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Abstract 33 

Nitrogen-deficient symbiotic dinoflagellates (zooxanthellae) living inside the fluted giant clam, 34 

Tridacna squamosa, need to obtain nitrogen from the host. Glutamine synthetase 1 (GS1) is a 35 

cytosolic enzyme that assimilates ammonia into glutamine. We determined the transcript levels 36 

of zooxanthellal GS1 (Zoox-GS1), which represented comprehensively GS1 transcripts of 37 

Symbiodinium, Cladocopium and Durusdinium, in five organs of T. squamosa. The outer 38 

mantle had significantly higher transcript level of Zoox-GS1 than the inner mantle, foot muscle, 39 

hepatopancreas and ctenidium, but the transcript ratios of Zoox-GS1 to zooxanthellal form II 40 

ribulose-1,5-bisphosphate carboxylase/oxygenase (Zoox-rbcII), which represented the 41 

potential of ammonia assimilation relative to the phototrophic potential, were comparable 42 

among these five organs. Based on transcript ratios of Zoox-GS1 to zooxanthellal Urease 43 

(Zoox-URE), the outer mantle had the highest potential of urea degradation relative to ammonia 44 

assimilation among the five organs, probably because urea degradation could furnish CO2 and 45 

NH3 for photosynthesis and amino acid synthesis, respectively, in the symbionts therein. The 46 

protein abundance of Zoox-GS1 was upregulated in the outer mantle and the inner mantle 47 

during illumination. Zoox-GS1 could catalyze light-enhanced glutamine formation using 48 

ammonia absorbed from the host or ammonia released through urea degradation in the 49 

cytoplasm. The glutamine produced could be used to synthesize other nitrogenous compounds, 50 

including amino acids in the cytoplasm or in the plastid of the dinoflagellates. Some of the 51 

amino acids synthesized by the symbionts in the inner mantle and foot muscle could be donated 52 

to the host to support shell organic matrix formation and muscle production, respectively.  53 

 54 

Keywords: Glutamate, nitrogen, photosynthesis, protein, symbiotic dinoflagellates   55 
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List of abbreviations  56 

DAPI 4′,6-diamidino-2-phenylindole 57 

DIC differential interference contrast 58 

GOGAT glutamine 2-oxoglutarate amidotransferase  59 

GS1 glutamine synthetase 1  60 

NDK nucleotide diphosphate kinase  61 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis  62 

PCA peptide competition assay  63 

PPFD photosynthetic photon flux density 64 

TPBS 0.05% Tween-20 in phosphate-buffered saline  65 

Zoox-rbcII/Zoox-RBCII zooxanthellal form II ribulose-1,5-bisphosphate 66 

carboxylase/oxygenase II  67 

Zoox-GS1/Zoox-GS1 zooxanthellal glutamine synthetase 1  68 

Zoox-URE/Zoox-URE zooxanthellal Urease   69 
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1. Introduction 70 

Dinoflagellates (Phylum: Myzozoa) are aquatic and unicellular alveolates (Kingdom: 71 

Alveloata) (Taylor et al., 2008). Most of them are free-living, but members of Family 72 

Symbiodiniaceae can live in symbiosis as zooxanthellae in animal hosts like scleractinian 73 

corals, symbiotic sea anemones and giant clams, which are members of the tropical coral reef 74 

ecosystems. Symbiodiniaceae dinoflagellates are phototrophic, and their life cycles comprise 75 

two stages: the free-living motile flagellate stage and the stationary coccoid stage (Meier et al., 76 

2007). Although tropical waters are scarce in nutrients due to a lack of overturn (De Goeij et 77 

al., 2013), phototrophic host-dinoflagellate associations can thrive in shallow tropical waters 78 

where they can receive adequate irradiance.  79 

Giant clams represent clam-dinoflagellate associations found in reef ecosystems of the 80 

Indo-Pacific. The majority of them harbor three genera of symbiotic dinoflagellates (DeBoer 81 

et al., 2012; Hernawan, 2008; Ikeda et al., 2017; Lim et al., 2019; Weber, 2009), Symbiodinium, 82 

