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Abstract 33 

Giant clams are ecologically- and economically-relevant reef inhabitants that host 34 

photosynthetic dinoflagellates inside tubules located mainly in their colorful outer mantle. This 35 

study examined the effects of exposure to darkness for 30 days and the subsequent 11 days of 36 

recovery under a normal photoperiod on the outer mantle of the fluted giant clam Tridacna 37 

squamosa. Changes in the abundance of iridocytes and symbionts were assessed by 38 

fluorescence microscopy. Light microscopy was applied to quantify symbionts isolated from 39 

the outer mantle, while chlorophyll was extracted and analysed by spectroscopy. The transcript 40 

levels of the host’s vacuolar-type H+-ATPase subunit A (ATP6V1A) and symbionts’ form II 41 

ribulose-1,5-bisphosphate carboxylase/oxygenase (Zoox-rbcII) were determined by 42 

quantitative real-time PCR (qPCR), and used as proxies for iridocyte abundance and 43 

phototrophic potential, respectively. The protein abundance of ATP6V1A and Zoox-RBCII 44 

were quantified by western blotting. After exposure to darkness for 30 days, the outer mantle 45 

of T. squamosa individuals lost the distinct multiple color patterns, and the gene and protein 46 

expression levels of ATP6V1A/ATP6V1A and Zoox-rbcII/Zoox-RBCII decreased 47 

dramatically. Microscopy assessment confirmed the reduction in iridocyte and symbiont 48 

populations, and the chlorophyll level also decreased considerably. However, just 11 days after 49 

returning to a normal light:dark regimen, the quantity of coccoid dinoflagellates and the 50 

expression of Zoox-rbcII/Zoox-RBCII in the outer mantle increased significantly to levels 51 

higher than those of the individuals prior to exposure to darkness (control), while the 52 

chlorophyll content returned to the control level. Additionally, the outer mantle regained most 53 

of its coloration with partial recovery of the iridocyte population. These results are relevant not 54 

only for understanding the phenomena of light deprivation and symbiont loss in dinoflagellate-55 

associated reef organisms, but also signify that the giant clam-coccoid dinoflagellate holobiont 56 

is phototrophically plastic and particularly tolerant to bleaching. 57 
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Introduction 62 

Coral reefs are highly diverse marine ecosystems that harbour approximately 25% of marine 63 

life in less than 1% of the ocean surface area (Knowlton et al. 2010). Although typically found 64 

in oligotrophic tropical seawaters, coral reef ecosystems are highly productive. This is largely 65 

because of several animal taxa engaging in a mutualistic association with Symbiodiniaceae 66 

dinoflagellates (also known as “zooxanthellae”), which are responsible for much of the primary 67 

production in coral reefs (Hatcher 1990). The life cycle of Symbiodiniaceae dinoflagellates 68 

consists of a free-living motile flagellate stage and a symbiotic coccoid stage (Stat et al. 2006). 69 

Upon entry into a host, the motile stage transforms into the coccoid stage and establishes a 70 

mutualistic relationship with the host (Davy et al. 2012). The host provides the symbionts with 71 

a protected environment as well as carbon, nitrogen (N) and phosphorus for photosynthesis and 72 

growth, while the symbionts supply the host with organic compounds, including glucose, 73 

glycerol and amino acids, and aid in waste removal and deposition of calcium carbonate 74 

(Muscatine et al. 1981; Moya et al. 2006). 75 

Scleractinian corals harbour coccoid dinoflagellates intracellularly inside symbiosomes 76 

in the gastrodermal cells (Davy et al. 2012). As the symbionts contain brown light-harvesting 77 

pigments (Jeffrey et al. 1975), healthy coral polyps are generally golden brown in color. Under 78 

thermal stress, the production of cytotoxic reactive oxygen species (ROS) occurs inside the 79 

symbionts’ plastids, as well as in the mitochondria of both symbionts and the host (Lesser 2006; 80 

Wang et al. 2011). The build-up of ROS leads to cellular damage and apoptosis, and the host’s 81 

response is to expel its symbionts in a process known as bleaching (Glynn 1993; Lesser 2006). 82 

After the loss of symbionts and the breakdown of host pigments, the white calcareous skeleton 83 

becomes visible under a translucent layer of soft tissue (Glynn 1993). Additionally, the host 84 

can no longer obtain an adequate supply of photosynthate from the symbionts (Szmant and 85 

Gassman 1990; Leder et al. 1991). Scleractinian corals can recover from bleaching, but 86 
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excessive ROS accumulation and symbiont loss often lead to high mortality. Although mostly 87 

linked with thermal stress, bleaching can also be caused by bacterial infections (Kushmaro et 88 

al. 1996), reduced salinity (van Woesik et al. 1995), high irradiance (Lesser and Shick 1989; 89 

Lesser et al. 1990), and prolonged darkness (DeSalvo et al. 2012; Tolleter et al. 2013). Besides 90 

scleractinian corals, bleaching can affect symbiotic sea anemones (Lesser et al. 1990), 91 

symbiotic sponges (Vicente 1990), and giant clams (Norton et al. 1995; Buck et al. 2002; 92 

Leggat et al. 2003) among others.  93 

Giant clams (Tridacna spp. and Hippopus spp.) are bivalve mollusks that belong to the 94 

Tridacninae subfamily and are found throughout Indo-Pacific reefs. Unlike corals, giant clams 95 

have complex tissues and organs, with a considerable degree of division of labour among them 96 

(Ip and Chew 2021). Furthermore, the clam host harbours coccoid dinoflagellates 97 

extracellularly inside a tubular system, which grows from the digestive tract as a primary tube 98 

and branches into secondary and tertiary tubules to pervade other organs (Norton et al. 1992). 99 

The tertiary tubules contain the majority of the symbionts and are located mainly in the 100 

hypertrophied and colorful outer mantle that is characteristic of giant clams. When illuminated, 101 

the outer mantle can be extended beyond the edge of the valve to receive the irradiance needed 102 

by the symbionts. Under lighting, the symbionts conduct C3 photosynthesis (Streamer et al. 103 

1993) and fix inorganic carbon (Ci) into organic metabolites catalysed by form II ribulose-1,5-104 

bisphosphate carboxylase/oxygenase (RuBisCO) (Rowan et al. 1996; Mayfield et al. 2014; Poo 105 

et al. 2020, 2021). The outer mantle also uniquely contains iridocytes that absorb harmful 106 

ultraviolet radiation and deflect light of wavelength conducive for photosynthesis to the 107 

symbionts (Holt et al. 2014; Ghoshal et al. 2016; Rossbach et al. 2020). Iridocytes also back-108 

reflect light of other wavelengths, engendering multiple color patterns to the outer mantle (Holt 109 

et al. 2014). Therefore, iridocytes are largely responsible for the distinctive coloration of the 110 

outer mantle of giant clams (Griffiths et al. 1992). 111 
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In the fluted giant clam, Tridacna squamosa, coccoid dinoflagellates can be found in 112 

several organs (colorful outer mantle, achromatic inner mantle, foot muscle, hepatopancreas 113 

and ctenidium), with the outer mantle having the highest quantity of symbionts (Poo et al., 114 

2020, 2021). Using the transcript level of Zooxanthellal form II RuBisCO (Zoox-rbcII) as a 115 

molecular indicator, Poo et al. (2020) have demonstrated that the outer mantle of T. squamosa 116 

has the greatest phototrophic potential attributable to its large quantity of symbionts. 117 

