 

electrophoretically and electrotransferred onto PVDF membranes. The membranes were 256 

blocked with SuperBlockTM (Thermo Fisher Scientific) for 1 h at 25°C. Then the membranes 257 

were incubated with the antibody against CA4-like (1.25 g ml-1) or 12G10 (0.05 g ml-1) for 258 

1 h at 25°C. Subsequently, the membranes were incubated in horseradish peroxidase-259 

conjugated secondary antibodies (Santa Cruz Biotechnology Inc.; 0.04 g ml-1) for 1 h at 25°C.  260 

The blots were washed with TTBS (0.05% Tween 20 in Tris-buffered saline: 20 mmol l-1 Tris 261 

HCl; 500 mmol l-1 NaCl, pH 7.6) for three times before development with the ECL system 262 

(Thermo Fisher Scientific) and exposure on X-ray films (Thermo Fisher Scienctific). Scanning 263 
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and quantification of the protein bands were performed as described by Hiong et al. (2017b). 264 

The protein abundance of CA4-like was normalized with that of α-tubulin. The specificity of 265 

the anti-CA4-like antibody was validated by incubating anti-CA4-like antibody with the 266 

immunizing peptide (GenScript) for 1 h before immunoblotting. 267 

Statistical analyses 268 

Values were given as mean ± S.E.M. (standard error of the mean). Results were first evaluated 269 

with a Shapiro-Wilk test to determine if the data was normal. The homogeneity of variance 270 

was checked using Levene’s test. Difference between means were determined by one-way 271 

analysis of variance (ANOVA) followed by Tukey test if the variance was equal or Dunnett’s 272 

T3 test if the variance was unequal. All statistical analyses were carried out using SPSS version 273 

21 (IBM Corporation, Armonk, NY, USA) with the significance level set at P<0.05. 274 

  275 
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Results 276 

Nucleotide sequence, deduced amino acid sequence, and phenogramic analysis of CA4-277 

like/CA4-like from the inner mantle of T. squamosa 278 

The full cDNA coding sequence of CA4-like obtained from the inner mantle of T. squamosa 279 

(GenBank Accession No. MH279621) consisted of 1,002 bp with a deduced amino acid 280 

sequence of 334 residues and calculated molecular mass of 38.5 kDa.  281 

The phenogram revealed that the CA4-like of T. squamosa was distinctly separated 282 

from algal CAs (Fig. 1). Additionally, the CA4-like of T. squamosa was grouped closely with 283 

the extracellular CAs (membrane-bound and secreted) of Homo sapiens, particularly with CA4.   284 

As there was a lack of well-characterized extracellular CA sequences from invertebrates, 285 

the CA4-like of T. squamosa was compared with a range of extracellular CAs from selected 286 

species of algae and vertebrates (teleosts, amphibicomns, birds, reptiles and mammals). It 287 

displayed the highest sequence similarity with CA4s (30.3-34.3%; Table 1) and the lowest 288 

similarity with CA6s (15.7-21.8%; Table 1), whereby CA6 is the only known form of secreted 289 

CA. Furthermore, it showed very low percentages of similarity (12.7-27.0%; Table 1) with 290 

CAs of Symbiodinium spp. and algae (11.9-14.1%; Table 1), thus confirming its host origin.  291 

The deduced CA4-like amino acid sequence of T. squamosa was characterized by 292 

aligning it with those of human, mouse, snake and fish obtained from GenBank (Fig. 2). The 293 

three histidine residues involved in coordinating the catalytic Zn2+ ion (His119, His121, His144; 294 

based on the alignment in Fig. 2) and the hydrophobic residues that would bind with CO2 295 

(Val146, Val167, Leu223, Val232, Trp234) were all present in the CA4-like of T. squamosa. 296 