Cladocopium, and Durusdinium (LaJeunesse et al., 2018), in various proportions. The 83 

establishment of a mutualistic association begins when the clam host ingests the motile 84 

symbiotic dinoflagellates, which then transform into coccoids without flagella. These 85 

symbionts reside extracellularly in a branched tubular system surrounded by hemolymph 86 

(Norton et al., 1992). The highest density of tertiary zooxanthellal tubules, and hence the 87 

majority of symbionts, are located in the colourful, extensible and fleshy outer mantle. The 88 

outer mantle is a distinctive feature of giant clams (Norton et al., 1992), as it uniquely contains 89 

iridocytes that can presumably scatter light of relevant wavelengths to the symbionts to promote 90 

photosynthesis (Holt et al., 2014) and protect the symbionts from harmful UV radiation 91 

(Rossbach et al., 2020). In the fluted giant clam, Tridacna squamosa, symbiotic dinoflagellates 92 

can also be found in organs located inside the mantle cavity, including the whitish inner mantle, 93 

foot muscle, ctenidium, and hepatopancreas (Poo et al., 2020, 2021). Particularly, relatively 94 

high densities of dinoflagellates are found in distinct regions near the hinge of the inner mantle 95 
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and at the tip of the foot muscle. Based on the transcript level of zooxanthellal form II ribulose-96 

1,5-bisphosphate carboxylase/oxygenase (Zoox-rbcII), the outer mantle of T. squamosa has the 97 

greatest phototrophic potential. However, moderate levels of Zoox-rbcII are also expressed in 98 

the other four organs, although they lack iridocyte and have no direct exposure to light (Poo et 99 

al., 2020). During insolation, photosynthesizing dinoflagellates in the outer mantle can share a 100 

substantial portion of the photosynthates (~95%) with the host to satisfy its energy and 101 

metabolic needs (Fisher et al., 1985; Klumpp et al., 1992). As a result, the clam host can grow 102 

at relatively high rates and conduct light-enhanced shell formation (Ip et al., 2017; Rossbach et 103 

al., 2019), but it must supply essential nutrients (carbon, nitrogen and phosphorus) to the 104 

symbionts as they do not have access to the ambient seawater.  105 

Nitrogen is needed by living organisms for the syntheses of amino acids, proteins, and 106 

nucleic acids. Free-living dinoflagellates can obtain nitrogen from the ambient seawater 107 

(Fuchinoue et al., 2012), and nitrogen is an indispensable component for chlorophyll 108 

biosynthesis in phototrophic dinoflagellates (Bernhard et al., 2010). By contrast, symbiotic 109 

dinoflagellates need to obtain nitrogen from the host. They have to synthesize amino acids not 110 

only for themselves, but also for the host that cannot produce essential amino acids (Wang and 111 

Douglas, 1999). As symbiotic dinoflagellates are nitrogen-deficient (Wilkerson and Trench, 112 

1986), the clam host needs to absorb organic and inorganic nitrogen from the ambient seawater 113 

to benefit them. Indeed, the addition of inorganic nitrogen to the ambient seawater results in 114 

increased photosynthetic rate in symbionts and enhanced growth rate in the clam host (Hastie 115 

et al., 1992; Onate and Naguit, 1989; Summons et al., 1986).  116 

Seawater contains dissolved inorganic nitrogen mainly as NH4
+ and NO3

−, as well as 117 

dissolved organic nitrogen in the form of urea and amino acids (Johannsson and Wedborg, 118 

1980; Bronk et al., 2007). Some of these nitrogenous compounds are derived from the excretory 119 

nitrogenous wastes of aquatic animals (Campbell, 1991). Animals produce ammonia through 120 

the degradation of nitrogenous compounds, including amino acids, and ammonia must be 121 
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excreted or detoxified because of its toxicity (Campbell, 1991; Ip and Chew, 2010). Most 122 

aquatic animals excrete ammonia together with some urea (Campbell, 1991), but giant clams 123 

absorb ammonia and urea from seawater at rates faster in light than in darkness (Chan et al., 124 