Furthermore, illumination leads to significant increases in the protein abundance of Zoox-118 

RBCII in the outer mantle, but not in the other four organs that lack iridocytes and direct light 119 

exposure.  120 

Several bleaching episodes have been reported for giant clams both in the wild and in 121 

land-based aquaculture facilities (Norton et al. 1995; Addessi 2001; Buck et al. 2002; Leggat 122 

et al. 2003; Mies 2019). However, the processes and mechanisms of bleaching and recovery in 123 

giant clams are not well understood, although the general presumption is that they could be 124 

similar to those of scleractinian corals (Leggat et al. 2003; Rouzé and Hédouin 2018; Mies 125 

2019). Furthermore, there is a lack of information on the effects of bleaching on the iridocytes 126 

of the clam host. Therefore, this study was conducted to investigate the dynamics of darkness-127 

induced bleaching on T. squamosa. Specifically, we aimed to assess whether exposure to 128 

darkness for 30 days would lead to changes in the coloration pattern of the outer mantle due to 129 

decreases in the quantities of iridocytes and symbionts. Based on the transcript level of Zoox-130 

rbcII and the protein abundance of Zoox-RBCII (Poo et al. 2020) as well as the chlorophyll 131 

content (Ip et al. 2015), a pioneering attempt was made to confirm that darkness-induced 132 

bleaching would lead to a reduction in the phototrophic potential of the outer mantle of T. 133 

squamosa. We also assessed whether 11 days of recovery under a normal 12:12 h light:dark 134 

regimen would be adequate to return these parameters to the original levels prior to darkness-135 

induced bleaching (day 0 control). Importantly, we aimed to elucidate whether the extracellular 136 
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symbiont population in the recovering individuals could increase to a level higher than that in 137 

the day 0 control in view of the relatively low volume constraint imposed by the host tubular 138 

system as proposed by Ip and Chew (2021).  139 

Coral reefs are socioeconomically important, directly affecting approximately 500 140 

million people worldwide and generating USD 9.8 trillion per year through ecosystem services 141 

that include fisheries, tourism and coastal protection (De Groot et al. 2012; Costanza et al. 142 

2014). Besides contributing to reef growth and habitat complexity (Andréfouët et al. 2013; Neo 143 

et al. 2015), giant clams are also an important fisheries product in multiple Asian and Pacific 144 

countries (Mies et al. 2017). However, coral reefs and their inhabitants are steadily declining 145 

because of global warming, with up to 95% of the reefs likely to perish by 2050 unless CO2 146 

emissions are drastically reduced in the short term (Burke et al. 2011; Hughes et al. 2018). 147 

While scleractinian corals expel degraded symbionts, giant clams can dislodge viable coccoid 148 

dinoflagellates and contribute to the repopulation of bleached Symbiodiniaceae-bearing 149 

animals (Morishima et al. 2019; Umeki et al. 2020). Therefore, results obtained from this study 150 

are expected to enhance our understanding on the bleaching and the subsequent recovery 151 

processes in giant clams, which constitute a different Symbiodiniaceae-associated model 152 

organism, and to offer insights into the conservation of not only giant clams but also 153 

scleractinian corals and other reef organisms. 154 

  155 
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Materials and methods 156 

Experimental setting and conditions  157 

Thirty adult specimens of T. squamosa (330 ± 50 g; mean ± SD) were purchased from 158 

Xanh Tuoi Tropical Fish Ltd, Vietnam. They were received on March 19, 2019 and kept in 159 

three glass tanks (n = 10 clams per tank) that contained recirculating seawater following the 160 

methods of Chew et al. (2020). After one month of acclimatization, they were exposed to 161 

experimental conditions between April 20 and May 31, 2019. Each tank measured 90 cm (L) 162 

× 60 cm (W) × 62 cm (H) and held 330 L of seawater. The artificial seawater was prepared 163 

using Red Sea salt (Red Sea, USA) and the salinity was measured using the Pro30 conductivity 164 

meter (YSI Incorporated, USA). The seawater conditions were kept at a temperature of ~ 26 165 

°C, pH of 8.1–8.3, salinity of 30–32, hardness of 143–179 ppm, calcium of 380–420 ppm, 166 

phosphate of < 0.25 ppm, nitrate and nitrite both at 0 ppm, and total ammonia of < 0.25 ppm. 167 

When the salinity in the tanks increased to 32, half of the seawater in each tank would be 168 

replaced with freshly made seawater that had been aerated for 24 h or more. The light intensity 169 

measured immediately above the giant clam mantle was 120 μmol photons m−2 s−1, which 170 

mimicked the irradiance received by T. squamosa in its natural habitat at a depth of ~ 20 m 171 

(Jantzen et al. 2008). The photoperiod was kept at a regular 12:12 h light:dark regimen. No 172 

food supplement was provided to the giant clams during the one month of acclimation or during 173 

the experiment. Research on giant clams was exempted from approval by the Nanyang 174 

Technological University Institutional Animal Care and Use Committee.  175 

Prior to the exposure to constant darkness, four individuals (n = 4) were killed for the 176 

sampling of outer mantle tissues at the end of a 12-hour darkness period to serve as controls. 177 

Giant clams are known to display light-enhanced physiological phenomena and express 178 

transporters/enzymes that can be upregulated under light (Ip and Chew 2021), including Zoox-179 

RBCII (Poo et al. 2020, 2021). Hence, it was important to standardize the collection of tissue 180 
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samples at the end of the 12 h dark period, so that valid comparisons could be made among the 181 

control clams, the clams exposed to constant darkness, and the clams recovering from darkness 182 

in a normal 12:12 h light:dark regimen. After being anaesthetized with 0.2% phenoxyethanol, 183 

the valves of individual giant clams were forced open to sever the adductor muscles. Then, the 184 

two lateral outer mantles (left or right) were excised entirely, freeze-clamped with aluminum 185 

tongs in liquid nitrogen, and stored at -80 °C. Subsequently, the entire outer mantle (left or 186 

right) was pounded to a powder in liquid nitrogen using a mortar and pestle. Portions of the 187 

pounded sample were then weighed and utilized for various analyses. In addition, small 188 

amounts of tissue (~ 0.2 g) were collected consistently from the middle region of one side of 189 

the outer mantle and immersed in fixative for microscopy. 190 

Twenty-six clams were exposed to continuous darkness, whereby all sources of light in 191 

the room were turned off and the glass tanks were covered by black plastic bags. After 10, 20 192 

and 30 days of exposure to constant darkness, four clams (n = 4) were killed at the end of the 193 

12-hour darkness period for tissue collection. A period of 30 days of darkness was chosen to 194 

avoid the complete removal of coccoid dinoflagellates in order to facilitate the investigation of 195 

the subsequent recovery from possible darkness-induced bleaching. Two clams died during the 196 

30-day period of exposure to darkness. The remaining clams were allowed to recover under a 197 

12:12 h light:dark regimen without food supplement. After 1, 5 and 11 days of recovery, four 198 

clams (n = 4) were killed at the end of the 12-h darkness period for tissue sampling as 199 

mentioned above. 200 

Assessment of iridocytes and symbiont populations by immunofluorescence microscopy 201 

It was expected that prolonged darkness could produce a significant reduction in both 202 

symbionts and iridocytes, thus likely affecting the overall mantle coloration. Based on Ip et al. 203 