In addition, the Ser287 residue that would function as the point of attachment for the 297 

glycosylphosphatidylinositol (GPI) anchor of CA4 was also conserved (Fig. 2). The proton 298 

shuttle residue, His64, which supposedly contributed to high CO2 hydration efficiency, was 299 

also present in the CA4-like (His91) of T. squamosa. Furthermore, the Gly63 residue, which 300 
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could influence the proton shuttle activity of His64, was conserved in all the CA4 sequences 301 

analysed except for that of Mus musculus, whereby glycine was replaced by glutamine. Out of 302 

the five cysteine residues that form the essential disulfide bonds for enzyme biosynthesis and 303 

localization in the CA4 of H. sapiens, only three (Cys46, Cys228, Cys327) were present in the 304 

CA4-like of T. squamosa. Lastly, the CA4-like of T. squamosa contained three putative N-305 

glycosylation sites (Asn83, Asn154, Asn238; Fig. 2). 306 

Transcript levels of CA4-like, CA2-like, and DDCA in the inner mantle, outer mantle and 307 

ctenidium of T. squamosa 308 

The major CA expressed in the inner mantle of T. squamosa was CA4-like, and its transcript 309 

level was ~3-fold higher than those in the outer mantle and the ctenidium (Table 2). In 310 

comparison, the CA2-like transcript level was the highest in the outer mantle, while the DDCA 311 

transcript level was the highest in the ctenidium.  312 

Cellular and subcellular localization of CA4-like and CA2-like in the inner mantle of T. 313 

squamosa 314 

CA4-like was immunolocalized predominantly in the seawater-facing epithelium of the inner 315 

mantle of T. squamosa, with a notable lack of immunolabeling along the shell-facing 316 

epithelium (Fig. 3). Specifically, CA4-like had an apical localization in the seawater-facing 317 

epithelial cells, and the specificity of the immunolabeling was validated by a peptide 318 

competition assay (Fig. 4). However, the peptide competition assay was unable to remove the 319 

apparent immunostaining of two types of round structure in the loose connective tissue of the 320 

inner mantle. The larger ones could be zooxanthellae that displayed auto-fluorescence in the 321 

red channel, which turned slightly yellowish after overlay with the green channel, and the 322 

smaller ones could represent autofluorescent eosinophilic granulocytes (Monici, 2005), which 323 

are known to be scattered throughout the loose connective tissue of the inner mantle (Norton 324 

and Jones, 1992). 325 
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As the immunostaining of CA2-like in the z-tubule epithelial cells was much stronger 326 

than those of the seawater-facing epithelium in the inner mantle, a concentration of anti-CA2-327 

like antibody higher than that used by Ip et al. (2017b) to stain the former was needed to 328 

demonstrate the immunofluorescence in the latter. Similar to CA4-like, CA2-like 329 

immunostaining was absent from the shell-facing epithelium of the inner mantle (Fig. 5). 330 

However, unlike CA4-like, CA2-like was localized not only in the epithelial cells of the 331 

seawater-facing epithelium but also those of the z-tubules containing the autofluorescent 332 

zooxanthellae, and these cells were over-stained at the concentration of anti-CA2-like antibody 333 

used in this study (Fig. 5). In the seawater-facing epithelial cells, CA2-like appeared to have a 334 

cytoplasmic localization (Fig. 5).  335 

Effects of light exposure on mRNA expression levels and protein abundance of CA4-336 

like/CA4-like in the inner mantle of T. squamosa 337 

Exposure to light for 3, 6 or 12 h had no significant effects on the transcript level of CA4-like 338 

in the inner mantle of T. squamosa (Fig. 6). Western blotting using the custom-made anti-CA4-339 

like antibody revealed a prominent band at ~50 kDa. Despite being slightly higher than the 340 

estimated molecular mass of 38.5 kDa, it was regarded as the band of interest as CA4s are 341 

known to undergo post-translational N-glycosylation (Schwartz et al., 2000). The protein 342 

abundance of CA4-like increased significantly in the inner mantle (Fig. 7) of T. squamosa 343 

exposed to light for 6 and 12 h as compared to the control.  344 

  345 
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Discussion 346 

Molecular characterization of CA4-like from the host in T. squamosa 347 

All α-CAs, including CA4, catalyze the hydration of CO2 through a two-step reaction (Supuran, 348 