2018; Fitt et al., 1993a, b; Wilkerson and Trench, 1986). The absorption and assimilation of 125 

exogenous ammonia occur mainly in the host’s ctenidium (Hiong et al., 2017a; Rees et al., 126 

1994; Shepherd et al., 1999), which can assimilate the absorbed ammonia into glutamine 127 

through a host glutamine synthetase (GS; EC6.3.1.2). GS catalyzes the reaction NH4
+ + 128 

glutamate + ATP  glutamine + ADP + Pi (Taylor and Curthoys, 2004). In the ctenidial 129 

epithelial cells of T. squamosa, the host GS has a cytosolic localization, and its transcript level 130 

and protein abundance increase significantly during 12 h of light exposure (Hiong et al., 2017a). 131 

Hence, exogenous ammonia absorbed by the ctenidium is supplied in the form of glutamine 132 

through the hemolymph to other host organs, including the outer mantle that contains a large 133 

population of symbionts inside zooxanthellal tubules. 134 

Giant clams do not excrete ammonia under normal circumstances, except after exposure 135 

to extended periods of constant darkness (Muscatine and D'Elia, 1978; Szmant and Gassman, 136 

1990; Wilkerson and Trench, 1986). Yet, they can maintain low ammonia concentrations in the 137 

hemolymph (Fitt et al., 1995), despite the production of ammonia through the degradation of 138 

nitrogenous compounds. This implies that the nitrogen-deficient symbiotic dinoflagellates must 139 

be able to salvage effectively the endogenous ammonia produced by the host, especially during 140 

illumination. Indeed, a novel cytosolic GS1 sequence has been cloned from the symbiotic 141 

dinoflagellates residing in the outer mantle of T. squamosa (Fam et al., 2018). The deduced 142 

GS1 sequence is atypical as it contains an extra region characteristic of Nucleotide Diphosphate 143 

Kinase (NDK) and is therefore longer than other GSs. In addition, these dinoflagellates also 144 

express glutamine 2-oxoglutarate amidotransferase (GOGAT; or glutamate synthase; EC 145 

1.4.1.13) in the plastid, which catalyzes the formation of two moles of glutamate from one mole 146 

of 2-oxoglutarate and one mole of glutamine (glutamine + 2-oxoglutarate + NADPH + H+  147 
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2 glutamate + NADP+) (Fam et al., 2018). With the glutamine synthetase 1:glutamate synthase 148 

(GS1:GOGAT) cycle, symbiotic dinoflagellates can assimilate ammonia produced by the clam 149 

host into glutamine and glutamate. They can also assimilate ammonia produced by themselves 150 

through nitrate or urea metabolism. This can explain why intact giant clam-dinoflagellate 151 

associations have low internal ammonia concentrations and do not excrete ammonia under 152 

ordinary circumstances. As nitrogen plays an important role in the growth and physiology of 153 

symbiotic dinoflagellates and their hosts (Belda et al., 1993; Belda and Yellowlees, 1995), it is 154 

essential to estimate the potential of ammonia assimilation in symbionts residing in various 155 

organs of T. squamosa. However, the possibility of the expression of GS1/GS1 in organs other 156 

than the outer mantle of T. squamosa has not been explored, and the possibility of the gene and 157 

protein expression levels of GS1/GS1 in these organs being regulated by illumination has not 158 

been investigated.  159 

Therefore, this study was performed to design a set of quantitative real-time PCR 160 

(qPCR) primers that could react comprehensively with GS1 from all three genera of symbiotic 161 

dinoflagellates to determine the integral transcript levels of zooxanthellal GS1 (Zoox-GS1), 162 

which comprised GS1 of of Symbiodinium, Cladocopium and Durusdinium, in the outer mantle, 163 

inner mantle, foot muscle, hepatopancreas and ctenidium of T. squamosa. Based on results 164 

obtained by Poo et al. (2021) on rbcII, the major species of Symbiodinium, Cladocopium and 165 