(2018), vacuolar-type H+-ATPase subunit A (ATP6V1A) was used as a molecular marker to 204 

identify iridocytes in the outer mantle of T. squamosa by immunofluorescence microscopy. It 205 
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was assumed that all iridocytes expressed ATP6V1A and could therefore be identified by the 206 

anti-ATP6V1A antibody designed by Ip et al. (2018). Plastids of coccoid dinoflagellates 207 

display strong red auto-fluorescence and can therefore be easily identified under ultra-violet 208 

and blue light excitation (Krause and Weis 1991). 209 

The tissue samples excised from the central region of the outer mantle of T. squamosa 210 

were fixed with 3.7% paraformaldehyde in seawater for 18 h, then underwent a gradation of 211 

dehydration by ethanol starting with 18 h of dehydration in 70% ethanol at 4 °C. The fixed 212 

sample was treated with Histoclear (Sigma-Aldrich Co., USA), and embedded in paraplast 213 

(Sigma-Aldrich Co.). Sections (5 µm) were produced using a Leitz 1512 rotary microtome 214 

(Leica Biosystems, Germany) and collected on slides. For antigen retrieval, deparaffinized 215 

sections were treated with heated solution of 0.05% citraconic anhydride (Nacalai Tesque, 216 

Japan) at pH 7.4 for 5 min, followed with a 10 min incubation in 1% sodium dodecyl sulfate 217 

(SDS) solution at room temperature. The section was blocked with 1% bovine serum albumin 218 

in Tween phosphate-buffered saline (TPBS), which contained Tween 20 (0.05%) in phosphate-219 

buffered saline (10 mmol L-1 Na2HPO4, 1.8 mmol L-1 KH2PO4, 137 mmol L-1 NaCl, and 2.7 220 

mmol L-1 KCl, at pH of 7.4) for 20 min. The blocked section was incubated with the anti-221 

ATP6V1A-like antibody (1.75 µg mL-1; Ip et al. 2018) for 1 h in a humid chamber. The 222 

polyclonal anti-ATP6V1A antibody adopted in this study was designed against residues 127-223 

140 (INTPALDRSKQWEF) of the ATP6V1A of T. squamosa (Ip et al. 2018), and generated 224 

by GenScript (USA). The section was then incubated for another 1 h at 37 oC with 2.5 µg mL-225 

1 of Alexa Fluor 488 conjugated to goat anti-rabbit IgG (Life Technologies Corporation, USA) 226 

in TPBS. After washing with TPBS, the section was stained for nuclei using the fluorescing 227 

DNA stain, 4′,6-diamidino-2-phenylindole (DAPI). Finally, the section was mounted in 228 

Prolong Gold antifade reagent (Thermo Fisher Scientific Inc., USA) before viewing under the 229 

microscope.  230 
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Mounted sections were examined by an Olympus BX60 epifluorescence microscope 231 

equipped with a Differential Interference Contrast (DIC) slider (Olympus U-DICT), as well as 232 

corresponding filter sets (Olympus U-MWU, U-MWIG and U-MNIBA) and various objectives. 233 

Digital images were recorded using an Olympus DP73 camera (Olympus Corporation, Japan) 234 

fitted to the microscope. ATP6V1A immunostaining in green was visualized using the U-235 

MNIBA band pass filter (emission at 515-550 nm). The autofluorescence (in red) of the plastids 236 

of coccoid dinoflagellates in the outer mantle was captured using the U-MWIG band pass filter 237 

(emission at 580 nm). DIC images were taken to visualize the tissue structure. All images were 238 

processed using the cellSens Standard v1.15 software (Olympus Corporation, Japan) and 239 

prepared using the Adobe Photoshop CC (Adobe Systems, USA).  240 

Quantification of symbiont cells and chlorophyll concentration 241 

The exact mass of the pounded outer mantle sample (0.1-0.15 g) was recorded, and then 242 

homogenized at 1500 Hz for 2 min in 1 mL of phosphate-buffered saline (PBS) together with 243 

two metal beads (2.4 mm; Scientific Industries Inc., USA) using a MiniG® automated tissue 244 

homogenizer and cell lyser (SPEX SamplePrep, USA). Preliminary results obtained using this 245 

procedure demonstrated that the host tissue was homogenized but the symbiont cells remained 246 

intact. The homogenate was diluted 200-fold with PBS and mixed thoroughly. An aliquot (2 247 

µL) of the diluted homogenate was applied to a glass slide and examined under an Olympus 248 

BX60 epifluorescence microscope equipped with the Olympus U-MWIG Interference Green 249 

Fluorescence Filter (excitation wavelengths: 520–550 nm; emission wavelengths: 580–800 nm) 250 

to capture the autofluorescence (in red) of the plastids of coccoid dinoflagellates. The total 251 

number of coccoid dinoflagellates in 2 µL was recorded. The counting of dinoflagellates was 252 

repeated four more times for the same sample to obtain a mean number. The variation between 253 

counts for the same sample was < 5%. Results were calculated taking into consideration the 254 

dilution factors, and represented as number of dinoflagellates per gram of outer mantle. 255 
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Chlorophyll was extracted by incubating samples of the outer mantle in 1.5 mL of cold 256 

acetone for 24 h at 4 °C in the dark. Total chlorophyll and chlorophyll-a concentrations 257 

(expressed as µg per g of outer mantle) were quantified using a Shimadzu UV-160A 258 

spectrophotometer (Shimadzu Corporation, Japan) at 630 and 663 nm, respectively (Jeffery 259 

and Humphrey 1975).  260 

Quantification of the transcript levels of ATP6V1A and Zoox-rbcII in the outer mantle 261 

The transcript levels of ATP6V1A and Zoox-rbcII (as markers for iridocytes and phototrophic 262 

potential, respectively) in the outer mantle of T. squamosa were quantified by quantitative real-263 

time PCR (qPCR). The frozen samples were powdered in liquid nitrogen using a mortar and 264 

pestle. To extract the total RNA, a small portion of the powdered sample was homogenized in 265 

1 mL of TRI Reagent® (Sigma-Aldrich Co.) containing 0.42 – 0.60 mm glass beads. The 266 

extracted RNA was purified using the PureLinkTM RNA Mini Kit (Invitrogen, USA), and 267 

quantified using a Shimadzu BioSpec-nano spectrophotometer (Shimadzu Corporation, Japan). 268 

The purified RNA was then reverse-transcribed into cDNA using a RevertAid™ first strand 269 

cDNA synthesis kit (Thermo Fisher Scientific Inc.). 270 

The transcript level of ATP6V1A in the outer mantle was quantified using the qPCR 271 

primer set (5’-GCCAGTACGATCAATGAGACC-3’ and 5’-272 

TTACCACAACCAAATGCTCCA-3’, forward and reverse, respectively) as mentioned in Ip 273 

et al. (2018). For Zoox-rbcII, the transcript level was quantified using the genera-274 

comprehensive primer set (5’-CAGTTCTTGCACTACCACCG-3’ and 5’-275 

CATCTTGCCGAAGCTCATGG-3’, forward and reverse, respectively) as mentioned in Poo 276 

et al. (2020). Absolute quantification of transcripts was determined using a StepOnePlus 277 

Real-Time PCR System (Applied Biosystems, USA) following the procedures in Hiong et al. 278 

(2017a). The total volume of the qPCR medium was 10 µL, which contained 5 µL of qPCRBIO 279 

SyGreen Mix Hi-ROX (PCR Biosystems Inc., USA), 0.3 µmol L-1 each of the forward and 280 
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reverse primers, and various quantities of cDNA from the outer mantle or plasmid standards 281 