2008). This two-step reaction is catalyzed by a unique amphiphilic active site that defines the 349 

catalytic efficiency of the CA (Domsic and McKenna, 2010). The active site comprises a 350 

hydrophobic pocket that binds with the non-polar CO2 (Merz, 1991) and facilitates its reaction 351 

with the highly nucleophilic Zn2+-bound OH− (Alterio et al., 2012). The hydrophobic residues 352 

that bind with CO2, and the histidine residues that bind with Zn2+, were conserved in the CA4-353 

like of T. squamosa (Fig. 2), demonstrating that it is a functional CA.  354 

Unlike other membrane-associated CAs (CA9, CA12, and CA14) that are anchored to 355 

the membrane via a transmembrane segment (Parkkila et al., 2001; Schwartz et al., 2003; 356 

Nagelhus et al., 2005), CA4 attaches to the cell membrane via a GPI anchor (Zhu and Sly, 1990; 357 

Waheed et al., 1992). A prediction of transmembrane helices using the TMHMM server (Krogh 358 

et al., 2001) revealed no transmembrane domain in the CA4-like of T. squamosa, but uncovered 359 

a conserved serine residue (Ser287; Fig. 2) that could act as the GPI anchor (Waheed and Sly, 360 

2015). A mutation of this particular residue is known to inhibit GPI anchoring, causing CA4 to 361 

be degraded rapidly in the endoplasmic reticulum, without being incorporated into the plasma 362 

membrane (Okuyama et al., 1995).  363 

The precursor polypeptide of CA4 from H. sapiens contains five cysteine residues, 364 

Cys24, Cys36, Cys46, Cys228 and Cys305 (Fig. 2). This polypeptide is processed post-365 

translationally in the endoplasmic reticulum, whereby Cys305 is cleaved off together with the 366 

C-terminus and the GPI anchor is attached subsequently (Okuyama et al., 1992). The remaining 367 

four cysteine residues are involved in the formation of two sets of intramolecular disulfide 368 

bonds, one between Cys24 and Cys36, and the other between Cys46 and Cys228 (Waheed et 369 

al., 1996). Only three out of the five cysteine residues were present in the CA4-like of T. 370 



17 
 

squamosa, namely Cys46, Cys229 (corresponding to Cys228 of H. sapiens) and Cys327 371 

(corresponding to Cys305 of H. sapiens). This entails that the mature CA4-like of T. squamosa 372 

would contain only one disulfide bond between Cys46 and Cys229. Mutational and 373 

biochemical studies have demonstrated that the first disulfide bond between Cys24 and Cys36 374 

is not essential to the CA activity, but confers stability to the enzyme in the presence of 375 

denaturants. However, the second disulfide bond between Cys46 and Cys228 of CA4 is crucial 376 

for its biosynthesis, intracellular stability, GPI anchoring, exit from the endoplasmic reticulum, 377 

and attachment onto the cell membrane (Waheed and Sly, 2015). As the CA4-like of T. 378 

squamosa contained the essential residues that form the second disulfide bond, it could 379 

probably retain the normal function and cell surface expression of CA4.  380 

In addition, the His64 residue responsible for the high catalytic activity of CA2 was 381 

conserved in the CA4-like of T. squamosa (as His91; Fig. 2). It has been reported that CA4 382 

from mice and rats are only 10-20% as active as other mammalian CAs (Tamai et al., 1996), a 383 

phenomenon being defined by a residue adjacent to His64, which can influence the efficiency 384 

of proton transfer. While highly active CA4 sequences from rabbit, bovine, and humans contain 385 

a glycine residue at position 63, the less active CA4 from rats and mice contain a bulkier 386 

glutamine residue at the same position (Purkerson and Schwartz, 2005). In fact, a substitution 387 

of Gly63 with Gln63 reduces the activity of CA4 by ~50% in bovines and rabbits (Waheed and 388 

Sly, 2015). As the CA4-like of T. squamosa contained a glycine residue (Gly90) upstream of 389 

its proton shuttle residue (His91; Fig. 2), it could be a highly active enzyme. 390 