Durusdinium present in these T. squamosa individuals obtained from Vietnam were 166 

Symbiodinium tridacnidorum (ITS2 type A3), Cladocopium ITS2 type C92 and Durusdinium 167 

glynii (ITS2 type D1), respectively. In addition, the transcript ratios of Zoox-GS1:Zoox-rbclI 168 

(Poo et al., 2020) in these five organs were examined, in order to estimate the potential of 169 

ammonia assimilation relative to the potential of carbon fixation. A similar analysis was 170 

performed to obtain the transcript ratios of Zoox-GS1:zooxanthellal Urease (Zoox-URE; Ip et 171 

al., 2020a) so as to compare the potential of ammonia assimilation relative to the potential of 172 

urea assimilation in these five organs. The hypothesis tested was that symbiotic dinoflagellates 173 
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residing in these five organs of T. squamosa would have disparate potentials to assimilate 174 

ammonia with reference to the potentials of carbon fixation or urea assimilation. In addition, 175 

the transcript level and protein abundance of Zoox-GS1/Zoox-GS1 were determined in the outer 176 

mantle, inner mantle and foot muscle of individuals of T. squamosa kept in darkness for 12 h 177 

(control), or exposed to light for 3, 6 or 12 h. It was hypothesized that the expression levels of 178 

Zoox-GS1/Zoox-GS1 in some of these organs, particularly the outer mantle, could be up-179 

regulated by illumination in order to facilitate the light-enhanced assimilation of ammonia into 180 

glutamine and other amino acids.  181 
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2. Materials and methods 182 

2.1. Animals  183 

Institutional (National University of Singapore Institutional Animal Care and Use Committee) 184 

approval was not required for research on giant clams. Adult T. squamosa weighing 550 ± 50 185 

g (mean ± SD; n=28) were purchased from Xanh Tuoi Tropical Fish, Ltd (Vietnam). They 186 

were kept in three separate tanks (L90 cm x W62 cm x H60 cm), each containing 335 L of 187 

recirculating seawater. The water temperature and pH were ~26°C and 8.1-8.3, respectively. 188 

The other conditions are as follows: salinity, 30-32; hardness, 143–179 ppm; calcium, 380–189 

420 ppm; total ammonia, <0.25 ppm; nitrate, 0 ppm; phosphate, <0.25 ppm. The shaded light 190 

intensity measured in water at the level of the giant clams was 120 PPFD (μmol m−2 s−1), which 191 

is equivalent to the intensity adopted by Jantzen et al. (2008) to study T. squamosa. It would 192 

be ideal to expose giant clams individually to the experimental conditions, but in this study, 193 

individuals were sampled directly and randomly from the three glass tanks due to the limitation 194 

in the availability of re-circulating tanks and the need to keep them in the exact conditions, 195 

including salinity, water quality, and light intensity.  196 

2.2. Exposure of animals to experimental conditions and tissue sample collection 197 

To determine the transcript levels of Zoox-GS1 in various organs of T. squamosa, ten clams 198 

were subjected to 3 h of light exposure before they were sacrificed for tissue sampling (n=10). 199 

A relatively large sample size (n=10) was used because the transcript levels of Zoox-GS1 in 200 

some of the organs were low with substantial variation. Additionally, to investigate the effects 201 

of illumination on the expression of Zoox-GS1/Zoox-GS1, four clams were sampled at the end 202 

of a 12 h dark regime to serve as controls (n=4) while another twelve clams were subjected to 203 

either 3, 6, or 12 h of light exposure (n=4 for each condition) before tissue sampling. Giant 204 

clams were forced open for the cutting of the adductor muscle after they were anaesthetized 205 

with 0.2% phenoxyethanol. The outer mantle, inner mantle, foot muscle, hepatopancreas and 206 
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ctenidium were excised, blotted dry and freeze-clamped before storage at -80 °C until they 207 

were required for further processing. Tissue samples of the outer mantle of another two clams 208 

subjected to 12 h light were collected for immunofluorescence microscopy (n=2).  209 