(for standard curves construction). Each cycling condition consisted of an initial 20 s 282 

denaturation and enzyme activation at 95 °C, 40 cycles of 95 °C for 3 s and 60 °C for 30 s. The 283 

amplification efficiencies of the primer sets for ATP6V1A and Zoox-rbcII were 94.4%, and 284 

95.2%, respectively. The quantity of ATP6V1A or Zoox-rbcII transcripts in a sample was 285 

calculated based on the corresponding standard curve constructed according to the method of 286 

Hiong et al. (2017b), and expressed as number of copies per ng of total RNA or number of 287 

copies per g of outer mantle. Notably, it was essential to verify whether prolonged darkness 288 

would lead to changes in the total RNA in the outer mantle, as such changes, if occurred, would 289 

define how the transcript level of Zoox-rbcII should be reported. 290 

The transcript levels of Symb-rbcII, Clad-rbcII and Duru-rbcII derived from 291 

Symbiodinium, Cladoporium and Durusdinium, respectively, were used as proxies to estimate 292 

the proportion of these three genera of Symbiodineaceae dinoflagellates in the outer mantle of 293 

T. squamosa individuals. We adopted the three genus-specific qPCR primer sets designed and 294 

validated by Poo et al. (2021) for Symb-rbcII (5’-TGTCGCATTCTGGGCAAGG-3’ and 5’-295 

AGGTCTCGCTGAATGGCTT-3’; forward and reverse, respectively), Clad-rbcII (5’-296 

AGATGAAGATCGCATATCCTACCC-3’ and 5’-GGAAGGACCATCATACAGCCTG-3’; 297 

forward and reverse, respectively), and Duru-rbcII (5’-CGCCATGATGTGCTCTTTCT-3’ 298 

and 5’-CGGTCCATCGTAGAGCCTT-3’; forward and reverse, respectively). Their 299 

amplification efficiencies were 86.1%, 100.7%, and 93.3%, respectively. 300 

Quantification of ATP6V1A and Zoox-RBCII protein abundance by western blotting 301 

The polyclonal anti-ATP6V1A antibody against residues 127-140 (INTPALDRSKQWEF) of 302 

ATP6V1A of T. squamosa (Ip et al. 2018) was used to immuno-label ATP6V1A. A rabbit 303 

polyclonal anti-Zoox-RBCII antibody based on the epitope ALDQSSRYADLSLD that could 304 

react comprehensively with the RBCII sequences from all Symbiodinium, Cladocopium and 305 
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Durusdinium phylotypes found in T. squamosa was used for immunoblotting (Poo et al. 2020). 306 

The anti-α-tubulin antibody (12G10) used for immunoblotting of the reference protein (α-307 

tubulin) was obtained from the Developmental Studies Hybridoma Bank (Department of 308 

Biological Sciences, University of Iowa, USA).  309 

Proteins were extracted from tissue of the outer mantle of T. squamosa according to the 310 

method of Hiong et al. (2017b). The extracted protein sample (20 µg) was heated at 95°C for 311 

5 min before separation by 10% SDS-PAGE electrophoresis. After electrophoresis, proteins 312 

were transferred onto nitrocellulose membranes. Western blotting was then conducted using 313 

Pierce Fast Western Blot kit, SuperSignal® West Pico Substrate (Thermo Fisher Scientific 314 

Inc.). The membrane was incubated with the anti-ATP6V1A antibody (0.72 µg mL-1), anti-315 

RBCII antibody (0.5 µg mL-1) or anti-α-tubulin antibody (0.05 µg mL-1) in the Fast Western 316 

Antibody Diluent. Bands were visualized via chemiluminescence using ChemiDocTM Imaging 317 

Systems (Bio-Rad Laboratories, USA). The optical density of the bands was estimated using 318 

ImageJ (version 1.50, NIH) after calibration with a 21-step reflection scanner scale (1” × 8”; 319 

Stouffer #R2110; Stouffer Industries Inc., USA). The protein abundance of ATP6V1A and 320 

Zoox-RBCII were presented as the optical density of the ATP6V1A or Zoox-RBCII band 321 

normalized with that of the α-tubulin band. Additionally, it was essential to verify whether 322 

prolonged darkness would lead to changes in the protein contents in the outer mantle, as such 323 

changes, if occurred, would define how the protein abundance of Zoox-RBCII should be 324 

reported. 325 

Statistical analyses 326 

To analyse differences in (i) symbiont quantity, (ii) chlorophyll content, (iii) transcript levels 327 

of ATP6V1A or Zoox-rbcII, or (iv) protein abundance of ATP6V1A or Zoox-RBCII among 328 

control clams, clams exposed to various periods of darkness and clams allowed to recover in a 329 

normal light:dark regimen, a Levene’s test was first used to assess the homogeneity of variance 330 
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among data. For data with equal variance, one-way analysis of variance (ANOVA) was 331 

conducted followed with a Tukey’s HSD test to evaluate the differences among the means of 332 

multiple experimental groups. For data that did not fulfil the assumption of equal variance, the 333 

differences among the means of these experimental groups were analyzed using Dunnett’s T3 334 

test. Statistical significance was considered at a p-value of < 0.05. All statistical analyses were 335 

performed using the SPSS Statistics v20 software (IBM Corporation, USA) and all results are 336 

presented as means + SEM.   337 
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Results 338 

Effects of exposure to darkness and recovery on the coloration of the outer mantle  339 

As compared with the control kept at a 12:12 h light:dark regimen at the start of the experiment 340 

(day 0; Fig. 1A), the outer mantle of T. squamosa exposed to 30 days of darkness lost the 341 

distinct coloration, indicating some changes in the iridocyte abundance could have occurred 342 

(Fig. 1B). The outer mantle of the individuals exposed to darkness was only light brown, 343 

denoting a possible reduction in the quantity of coccoid dinoflagellates (Fig. 1B). After 11 days 344 

of recovery, the outer mantle regained most of its coloration and the brownish hue became 345 

darker, indicating possible regeneration of host iridocytes and restoration of the symbiont 346 

population (Fig. 1C). During the 30 days of exposure to darkness, one clam died on day 18 and 347 

another on day 25 of exposure for unclear reasons. The remaining clams displayed normal 348 

behaviour and aspect. 349 

The abundance of iridocytes and the gene and protein expression levels of 350 

ATP6V1A/ATP6V1A 351 

Using the anti-ATP6V1A antibody as a marker of iridocytes, immunofluorescence microscopy 352 

revealed a drastic decrease in the iridocyte population in the outer mantle of T. squamosa 353 

exposed to darkness for 30 days (Fig. 1E) when compared with the control (Fig. 1D). However, 354 

recovery was considerable after 11 days of exposure to the normal 12:12 h light:dark regimen 355 

(Fig. 1F). 356 

The transcript level of ATP6V1A in the outer mantle of T. squamosa, when expressed 357 

as per ng of RNA, appeared unchanged after 30 days of exposure to darkness as compared to 358 

the control (Fig. 2A). Of note, exposure to darkness for 30 days also led to a significant decrease 359 

in the total RNA content per g of outer mantle tissue (Fig. 2B). Hence, total RNA could not be 360 

an appropriate reference due to the profound effects of prolonged exposure to darkness. 361 