The molecular mass CA4-like from T. squamosa and glycosylation 391 

All mammalian CA4s are glycoproteins with variable numbers of N-linked oligosaccharide 392 

chains, except for CA4 from humans, which is not glycosylated (Zhu and Sly, 1990; Waheed 393 

et al., 1992). The CA4 isolated from various regions of the rabbit kidney has an apparent 394 

molecular mass of 46-50 kDa, which was larger than the predicted molecular mass of 34 kDa 395 
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(Schwartz et al., 2000). The CA4 of rabbit contained two N-glycosylation sites and was 396 

therefore extensively glycosylated. Although bands arising from glycosylation typically appear 397 

as a smear due to the varying extents of protein glycosylation, the CA4 from the kidney cortex 398 

of rabbits appeared as a definitive band at 45 kDa (Schwartz et al., 2000). Similarly, the 399 

NetNGlyc server predicted three putative N-glycosylation sites in the CA4-like sequence of T. 400 

squamosa (Gupta et al., 2004). This can explain why the custom-made anti-CA4-like antibody 401 

elucidated a definitive band of ~50 kDa in Western blotting, which was higher than the 402 

estimated molecular mass of 38.5 kDa. 403 

CA4-like is expressed predominantly in the inner mantle of T. squamosa and localized in 404 

the apical membrane of the seawater-facing epithelium  405 

Based on the transcript levels, CA4-like was the major CA expressed in the inner mantle of T. 406 

squamosa among the three CAs examined. In fact, CA4-like was present mainly in the inner 407 

mantle when compared with the outer mantle and ctenidium. Hence, it is logical to deduce that 408 

it may play a role in shell formation, which happens to be the distinct and primary function of 409 

the inner mantle. As CA4-like was not expressed in the shell-facing epithelium of the inner 410 

mantle, it is unlikely to be involved in the transfer of Ci from the hemolymph into the 411 

extrapallial fluid. Specifically, CA4-like was localized in the apical membrane of the seawater-412 

facing epithelium, which is consistent with the fact that both N-glycosylation and GPI-413 

anchoring can act as apical sorting signals in epithelial cells (Brown and Rose, 1992; Scheiffele 414 

et al., 1995). Because CA4 is known to anchor in such a way that its active site is positioned 415 

extracellularly (Shah et al., 2005), the catalytic domain of the apical CA4-like of the seawater-416 

facing epithelium is probably in direct contact with the ambient seawater. As such, CA4-like 417 

is obviously well-positioned to facilitate the absorption of exogenous Ci, and the absorbed Ci 418 

can contribute exclusively to shell formation due to the close proximity of the seawater-facing 419 

epithelium to the shell-facing epithelium and the extrapallial fluid (Fig. 8).   420 
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Among all the membrane-associated CAs, CA4 is the most widely distributed and is 421 

expressed abundantly in kidney, lung and skeletal muscle of humans (Zhu and Sly, 1990; 422 

Okuyama et al., 1995; Schwartz et al., 2000). In terms of enzyme kinetics, CA4 is known to be 423 

as active as CA2 in CO2 hydration, due to the presence of the His64 proton shuttle residue. In 424 

addition, CA4 is three times more active than CA2 in the dehydration of HCO3
− to CO2 (Baird 425 

et al., 1997). In the lung, CA4 is localized in the plasma-facing membrane of capillary 426 

endothelial cells, whereby it catalyzes the dehydration of HCO3
− in the plasma to CO2, which 427 

then diffuse across the capillary wall and be released through exhalation (Zhu and Sly, 1990; 428 

Fleming et al., 1993). Furthermore, CA4 is the main membrane-associated CA in the proximal 429 

convoluted tubules, which participate in HCO3
− reabsorption, of the kidney (Sly et al., 1991). 430 

It is localized in the apical membrane of the epithelial cells surrounding the lumen of the 431 

proximal tubules (Schwartz, 2001), where it accelerates the conversion of luminal HCO3
− to 432 