2.3. Antibody 210 

An anti-Zoox-GS1 antibody that could react comprehensively with GS1 derived from 211 

Symbiodinium, Cladocopium and Durusdinium was custom-made by GenScript (Piscataway, 212 

NJ, USA). The epitope sequence (DGVTRSKTMTMTAR) was designed at a conserved region 213 

of five GS1 sequences obtained from four dinoflagellate databases (http://medinalab.org/zoox; 214 

http://marinegenomics.oist.jp/gallery/; http://marinegenomics.oist.jp/gallery/; 215 

http://palumbi.stanford.edu/data/). These five sequences included two Symbiodinium GS1 216 

sequences from Bayer et al. (2012) and Shoguchi et al. (2018), two Cladocopium GS1 217 

sequences obtained from Levin et al. (2016) and Shoguchi et al. (2018), and one Durusdinium 218 

GS1 sequence from Ladner et al. (2012). The selected epitope had 85.7-92.9% sequence 219 

similarity with these dinoflagellate GS1 sequences (Supplementary Table S1). Hence, it is 220 

probable that the anti-Zoox-GS1 antibody produced could react comprehensively with the GS1 221 

sequences from Symbiodinium, Cladocopium and Durusdinium. In addition, an anti--tubulin 222 

antibody was also custom-made by GenScript based on the epitope of PKDVNAAVATIKTK. 223 

This epitope was selected based on alignment of various -tubulin sequences obtained from 224 

multiple dinoflagellate databases (for the three genera of dinoflagellates) or Genbank (for 225 

various species of molluscs) (Supplementary Table S2). In theory, this anti--tubulin antibody 226 

would react with -tubulin of the clam host and the dinoflagellates and could therefore act as 227 

a reference protein for Western blotting.  228 

2.4. Immunofluorescence microscopy 229 

Excised tissue samples of the outer mantle of T. squamosa were processed according to the 230 

protocol of Hiong et al. (2017b). Antigen retrieval was then conducted with 1% sodium dodecyl 231 

http://medinalab.org/zoox
http://marinegenomics.oist.jp/gallery/
http://marinegenomics.oist.jp/gallery/
http://palumbi.stanford.edu/data/
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sulfate in TPBS (0.05% Tween 20 in phosphate-buffered saline: 10 mmol l-1 Na2HPO4, 1.8 232 

mmol l-1 KH2PO4, 137 mmol l-1 NaCl, 2.7 mmol l-1 KCl, pH 7.4) for 10 min. Thereafter, they 233 

were blocked with 1% bovine serum albumin in TPBS for 30 min at room temperature, 234 

followed with incubation overnight with custom-made anti-Zoox-GS1 rabbit polyclonal 235 

antibody at a dilution factor of 1:200 (5 μg ml-1 in TPBS). This was followed by incubation 236 

with the goat anti-rabbit Alexa Fluor 488 antibody at a dilution factor of 1:600 (3.33 μg ml-1 in 237 

TPBS) at 37°C for 1 h. Nucleus staining was then performed using 6-diamidino-2-phenylindole 238 

dihydrochloride (DAPI, Sigma-Aldrich Co., St Louis, MO, USA) for 10 min. The Olympus 239 

BX60 epifluorescence microscope equipped with an Olympus DP73 digital camera (Olympus 240 

Corporation, Tokyo, Japan) was used to capture microscopy images, which were subsequently 241 

processed with Adobe Photoshop CC (Adobe Systems, CA, USA). As dinoflagellates are 242 

known to display green auto-fluorescence of cellular structures such as the plastids and 243 

accumulation bodies under blue light excitation (using the Olympus U-WNIBA Blue 244 

Fluorescence Filter), such auto-fluorescence may potentially interfere with green 245 

immunolocalization of targeted proteins (Tang and Dobbs, 2007). Therefore, the concentration 246 

of the primary antibody and exposure time to capture green immunolabeling were carefully 247 

controlled in this study to avoid interference by green auto-fluorescence. A peptide competition 248 

assay (PCA) was performed to further validate that the observed green florescence was indeed 249 

the result of anti-Zoox-GS1 immunostaining.  250 

2.5. RNA extraction and cDNA synthesis 251 

TRI Reagent (Sigma-Aldrich Co.) was used to extract total RNA from the outer mantle, inner 252 

mantle, foot muscle, hepatopancreas and ctenidium of T. squamosa. The RNA was purified 253 

using PureLinkTM RNA Mini Kit (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, 254 