Nonetheless, after factoring in changes in the total RNA content, the transcript level of 362 
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ATP6V1A, when expressed as copy of transcript per g of outer mantle, remained statistically 363 

unchanged between control individuals, individuals exposed to darkness for 30 days and 364 

individuals that underwent 11 days of recovery (Fig. 2C). Superficially, these results appeared 365 

to contradict those obtained through immunofluorescence microscopy, but the regulation of 366 

expression could be at the translational level.  367 

In comparison, exposure of T. squamosa to the various experimental conditions in this 368 

study did not affect the abundance of the reference protein (α-tubulin) and the protein content 369 

of the outer mantle (Fig. 3B). Hence, it was appropriate to express the protein abundance by 370 

the traditional way of normalizing the optical density of the ATP6V1A with that of α-tubulin 371 

(Fig. 3C). Indeed, in corroboration with the results obtained through immunofluorescence 372 

microscopy, exposure of T. squamosa to darkness for 30 days led to a significant decrease (to 373 

32% of the control value) in the protein abundance of ATP6V1A in the outer mantle (Fig. 3C). 374 

Furthermore, there was a partial restoration of the abundance of ATP6V1A (to 60% of the 375 

control value) after 11 days of recovery (Fig. 3C).  376 

The quantity of symbionts and the chlorophyll content 377 

The brown color of the symbionts in the outer mantle of the control individuals was masked 378 

by the color pattern generated by the iridocytes (Fig. 1A). Therefore, fluorescence microscopy 379 

(Fig. 1E) and cell counting (Fig. 4) were needed to confirm whether a reduction in the quantity 380 

of coccoid dinoflagellates had indeed occurred in individuals exposed to darkness as compared 381 

with the day 0 control. Based on the auto-fluorescence of plastids, the population size of 382 

symbionts decreased drastically in the outer mantle of T. squamosa after 30 days of exposure 383 

to darkness (Fig. 1E). However, it displayed some degrees of restoration after 11 days of 384 

recovery (Fig. 1F). There was also an apparent decrease in the intensity of the plastid auto-385 

fluorescence in the surviving symbionts in clams exposed to darkness for 30 days (Fig. 1E). 386 

Direct counting of symbionts present in lightly homogenized outer mantle samples confirmed 387 
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that the quantity of symbionts, expressed as cells per g of outer mantle, decreased significantly 388 

(~ 65%) in individuals exposed to darkness for 30 days, but it recovered after 5 days (Fig. 4). 389 

After 11 days of recovery, the quantity of coccoid dinoflagellates in the outer mantle increased 390 

unexpectedly to a level significantly higher (~ 1.5 fold) than that of the day 0 control (Fig. 4). 391 

The contents of total chlorophyll (Fig. 5A) and chlorophyll-a (Fig. 5B) decreased significantly 392 

in the outer mantle of T. squamosa exposed to darkness for 30 days as compared with the day 393 

0 control, but it returned to the control level after 11 days of recovery. 394 

Gene and protein expression levels of Zoox-rbcII/Zoox-RBCII  395 

The transcript level of Zoox-rbcII in the outer mantle of T. squamosa, when expressed as per 396 

ng of RNA, appeared to be unchanged during 30 days of exposure to darkness when compared 397 

to the control (Fig. 6A). However, total RNA could not be an appropriate reference because 398 

exposure to darkness for 30 days also led to a significant decrease in the total RNA content per 399 

g of outer mantle tissue (Fig. 2B). After factoring in changes in the total RNA content, the 400 

transcript level of Zoox-rbcII expressed as copies of transcript per g of outer mantle actually 401 

decreased significantly after 30 days of exposure to darkness (Fig. 6B). On the other hand, 11 402 

days of recovery led to a significant increase in the total RNA content per g of outer mantle 403 

tissue as compared with the control (Fig. 2B). Hence, it was important to factor in this change 404 

when evaluating the effects of recovery on the transcript level of Zoox-rbcII. When expressed 405 

as copies of transcript per g of outer mantle, the transcript level of Zoox-rbcII, in individuals 406 

that had recovered for 11 days was significantly higher (~ 2-fold) than that in the day 0 control 407 

(Fig. 6B).  408 

The protein abundance of Zoox-RBCII decreased significantly to a level almost 409 

undetectable in the outer mantle of T. squamosa exposed to darkness for 30 days (Fig. 7A, B). 410 

However, it increased significantly after 11 days of recovery to a level that was ~ 2-fold higher 411 

than that in the day 0 control (Fig. 7B). 412 
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Proportion of transcript levels of Symb-rbcII, Clad-rbcII and Duru-rbcII 413 

The transcript level of Duru-rbcII (Fig. 8C) was markedly higher than those of Symb-rbcII (Fig. 414 

8A) and Clad-rbcII (Fig. 8B) in the outer mantle of T. squamosa individuals obtained from 415 

Vietnam, denoting Durusdinium as the major genus of dinoflagellate present. For the outer 416 

mantle sampled on day 0 (control), the proportions (mean ± SEM) of Symb-rbcII, Clad-rbcII, 417 

and Duru-rbcII transcripts were 1.73 ± 0.59%, 0.95 ± 0.05%, and 97.3 ± 0.6%, respectively. 418 

After exposure to darkness for 30 days, the transcript levels of Clad-rbcII (Fig. 8B) decreased 419 

significantly as compared with the control, whereas the apparent decreases in the transcript 420 

levels Symb-rbcII (Fig. 8A) and Duru-rbcII (Fig. 8C) were statistically insignificant, possibly 421 

due to the small sample size. The proportions (mean ± SEM) of Symb-rbcII, Clad-rbcII, and 422 

Duru-rbcII transcripts in the outer mantle of these darkness-exposed individuals were 1.74 ± 423 

0.27%, 1.08 ± 0.17%, and 97.8 ± 0.4%, respectively. After 11 days of recovery under a normal 424 

light:dark regimen, the transcripts of Clad-rbcII (Fig. 8B) and Duru-rbcII (Fig. 8C) increased 425 

to levels significantly higher than those of the control, whereas the Symb-rbcII transcript level 426 

remained statistically unchanged despite an apparent upregulation (Fig. 8A). The proportions 427 

(mean ± SEM) of Symb-rbcII, Clad-rbcII, and Duru-rbcII transcripts in the outer mantle of 428 

these recovering individuals were 1.73 ± 0.24%, 1.51 ± 0.29%, and 96.8 ± 0.2%, respectively. 429 

 430 

  431 
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Discussion 432 

Bleaching generally refers to (1) a reduction or complete loss of symbionts in the host tissues, 433 

(2) a depletion of symbionts’ pigments, and/or (3) an inhibition of pigment synthesis in the 434 

symbionts (Glynn 1993; Douglas 2003). The investigation of darkness-induced bleaching is 435 

critical for the understanding of core mechanisms and processes surrounding symbiont loss 436 