CO2, facilitating the diffusion of CO2 into the epithelial cells. Inside the epithelial cells, the 433 

absorbed CO2 is rehydrated to HCO3
−, catalysed by the cytosolic CA2, in order to prevent its 434 

back-diffusion. Although the membrane-associated CA activity contributes to only 5% of the 435 

total CA activity in the kidney, its inhibition would lead to a ~90% decrease in the HCO3
− 436 

reabsorption in the proximal convoluted tubules (Lucci et al., 1980, 1983). Likewise, the apical 437 

CA4-like in the seawater-facing epithelium of the inner mantle of T. squamosa might facilitate 438 

the uptake of CO2 by catalysing the conversion of HCO3
− to CO2 in the ambient seawater (Fig. 439 

8), thereby playing a functionally equivalent role like that of CA4 in human kidneys and lungs. 440 

CA4-like could function in collaboration with CA2-like to facilitate Ci uptake in the 441 

seawater-facing epithelium 442 

The ctenidium of T. squamosa possesses a DDCA with two α-CA domains separated by a 443 

transmembrane region, and these two catalytic domains can function collaboratively across the 444 

plasma membrane to facilitate the uptake of exogenous Ci (Koh et al., 2018). Being positioned 445 
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in the external medium, the active site of the first α-CA domain can catalyze the dehydration 446 

of exogenous HCO3
− to CO2 to facilitate CO2 uptake. As the second α-CA domain is located 447 

in the cytoplasm, it can hydrate the absorbed CO2 back to HCO3
− for retention.  448 

Similarly, CA4-like needs to work in collaboration with a cytoplasmic CA, which 449 

would assimilate CO2 into HCO3
− in order to maintain a favourable inwardly directed PCO2 450 

gradient. Using a primary antibody concentration higher than that used by Ip et al. (2017b) to 451 

stain the epithelial cells of the z-tubules of T. squamosa, we were able to demonstrate the 452 

presence of cytoplasmic CA2-like in the seawater-facing epithelial cells, but not the shell-453 

facing epithelium, of the inner mantle. Hence, it can be concluded that the function of DDCA 454 

in the ctenidium is replaced by the combined operation of CA4-like and CA2-like in the 455 

seawater-facing epithelium of the inner mantle (Fig. 8), which could participate in the 456 

absorption of exogenous Ci.  457 

It has been suggested previously that in the outer mantle, HCO3
− is converted to CO2 in 458 

the hemolymph surrounding the z-tubules, which would facilitate the entry of CO2 into the 459 

epithelial cells surrounding the tubular lumen (Ip et al., 2017b). Then, CO2 is rapidly hydrated 460 

to HCO3
−, catalyzed by CA2-like in the cytoplasm of these epithelial cells. The HCO3

− 461 

generated intracellularly can be transported into the lumen of the z-tubule via some kind of 462 

apical HCO3
− transporters yet to be identified. As CA2-like was also expressed strongly in the 463 

epithelial cells of the z-tubules, it probably has two different functions therein. Besides 464 

participating in the uptake of exogenous Ci through the seawater-facing epithelium, it is part of 465 

the host carbon concentration mechanism to deliver Ci to the zooxanthellae residing in the 466 

lumen of the z-tubules in the inner mantle. Nonetheless, the abundance of zooxanthellae present 467 

in the inner mantle is far less than that present in the colorful outer mantle, denoting that the Ci 468 

absorbed through the seawater-facing epithelium could be channelled to support shell 469 

formation in the nearby extrapallial fluid.  470 
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Light enhances the protein abundance of CA4-like in the inner mantle, possibly to 471 

support light-enhanced calcification 472 

Twelve hours of light exposure had no significant effect on the transcript level of CA4-like in 473 

the inner mantle of T. squamosa. This could be attributed to the already high level of gene 474 

expression in individuals that were kept in darkness for 12 h (control). On the other hand, 475 

exposure to light for 6 or 12 h resulted in significant increase in the protein abundance of CA4-476 

like in the inner mantle, indicating that it was regulated mainly through translation. These 477 

results imply that the total activity of CA4-like could be augmented by light, resulting in an 478 

increase in the capacity of HCO3
− dehydration to CO2. The light-enhanced protein abundance 479 

of CA4-like aligns well with light-enhanced shell formation, which requires increases in the 480 

supply of Ca2+ and Ci (probably as HCO3
−) to the extrapallial fluid where calcification occurs. 481 