USA). The concentration of the purified total RNA was measured using a Shimadzu BioSpec-255 

nano spectrophotometer (Shimadzu Corporation, Tokyo, Japan). Electrophoresis was then 256 



 12 

performed to confirm RNA integrity, after which the purified RNA was reverse-transcribed 257 

into cDNA with the RevertAidTM first-strand cDNA synthesis kit (Thermo Fisher Scientific 258 

Inc.). 259 

2.6. Determination of transcript levels of Zoox-GS1, Zoox-rbcII and Zoox-URE by 260 

quantitative real-time PCR (qPCR) 261 

There are two types of quantification methods for qPCR (Wong and Medrano, 2005). Absolute 262 

quantification allows the expression of transcript in absolute numbers of copies, which requires 263 

the construction of a standard curve based on calibrated amount of the template obtained 264 

through cloning. In relative quantification, the expression of the gene of interest is normalized 265 

to that of a housekeeping gene in the same sample (e.g., using the formula: 2ΔΔCT; Livak and 266 

Schmittgen, 2001). Comparison of the normalized data between the experimental and control 267 

samples gives rise to a fold change (Wong and Medrano, 2005), which does not allow the 268 

comparison of the quantity of Zoox-GS1 transcripts in different organs because the transcript 269 

level of the reference gene could vary among various organs. However, one of our objectives 270 

was to compare the level of Zoox-GS1 transcript in various organs of T. squamosa. Hence, we 271 

decided to adopt the method of absolute quantification of transcript level in this study.  272 

A set of genera-comprehensive Zoox-GS1 qPCR primers (forward: 5’-273 

GGAGCAAGGTCATGGAGGA-3’; reverse: 5’-GCCGCCGAACTTGATGAT-3’) was 274 

designed based on a conserved region of all GS1 sequences available in various dinoflagellate 275 

databases (http://medinalab.org/zoox; http://smic.reefgenomics.org/download;  276 

http://marinegenomics.oist.jp/gallery/; http://palumbi.stanford.edu/data/). These include three 277 

Symbiodinium GS1 sequences (Aranda et al., 2016; Bayer et al., 2012; Shoguchi et al., 2018), 278 

two Cladocopium GS1 sequences (Levin et al., 2016; Shoguchi et al., 2018) and one 279 

Durusdinium GS1 sequence (Ladner et al., 2012). Therefore, this set of primers could probably 280 

react comprehensively with all GS1 sequences from Symbiodinium, Cladocopium and 281 

http://medinalab.org/zoox
http://smic.reefgenomics.org/download
http://marinegenomics.oist.jp/gallery/
http://palumbi.stanford.edu/data/
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Durusdinium (supplementary Table S3). The genera-comprehensive primers designed by Poo 282 

et al. (2020) for Zoox-rbcII (forward: 5’-CAGTTCTTGCACTACCACCG-3’; reverse: 5’-283 

CATCTTGCCGAAGCTCATGG-3’), and the genera-comprehensive primers designed by Ip 284 

et al. (2020b) for Zoox-URE (forward: 5’-TGAACTTCGGCTTCTCTGG-3’; reverse: 5’-285 

CCGTGTGGATGGTGATGG-3’) were adopted in this study to quantify Zoox-rbcII and Zoox-286 

URE transcripts, respectively. 287 

Absolute quantification of transcripts was determined using a StepOnePlus Real-288 

Time PCR System (Thermo Fisher Scientific Inc.) following the method of Hiong et al. 289 

(2017b). The qPCR reactions consisted of the following reagents: 5 µL of qPCRBIO SyGreen 290 