(DeSalvo et al. 2012). We investigated whether exposure to darkness for 30 days would reduce 437 

the quantities of iridocytes and symbionts, as well as the chlorophyll content and phototrophic 438 

potential, in the outer mantle of T. squamosa. Our findings show that the iridocyte population 439 

reduced dramatically, and the outer mantle became considerably paler. Symbiont quantity and 440 

chlorophyll content also reduced significantly, but were not completely lost. On the other hand, 441 

the protein abundance of Zoox-RBCII, which reflects the phototrophic potential, was reduced 442 

to an undetectable level. However, after 11 days of recovery under a normal light:dark regimen, 443 

all of these parameters returned to levels that were comparable with or higher than those of the 444 

controls prior to darkness-induced bleaching. 445 

Discoloration of the outer mantle and reduction in iridocyte abundance  446 

Unlike scleractinian corals, the fleshy outer mantles of healthy giant clams are sparkly colorful 447 

despite containing a large population of golden-brown coccoid dinoflagellates (Fig. 1A). The 448 

distinctive color patterns of the outer mantle is attributed to the host iridocytes with a minor 449 

contribution from the host pigments (Griffiths et al. 1992; Holt et al. 2014). Our results are 450 

novel in demonstrating that the exposure of T. squamosa to darkness for 30 days leads to the 451 

discoloration of the outer mantle, leaving behind a light brownish tone (Fig. 1B). Results of 452 

immunofluorescence microscopy (Fig. 1E) and Western blotting (Fig. 3) using ATP6V1A as 453 

the molecular marker (Ip et al. 2018) support the notion that a substantial decrease in the 454 

population of iridocytes has occurred in the discolored outer mantle of individuals exposed to 455 

darkness for 30 days as compared with the day 0 control. During in situ bleaching episodes 456 
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caused mainly by elevated ocean temperatures, the outer mantle of giant clams becomes pale 457 

white (Leggat et al. 2003), indicating the loss of both iridocytes and coccoid dinoflagellates. 458 

Hence, the disappearance of iridocytes is likely a fundamental feature of giant clam bleaching. 459 

However, whether it could be regarded as a primary response to the adverse environmental 460 

conditions or as a secondary response to the loss of coccoid dinoflagellates is unclear at present. 461 

Additionally, it is uncertain whether the speed of iridocyte loss would be different between 462 

temperature- and darkness-induced bleaching. 463 

Loss of symbionts and reduction in phototrophic potential based on chlorophyll content 464 

and Zoox-rbcII/Zoox-RBCII expression levels 465 

The quantity of symbiont cells decreased significantly (~ 65%) in the outer mantle of T. 466 

squamosa after exposure to darkness for 30 days (Fig.4). Darkness-induced bleaching also 467 

promotes oxidative stress in scleractinian corals (DeSalvo et al. 2012), which is the presumable 468 

cause for symbiont exocytosis (Lesser 2006). However, ROS production in darkness, if taken 469 

place in scleractinian corals and giant clams, is probably associated with non-photosynthetic 470 

processes (Tolleter et al. 2013), such as nitric oxide accumulation (Perez and Weis 2006), 471 

and/or immune reactions involving tumor necrosis factor receptors (Barshis et al. 2013). Under 472 

normal conditions, giant clams are known to remove degenerate symbionts and digest them 473 

intracellularly through amoebocytes in the hemolymph and the hepatopancreas, presumably 474 

for nutritional purposes (Fankboner 1971). They can also expel photosynthetically functional 475 

and viable symbionts to the external medium (Fitt et al. 1986; Maruyama and Heslinga 1997; 476 

Morishima et al. 2019; Umeki et al. 2020). Whether these two processes were involved in 477 

reducing the symbiont population in the outer mantle of T. squamosa exposed to prolonged 478 

darkness is uncertain at present. Nevertheless, no phototrophic activity could occur in the T. 479 

squamosa-dinoflagellate holobiont during 30 days of exposure to darkness. Therefore, the 480 

consequential shortage of organic nutrients could impede the growth and reproduction of the 481 



22 
 

symbionts, leading to a reduction in the symbiont population. An expected corollary of being 482 

non-phototrophic is that the clam host must depend on filter feeding for survival (Klumpp and 483 

Griffiths 1994). However, individuals of T. squamosa were not provided with food supplement 484 

in this study, and hence they must survive on internal reserves during prolonged exposure to 485 

darkness. Furthermore, the host must supply organic nutrients to the surviving symbionts, 486 

which can be mixotrophic (Jeong et al. 2012) and necessarily become heterotrophic in 487 

prolonged darkness. 488 

While symbionts of T. squamosa could not conduct photosynthesis in darkness, a novel 489 

attempt was made to examine whether darkness-induced bleaching would lead to a reduction 490 

in the phototrophic potential of its outer mantle based on the chlorophyll content and the 491 

expression levels of Zoox-rbcII/Zoox-RBCII (Ip et al. 2015; Poo et al. 2020). There was an 492 

apparent decrease in the intensity of auto-fluorescence by the surviving coccoid dinoflagellates 493 

in the outer mantle of T. squamosa after exposure to darkness for 30 days (Fig. 1E). A major 494 

pigment contributing to plastid auto-fluorescence is chlorophyll (Krause and Weis 1991), and 495 

indeed exposure to darkness for 30 days led to significant decreases in the contents of total 496 

chlorophyll and chlorophyll-a in the outer mantle (Fig. 5). Exposure to darkness also led to 497 

significant decreases in the transcript level of Zoox-rbcII and the protein abundance of Zoox-498 

RBCII in the outer mantle (Fig. 6, 7). Taken together, it can be concluded that a reduction in 499 

phototrophic potential, related primarily to a decrease in the quantity of symbionts (Fig. 4), had 500 

occurred in the outer mantle of T. squamosa. As the protein abundance of Zoox-RBCII in the 501 

outer mantle decreased to an almost undetectable level, it can be deduced that a substantial 502 

decrease in the phototrophic potential had occurred in the surviving coccoid dinoflagellates (~ 503 

35%) in the outer mantle of T. squamosa during darkness-induced bleaching.  504 

It has been postulated that typical coral bleaching (i.e., under elevated temperature and 505 

irradiance) may damage RuBisCO and impede the consumption of ATP and NADPH provided 506 
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by the light reaction (Jones et al. 1998; Lesser 2006). This would lead to the build-up of 507 

excitation energy, resulting in the dysfunction of photosystem II, symbiont degeneration, and 508 

exocytosis (Jones et al. 1998). While exposure of T. squamosa to darkness could also result in 509 

a decreased capacity to consume ATP and NADPH due to lower protein abundance of 510 

RuBisCO, the loss of symbionts could not be related to the build-up of excitation energy 511 

because of the impediment of the light reaction. Furthermore, the typical oxidative theory of 512 

bleaching in scleractinian corals (Glynn 1993; Lesser 2006) may not be applicable to darkness-513 

induced bleaching in T. squamosa because of two reasons. Firstly, light-enhanced generation 514 

of ROS could not occur in constant darkness. Secondly, T. squamosa harbors coccoid 515 

dinoflagellates extracellularly inside a tubular system, and any spillage of ROS from the 516 

symbionts would not directly affect the host cells as in the case of scleractinian corals (Chew 517 

et al. 2020; Ip and Chew 2021).  518 

Recovery leads to more symbionts and higher phototrophic potential  519 

On day 11 of recovery under a normal photoperiod, the quantity of symbionts in the outer 520 

mantle of T. squamosa reached a level significantly higher than that of the day 0 control (Fig. 521 

4). While scleractinian corals harbor coccoid dinoflagellates inside intracellular symbiosomes 522 