As a light-dependent phenomenon, it also corroborates well with the light-inducible 482 

mechanism (Plasma Membrane Ca2+-ATPase) of Ca2+ secretion and H+ removal in the shell-483 

facing epithelium of the inner mantle of T. squamosa (Ip et al., 2017a).  484 

Conclusion 485 

Previous reports reveal that the ctentidium of T. squamosa possesses a light-dependent 486 

mechanism of exogenous Ci absorption, consisting of DDCA (Koh et al., 2018), Vacuolar-type 487 

H+-ATPase (VHA; Ip et al., 2018), and NHE3-like transporter (Hiong et al., 2017b). 488 

Furthermore, the irridocytes and the epithelial cells of the zooxanthellal tubules in T. squamosa 489 

have a host-mediated and light-dependent carbon-concentrating mechanism, which comprises 490 

partly CA2-like (Ip et al., 2017b) and VHA (Ip et al., 2018), to facilitate the supply of Ci to its 491 

symbionts. Results from this study indicate that T. squamosa may also possess a light-492 

dependent mechanism of exogenous Ci absorption in the whitish inner mantle, consisting of an 493 

apical CA4-like and a cytoplasmic CA2-like in the seawater-facing epithelium. While the 494 

ctenidium can be the prime site of Ci absorption, it is far away from the extrapallial fluid. In 495 
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comparison, the uptake of Ci catalyzed by the light-enhanced CA4-like in the seawater-facing 496 

epithelium of the inner mantle benefits favorably the calcification process because of its 497 

adjacent positioning with the shell-facing epithelium that participates directly in shell 498 

formation, and the presence of only a small abundance of zooxanthellae inside the inner mantle. 499 

To promote the dehydration of HCO3
− in the external medium, the seawater-facing epithelium 500 

of the inner mantle of T. squamosa also possesses an apical βNHE-like transporter, the 501 

expression of which is light-dependent as well (Y. K. Ip, unpublished results). Overall, there is 502 

an apparent division of labor among the ctenidium-predominant DDCA, the z-tubule-503 

predominant CA2-like (mainly in the colourful outer mantle), and the inner mantle-504 

predominant CA4-like in T. squamosa. Jointly, they supply Ci efficaciously to drive the two 505 

Ci-competing light-enhanced processes of photosynthesis in the symbiotic zooxanthellae and 506 

shell-formation in the host clam.  507 

 508 

  509 
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Table 1. Percentage similarities between the deduced amino acid sequence of Tridacna 

squamosa Carbonic Anhydrase 4-like (CA4-like) and extracellular CA sequences from other 

species obtained from GenBank (accession numbers in brackets).  Sequences are arranged in a 

descending order of similarity. 

Classification Species Similarity (%) 