Mix Hi-ROX (PCR Biosystems Inc., Wayne, Pennsylvania, USA), 0.3 µmol L-1 of the designed 291 

forward and reverse primers, and various quantities of cDNA from the different organs or 292 

plasmid standards (for standard curve construction). The reagents make up a total volume of 293 

10 µL. The cycling conditions consisted of an initial 20 s denaturation and enzyme activation 294 

at 95°C, 40 cycles of 95°C for 3 s and 60°C for 30 s. The amplification efficiencies of the 295 

primer sets for Zoox-GS1, Zoox-rbcII and Zoox-URE were 104.9%, 95.2% and 92.0% 296 

respectively. The quantification of Zoox-GS1, Zoox-rbcII or Zoox-URE transcripts in a sample 297 

was calculated from the corresponding linear regression line derived from three different 298 

standard curves and expressed as copy number per ng of total (dinoflagellate + host) RNA. 299 

As the gene of interest in this study was Zoox-GS1 derived from symbiotic 300 

dinoflagellates, the results of absolute quantification of transcript levels should traditionally be 301 

referenced specifically to the dinoflagellate RNA, and not the dinoflagellate + host RNA. 302 

However, the dinoflagellate RNA could be a variable factor among different organs of an 303 

individual giant clam or among the same organ (e.g. the outer mantle) of different individuals. 304 

Such variations could introduce problems to the comparison of results obtained from different 305 

organs or different individuals, if they were expressed as copy number per ng of total 306 
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dinoflagellate RNA. Moreover, the quantification of dinoflagellate RNA separated from the 307 

host RNA in tissues samples obtained from giant clams was not technically feasible. To resolve 308 

this problem, we decided to quantify the transcript levels of Zoox-rbcII and Zoox-URE, which 309 

were expressed solely by the symbiotic dinoflagellates and not the clam host. By calculating 310 

the transcript ratios of Zoox-GS1/Zoox-rbcII and Zoox-GS1/Zoox-URE, the denominators of 311 

total (dinoflagellate + host) RNA were cancelled, and the ratios obtained from different organs 312 

can be compared directly. Importantly, the ratios would provide information on the potential 313 

of ammonia assimilation with reference to the potential of photosynthesis or the potential of 314 

urea degradation in dinoflagellates residing in different organs of T. squamosa. However, 315 

Zoox-rbcII and Zoox-URE did not satisfy the criteria of a reference gene, as their transcript 316 

levels also varied in response to light exposure (Poo et al., 2020; Ip et al. 2020). Hence, it was 317 

inappropriate to express our results by the method of relative quantification in the format of 318 

2ΔΔCT (Livak and Schmittgen, 2001).  319 

2.7. SDS-PAGE and Western blotting 320 

Extraction of proteins from the outer mantle, inner mantle and foot muscle of T. squamosa was 321 

performed following the steps mentioned in Hiong et al. (2017b). Proteins from the outer 322 

mantle (10 g) and the inner mantle and foot muscle (100 g each) were heated for 5 min at 323 

95C and run through 8% SDS-PAGE, before transfer onto nitrocellulose membranes. Western 324 

blotting was performed using the Pierce Fast Western Blot kit, SuperSignal West Pico 325 

Substrate (Thermo Fisher Scientific Inc.). The anti-Zoox-GS1 antibody was diluted (1:2000) 326 

before incubating with the membrane at 25C for 1 h. This was followed by incubation with 327 

optimized anti-rabbit horseradish peroxidase-conjugated secondary antibody at 25C for 15 328 

min. The chemiluminescence method was used to visualize bands using ChemiDoc Imaging 329 