(Davy et al. 2012), giant clams host their extracellular symbionts inside a fluid-filled tubular 523 

system (Norton et al. 1992). Therefore, the volume constraint imposed on the population of the 524 

extracellular symbionts inside the tubular system of giant clams could presumably be less 525 

critical than that on the symbionts living intracellularly inside symbiosomes of scleractinian 526 

corals (Ip and Chew 2021).  527 

Importantly, our findings show that the gene and protein expression of Zoox-528 

rbcII/Zoox-RBCII in the outer mantle of T. squamosa increased significantly after 11 days of 529 

recovery to levels that were ~ 2-fold higher than those of the day 0 control (Fig. 6B, 7B). These 530 

increases were apparently greater than the increase of ~ 1.5 fold in the quantity of symbionts 531 
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in the recovering individuals, indicating a possible augmentation in the phototrophic potential 532 

of individual coccoid dinoflagellates (Fig. 4). The above-control expression levels of Zoox-533 

rbcII/Zoox-RBCII per symbiont after recovery could be related to the critical and urgent post-534 

stress need of photosynthate by both the symbionts and the host. Importantly, these novel 535 

results demonstrate the plasticity of the phototrophic potential of the coccoid dinoflagellates in 536 

the outer mantle of T. squamosa. Unlike the protein abundance of Zoox-RBCII, the chlorophyll 537 

content in the outer mantle of individuals recovered for 11 days was comparable to that of the 538 

day 0 control. Hence, it can be deduced that the newly generated symbionts could have 539 

channelled more resources into the production of RBCII than the production of chlorophyll at 540 

this critical stage of recovery from bleaching.  541 

Symbiodiniaceae phylotypes display remarkable functional diversity, with differential 542 

responses to temperature, irradiance, and pH variations among others (Brading et al. 2011; 543 

Swain et al. 2017). Based on the transcript levels of Symb-rbcII, Clad-rbcII and Duru-rbcII, 544 

Durusdinium is the dominating genus of Symbiodiniaceae dinoflagellates in T. squamosa 545 

individuals obtained from Vietnam, corroborating results reported by Poo et al. (2001). 546 

Durusdinium-dominance is atypical among giant clam species, except for those living under 547 

relatively high temperatures (DeBoer et al. 2012). Several Durusdinium phylotypes are 548 

considered tolerant of environmental stressors, which include elevated temperatures (Stat and 549 

Gates 2011; Stat et al. 2013), turbidity (LaJeunesse et al. 2010; Tonk et al. 2013), and increased 550 

irradiance (Kemp et al. 2014). Our results indicate that the proportions of Symbiodinium, 551 

Cladocopium, and Durusdinium, at the genus level, remained relatively constant in the outer 552 

mantle of T. squamosa individuals that had undergone darkness-induced bleaching. Therefore, 553 

symbiont reshuffling, which usually takes place for corals under stress (Cunning et al. 2015) 554 

did not occur in this case. This suggests that giant clams may provide an adequate internal 555 

environment for the recovery of multiple and genetically-divergent symbiont lineages. 556 
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However, it is important to stress that we cannot rule out changes within genera, at the 557 

phylotype (species) level. 558 

Recovery leads to iridocyte regeneration and outer mantle recoloring 559 

In addition to forward-scattering light of wavelengths relevant to photosynthesis to the 560 

underlying symbionts, iridocytes partake in the host-mediated carbon concentrating 561 

mechanism to supply Ci to the photosynthesizing symbionts (Ip et al. 2017, 2018). With 562 

illumination, iridocytes can increase the secretion of H+ to the hemolymph sinuses to promote 563 

the dehydration of HCO3− to CO2. Then, CO2 can permeate the basolateral membrane of the 564 

epithelial cells lining the tertiary zooxanthellal tubules, augmenting the supply of Ci to the 565 

symbionts residing in the lumen of the tubule. Therefore, besides increasing the protein 566 

abundance of Zoox-RBCII and the content of chlorophyll in the symbionts, the regeneration of 567 

iridocyte in the outer mantle is of fundamental importance to giant clams’ recovery from 568 

darkness-induced bleaching. Indeed, the coloration of the outer mantle of T. squamosa was 569 

partially restored after 11 days of recovery (Fig. 1C), which was attributable to a partial 570 

recovery of the iridocyte population as revealed by the immunolabelling of ATP6V1A (Fig. 571 

1F).  572 

Nutrient dynamics during recovery 573 

During recovery, the increased synthesis of Zoox-RBCII and other proteins in the symbionts 574 

requires an increase in the availability of amino acids. Notably, the giant clams were not 575 

provided with food supplement during the recovery periods. Hence, it was imperative for the 576 

host to obtain amino acids, particularly the essential ones, from the photosynthesizing 577 

symbionts (Teh et al. 2021); only then, iridocyte regeneration was possible. While N is needed 578 

for amino acid synthesis, photosynthesizing symbionts also need Ci for carbon fixation and 579 

inorganic phosphate (Pi) for growth and reproduction. As coccoid dinoflagellates have no 580 

access to the ambient seawater, the host must increase the absorption of exogenous N, Ci and 581 
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Pi during illumination, and supply them to the symbionts. The ctenidium of T. squamosa is 582 

involved in many light-enhanced transport processes (Ip et al. 2015; Ip and Chew 2021). It can 583 

take part in the light-enhanced absorption of Ci, which involves dual domain carbonic 584 

anhydrase (Koh et al. 2018), Na+/H+ exchanger 3-like (Hiong et al. 2017a) and ATP6V1A (Ip 585 

et al. 2018). It can also participate in the light-enhanced absorption of urea (urea active 586 

transporter and sodium/glucose cotransporter 1; Chan et al. 2018, 2019), light-enhanced uptake 587 

of NO3− (H+:2NO3− cotransporter; Ip et al. 2020), and the absorption of Pi (sodium-dependent 588 

phosphate transport protein 2a and sodium-dependent phosphate transporter protein 1; Chan et 589 

al. 2020; Ip et al. 2021). It has been established that the gene and/or protein expression levels 590 

of these transporters and enzymes are upregulated during illumination in the ctenidium of 591 

individuals of T. squamosa exposed to a normal light:dark regimen. At present, it is unclear 592 

how prolonged exposure to darkness may affect the expression levels of these host transporters 593 

and enzymes in T. squamosa. In the event that their expression levels were downregulated 594 

during 30 days of exposure to darkness, it would be imperative for them to be restored to the 595 

normal levels in the ctenidium prior to the increased synthesis of Zoox-RBCII and chlorophyll, 596 

as well as the regeneration of iridocytes during the recovery from bleaching. Hence, future 597 

investigations should examine the effects of bleaching and subsequent recovery on nutrients 598 

absorption in the giant clam host.   599 

Giant clams’ resilience to bleaching 600 

Giant clams seem particularly resilient to bleaching. Our findings show that T. squamosa 601 

remarkably survived 30 days of total darkness and required only 11 days to recover fully from 602 

darkness-induced bleaching. The high phototrophic plasticity of T. squamosa and resilience to 603 

darkness could be attributable to its being an inhabitant of both shallow and mesophotic reefs 604 

(Jantzen et al. 2008). Further evidence of giant clams’ resilience to bleaching is that during the 605 

first global mass bleaching event in 1998, Tridacna gigas individuals at the Great Barrier Reef 606 
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lost 97% of their symbionts, which was substantially greater than the 20% loss of symbionts in 607 

the bleached scleractinian corals (Hoegh-Guldberg and Smith 1989; Jones 1997). However, 608 

eight months after the bleaching event, the giant clam mortality was < 5%, while that of some 609 

coral species was > 99% (Mumby et al. 2001). Despite massive coral mortality throughout the 610 

Caribbean and Indo-Pacific during the three global mass-bleaching events (Eakin et al. 2010; 611 