with CA4-like 

of T. squamosa 

Teleosts Danio rerio Ca4 (XP_003200928.1) 34.3 

 Kryptolebias marmoratus Ca4 (XP_017267969.1) 34.2 

 Danio rerio Ca14 (NP_001315073.1) 23.2 

 Xiphophorus maculatus Ca14 (XP_005810348.2) 23.0 

 Xiphophorus maculatus Ca12 (XP_014323967.1) 16.5 

 Takifugu rubripes Ca6 (XP_011620264.1) 16.0 

Birds Corvus brachyrhynchos CA4 (XP_008629387.1) 33.9 

 Ficedula albicollis CA4 (XP_005056678.1) 33.0 

 Haliaeetus leucocephalus CA14 (XP_010563915.1) 24.8 

 Serinus canaria CA14 (XP_009097471.1) 23.2 

 Amazona aestival CA9 (KQK82879.1) 22.1 

Reptiles Python molurus CA4 (AEA49962.1) 33.2 

 Alligator mississippiensis CA4 (XP_014463544.1) 32.4 

 Chelonia mydas CA4 (XP_007057788.1) 30.7 

 Python bivittatus CA9 (XP_007443656.1) 21.1 

 Alligator mississippiensis CA9 (KYO27544.1) 20.4 

 Pelodiscus sinensis CA6 (XP_006127159.1) 15.7 

Amphibians Xenopus tropicalis Ca4 (XP_002933882.2) 31.3 

 Nanorana parkeri Ca14 (XP_018421558.1) 27.6 

 Xenopus laevis Ca14 (XP_018086939.1) 20.3 

Mammals Equus asinus CA4 (XP_014717774.1) 31.0 

 Homo sapiens CA4 (NP_000708.1) 30.4 

 Homo sapiens CA14 (NP_036245.1) 26.3 

 Eptesicus fuscus CA14 (XP_008154122.1) 25.9 

 Bos mutus CA6 (XP_005892763.1) 21.8 

Molluscs Tridacna squamosa CA2 (MF042362) 23.5 

 Tridacna squamosa DDCA (AAX16122) 17.9 

 Tridacna gigas CA (AAX16122.1) 17.6 

Dinoflagellates Symbiodinium microadriaticum CA2 (OLP95573.1) 27.0 

 Symbiodinium microadriaticum CA (OLP92365.1) 22.1 

 Symbiodinium spp. CA4-like (c-sym-4529) 19.0 

 Symbiodinium microadriaticum CA14 

(OLQ02879.1) 12.7 

Algae Chlamydomonas reinhardtii CA (BAA14232.2) 14.1 

 Dunaliella salina CA (AAO83593.1) 13.4 

 Coccomyxa subellipsoidea C-169 CA (EIE19267.1) 11.9 
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Table 2. Transcript levels (copies per ng total RNA) of Carbonic Anhydrase 4-like (CA4-like), 

CA2-like, and Dual Domain Carbonic Anhydrase (DDCA) in the outer mantle, inner mantle, 

and ctenidium of Tridacna squamosa exposed to light for 12 h. Results represent means ± 

S.E.M (N=4). Means not sharing the same letter are significantly different from each other 

(P<0.05). 

 

Gene Tissue Transcript level 

CA4 Inner mantle 11,363 ± 1,158b 

 Outer mantle 1,956 ± 262a 

 Ctenidium 2,162 ± 139a 

   

CA2-like  Inner mantle 12,715 ± 1,077a 

 Outer mantle 28,369 ± 4,287b 

 Ctenidium 2,376 ± 738a 

   

DDCA Inner mantle 3,228 ± 554a 

 Outer mantle 9,254 ± 831b 

 Ctenidium 24,403 ± 2,758c 
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LEGENDS TO FIGURES 

Fig. 1. A phenogram of the Carbonic Anhydrase 4-like (CA4-like) of Tridacna squamosa with 

all known CAs (Homo sapiens, Tridacna gigas, and several species of algae). The Ca 

of cyanobacteria Nostoc sp. (PCC 7120; accession no. BAB74628.1) was used as 

outgroup. The number located at each branch point represents the bootstrap value 

Fig. 2. A multiple amino acid sequence alignment of the Carbonic Anhydrase 4-like (CA4-

like) of Tridacna squamosa with CA4 sequences from selected vertebrates. The shaded 

residues indicate identical or highly similar amino acids. The residues that coordinate 

the catalytic Zn2+ ion are labelled accordingly. The asterisks indicate the residues that 

form the CO2 binding site. The open star marks the residue that attaches the GPI anchor. 

The histidine residue that allows efficient proton-transfer is indicated by a hash sign, 

and the residue which influences its activity is denoted by an open circle. The black 

triangles symbolise the cysteine residues that form essential disulfide bonds. The open 

block arrows point towards the putative N-glycosylation sites. 