De’ath et al. 2012; Hughes et al. 2018), giant clam bleaching-associated mass mortality was 612 

still much less common (Mies 2019 and references therein). 613 

Perspective 614 

Investigating darkness-induced bleaching is important for understanding the mechanisms 615 

surrounding symbiont loss, and it also provides insights into the consequences of 616 

environmental disturbances such as elevated turbidity. Exposure of T. squamosa to darkness 617 

for 30 days results in a reduction in iridocytes as well as decreases in symbionts and 618 

phototrophic potential in its outer mantle. However, it recovers under a normal light:dark 619 

regimen within a short period of time (11 days), and the quantity of symbionts and the 620 

phototrophic potential in the outer mantle attain levels higher than those of the control before 621 

bleaching. The reasons could be that giant clams harbour symbionts extracellularly in a tubular 622 

system with little volume constraint, and that they possess physiologically specialized organs 623 

such as the ctenidium for nutrient absorption. Future works on bleaching and subsequent 624 

recovery in giant clams should focus on not only the coccoid dinoflagellates but also the clam 625 

host, particularly concerning transporters and enzymes that are involved in nutrient absorption 626 

in the ctenidium and the outer mantle.  627 

628 
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Legends to Figures 891 

Fig. 1. The coloration of the outer mantle of Tridacna squamosa (A-C), and microscopic 892 

digital images (D-F) of a section of the middle region of the outer mantle showing 893 

iridocytes (IR) and symbiotic dinoflagellates (SD). Individuals of T. squamosa were 894 

exposed to (A, D) a normal 12:12 h light:dark regimen at the start of the experiment 895 

(day 0; control), (B, E) constant darkness for 30 days (d), or (C, F) constant darkness 896 

for 30 d followed with 11 d of recovery under a 12:12 h light:dark regimen. For D-F, 897 

autofluorescence of the plastid (red channel) was used to identify the SD, while 898 

immunofluorescence labelling (green channel) with the anti-vacuolar H+-ATPase 899 

subunit A (anti-ATP6V1A) antibody was used to identify the IR. Images obtained from 900 

the red and green channels were overlaid with the image obtained from differential 901 

interference contrast microscopy, which provided the outline of the biological 902 

structures of the outer mantle sample. Reproducible results were obtained from four 903 

individuals for each condition. Scale bar: 50 µm. 904 

Fig. 2. The transcript level of vacuolar-type H+-ATPase subunit A (ATP6V1A) and the total 905 

RNA content in the outer mantle of Tridacna squamosa. Individuals were exposed to a 906 

normal 12:12 h light:dark regimen at the start of the experiment (day 0; control), or to 907 

darkness for 30 days (d), or to darkness for 30 d followed with 11 d of recovery in a 908 

normal 12 h dark:12 h light regime. (A) The transcript level of ATP6V1A expressed as 909 

×104 copies of transcript per ng of total RNA. (B) The RNA level expressed as ×105 ng 910 

per g of outer mantle. (C) The transcript level of ATP6V1A expressed as ×109 copies of 911 

transcripts per g of outer mantle. Results represent means + SEM (n = 4). Means not 912 

sharing the same letter are significantly different (p < 0.05). 913 

Fig. 3. The protein abundance of vacuolar-type H+-ATPase subunit A (ATP6V1A) and the 914 

protein content in the outer mantle of Tridacna squamosa. Individuals were exposed 915 
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to a normal 12:12 h light:dark regimen at the start of the experiment (day 0; control), 916 

or to darkness for 30 days (d) or to darkness for 30 d followed with 11 d of recovery 917 

in a normal 12 h dark:12 h light regime. (A) An example of immunoblot of ATP6V1A 918 

and tubulin (as the reference protein) with the protein ladder (L) shown on the left. 919 

(B) The protein content of the outer mantle (x105 µg protein per g of sample). (C) The 920 

protein abundance of ATP6V1A expressed as the optical density of the ATP6V1A 921 

band normalized with respect to the optical density of the α-tubulin (reference 922 

protein) band. Results represent means + SEM (n = 4). Means not sharing the same 923 

letter are significantly different (p < 0.05). 924 

Fig. 4. The quantity of symbiotic dinoflagellates (×107 cells per g of outer mantle) in the 925 

outer mantle of Tridacna squamosa. Individuals were exposed to a normal 12:12 h 926 

light:dark regimen at the start of the experiment (day 0; control), or to darkness for 927 

10, 20 or 30 days (d), or to darkness for 30 d followed with 1, 5 or 11 d of recovery in 928 

a normal 12 h dark:12 h light regimen. Results represent means + SEM (n = 4). 929 

Means not sharing the same letter are significantly different (p < 0.05). 930 

Fig. 5. The contents of total chlorophyll and chlorophyll-a (×102 µg of chlorophyll or 931 

chlorophyll-a per g of outer mantle) in the outer mantle of Tridacna squamosa. 932 

Individuals were exposed to a normal 12:12 h light:dark regimen at the start of the 933 

experiment (day 0; control), or to darkness for 10, 20 or 30 days (d), or to darkness for 934 

30 d followed with 1, 5 or 11 d of recovery in a normal 12 h dark:12 h light regimen. 935 

(A) Total chlorophyll. (B) Chlorophyll-a. Results represent means + SEM (n = 4). 936 

Means not sharing the same letter are significantly different (p < 0.05). 937 

Fig. 6. The transcript level of zooxanthellal form II ribulose-1,5-bisphosphate 938 

carboxylase/oxygenase (Zoox-rbcII) and the RNA level in the outer mantle of 939 



38 
 

Tridacna squamosa. Individuals were exposed to a normal 12:12 h light:dark regimen 940 

at the start of the experiment (day 0; control), or to darkness for 30 days (d), or to 941 

darkness for 30 d followed with 11 d of recovery in a normal 12 h dark:12 h light 942 

regimen. (A) The transcript level of Zoox-rbcII expressed as ×105 copies of transcripts 943 

per ng of total RNA. (B) The transcript level of Zoox-rbcII expressed as ×1010 copies 944 

of transcripts per g of outer mantle. Results represent means + SEM (n = 4). Means 945 

not sharing the same letter are significantly different (p < 0.05). 946 

Fig. 7. The protein abundance of symbiont form II ribulose-1,5-bisphosphate 947 

carboxylase/oxygenase (Zoox-RBCII) and the protein content in the outer mantle of 948 

Tridacna squamosa. Individuals were exposed to a normal 12:12 h light:dark regimen 949 

at the start of the experiment (day 0; control), or to darkness for 30 days (d), or to 950 

darkness for 30 d followed with 11 d of recovery in a normal 12 h dark:12 h light 951 

regimen. (A) An example of immunoblot of Zoox-RBCII and tubulin (reference 952 

protein) with the protein ladder (L) shown on the left. (B) The protein abundance of 953 

Zoox-RBCII expressed as the optical density of the Zoox-RBCII band normalized 954 

with respect to the optical density of the tubulin band. Results represent means + SEM 955 

(n = 4). Means not sharing the same letter are significantly different (p < 0.05). 956 

Fig. 8. The transcript levels of form II ribulose-1,5-bisphosphate carboxylase/oxygenase 957 

(rbcII), expressed as ×107 copies of transcripts per g of outer mantle, derived from (A) 958 

Symbiodinium (Symb-rbcII), (B) Cladocopium (Clad-rbcII), and (C) Durusdinium 959 

(Duru-rbcII) in the the outer mantle of Tridacna squamosa. Individuals were exposed 960 

to a normal 12:12 h light:dark regimen at the start of the experiment (day 0; control), 961 

or to darkness for 30 days (d), or to darkness for 30 d followed with 11 d of recovery 962 

in a normal 12 h dark:12 h light regimen. Results represent means + SEM (n = 4). 963 

Means not sharing the same letter are significantly different (p < 0.05).  964 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 1 
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