Fig. 3. Immunofluorescence localization of CA4-like in the inner mantle (IM) of Tridacna 

squamosa exposed to 12 h of light under low power magnification. The differential 

interference contrast (DIC) image is overlaid with the red (auto-fluorescence of 

zooxanthellae, ZX) and the green (CA4-like immunostaining) channels to present the 

tissue structure of the IM, where both epithelia (EP) can be seen. Arrowheads denote 

the presence of CA4-like-immunostaining along the apical membranes of the EP facing 

the seawater (SW), but not those of the EP facing the extrapallial fluid (EPF). ZX that 

autofluoresced in the red channel appeared yellowish after being overlaid with the green 

channel. Small green structures could represent autofluorescent eosinophilic 

granulocytes (EG) dispersed in the loose connective tissue (LCT). Reproducible results 

were obtained from three individual clams. Scale bar: 50 µm.  
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Fig. 4. Immunofluorescence localization of CA4-like in the inner mantle (IM) of Tridacna 

squamosa exposed to 12 h of light under high power magnifications. The differential 

interference contrast (DIC) image is overlaid with the blue (DAPI nuclei stain) and the 

red (auto-fluorescence of zooxanthellae, ZX) channels to present the tissue structure of 

the seawater (SW)-facing epithelium (EP) of the IM (A). Arrowheads denote the 

presence of CA4-like-immunostaining (green) on the apical membrane of the epithelial 

cells of the EP facing the SW (B). A composite image of DIC, DAPI, red and green 

channels with an inset of higher power magnification illustrates the apical CA4-like 

immunostaining (C). ZX that autofluoresced in the red channel appeared yellowish after 

being overlaid with the green channel. Small green structures could represent 

autofluorescent eosinophilic granulocytes (EG) dispersed in the loose connective tissue. 

The CA4-like immunostaining by the custom-made anti-CA4-like antibody was 

validated through a peptide competition assay (D). Reproducible results were obtained 

from three individual clams. Scale bar: 20 µm. 

Fig. 5. Immunofluorescence localization of CA2-like in the inner mantle (IM) of Tridacna 

squamosa exposed to 12 h of light at an anti-CA2-like antibody concentration of 2.5 g 

ml-1. The differential interference contrast (DIC) image is overlaid with the red (auto-

fluorescence of zooxanthella) channel to present the tissue structure of the IM, where 

both epithelia (EP) can be seen (A). Arrowheads denote the presence of CA2-like-

immunostaining in the cytoplasm of the epithelial cells of the EP facing the seawater 

(SW) (B). A composite image of DIC, red and green channels indicates fluorescence of 

zooxanthellae and CA2-like immunostaining (C). The cytoplasmic CA2-like 

immunostaining of the SW-facing EP is displayed at a higher magnification (D). EPF; 

extrapallial fluid, HL; hemolymph, LCT; loose connective tissue, ZX; zooxanthellae. 

Scale bars: 50 µm (A–C), 20 µm (D). 
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Fig. 6. The transcript level (104 copies of transcript per ng of total RNA) of the host Carbonic 

Anhydrase 4-like (CA4-like) in the inner mantle of Tridacna squamosa kept in darkness 

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

(N=4).  

Fig. 7. The protein abundance of Carbonic Anhydrase 4-like (CA4-like) in the inner mantle of 

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

12 h. (A) Example of an immunoblot of CA4-like and tubulin. (B) The optical density 

of the CA4-like band for a 100 µg protein load was normalized with respect to that of 

tubulin. Results represent means ± S.E.M (N=3). Means not sharing the same letter are 

significantly different from each other (P<0.05). 

Fig. 8. A proposed scheme on the involvement of Carbonic Anhydrase (CA) 4-like (CA4-like), 

CA2-like, and possibly other transporters in the inner mantle of Tridacna squamosa to 

absorb Ci from ambient seawater. βNHE, β-Na+/H+ exchanger (Y. K. Ip, Personal 

Communication). PMCA, Plasma Membrane Ca2+-ATPase (Ip et al, 2017a). PT?, 

unidentified proton transporter. BT?, unidentified bicarbonate transporter. CO2C?, 

unidentified CO2 channel.   
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Fig. 2
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 A 
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Fig. 8 
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