Systems (Bio-Rad Laboratories, Hercules, CA, USA). The optical densities of bands of interest 330 

were analysed using ImageJ (version 1.50, NIH), and calibrated with a 37-step reflection 331 
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scanner scale (1” x 8” Stouffer #R3705-1C; Stouffer Graphic Arts, IN, USA). To validate the 332 

specificity of the anti-Zoox-GS1 antibody, peptide competition assay (PCA) was performed by 333 

incubating the immunizing peptide with anti-Zoox-GS1 antibody in a 5:1 ratio for 1 h prior to 334 

western blotting. 335 

Based on traditional Western blotting methods, the optical density obtained for a 336 

targeted protein should theoretically be compared with the optical density of the band of a 337 

reference protein that would display constant abundance under control and experimental 338 

conditions. However, the situation is complex in this study, because the quantity of symbionts, 339 

and hence the abundance of the selected reference protein of dinoflagellate origin, would 340 

naturally vary between the same organs (the outer mantle) of different individuals of T. 341 

squamosa. As the outer mantle of T. squamosa comprised both host tissue and dinoflagellates, 342 

we had decided to use -tubulin (host + dinoflagellates) as the reference protein. Hence, the 343 

protein abundance of Zoox-GS1 was expressed as the optical density of the Zoox-GS1 band 344 

normalized with reference to the optical density of the -tubulin band. 345 

2.8. Statistical analyses 346 

All statistical tests were conducted with SPSS Statistics version 20 software (IBM Corporation, 347 

Armonk, NY, USA). The values presented as ratios were compared using the non-parametric 348 

Friedman test of differences followed by a Wilcoxon Signed-Rank Test. Differences among 349 

ratios were regarded as statistically significant when the p-value was less than 0.01 after 350 

Bonferroni adjustment. For other values presented as means + S.E.M., Levene’s test was used 351 

to test the homogeneity of variance, after which One-way Analysis of Variance (ANOVA) was 352 

carried out. Where equal variance could be assumed, Tukey’s test was conducted. Otherwise, 353 

Dunnett’s T3 post-hoc test was used to examine differences among the means of the different 354 

experimental groups. Differences among means are regarded as statistically significant if the 355 

p-value is less than 0.05.   356 
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3. Results  357 

3.1. Immunolabeling of Zoox-GS1 in the outer mantle of T. squamosa  358 

The differential interference contrast (DIC) and autofluorescence (red channel) microscopy 359 

confirmed that symbiotic dinoflagellates are located inside zooxanthellal tubules in the outer 360 

mantle of T. squamosa (Fig. 1A). Zoox-GS1, which comprised GS1 of Symbiodinium, 361 

Cladocopium and Durusdinium, was immunolocalized (green immunofluorescence) in the 362 

cytoplasm of some symbiotic dinoflagellates in the outer mantle (Fig. 1B, C, D). In some cases, 363 

Zoox-GS1 immunofluorescence appeared to be associated with the plasma membrane of the 364 

symbionts (Fig. 1B, C, D), indicating that cytoplasmic Zoox-GS1 could be concentrated in 365 

regions near to the plasma membrane. The immunofluorescence of Zoox-GS1 366 

immunolabelling could be abolished through a peptide competition assay (Fig. 1E).   367 

3.2. Gene expression of Zoox-GS1 in five organs of T. squamosa  368 

The transcript level of Zoox-GS1, which comprised GS1 of Symbiodinium, Cladocopium and 369 

Durusdinium, in the outer mantle was the highest among the five organs studied (One-Way 370 

ANOVA, F4,45=36.972, p-value=0.000; Fig. 2). Furthermore, the transcript level of Zoox-GS1 371 

in the inner mantle was significantly higher than those in the hepatopancreas and ctenidium, 372 

but comparable to that in the foot muscle (Fig. 2).  373 

The transcript ratio of Zoox-GS1 to Zoox-rbcII from the foot muscle was significantly 374 

higher than that from the hepatopancreas (Wilcoxon Signed-Rank Test, Z=-2.599, p-375 

value=0.007; Table 1). On the other hand, the transcript ratios of Zoox-GS1 to Zoox-rbcII from 376 

the inner mantle and the foot muscle were significantly higher than that from the outer mantle 377 

(inner mantle: Wilcoxon Signed-Rank Test, Z=-2.803, p-value=0.002, foot muscle: Wilcoxon 378 

Signed-Rank Test, Z=-2.701, p-value=0.004; Table 1).  379 

3.3. Effects of light exposure on the transcript levels of Zoox-GS1 in five organs  380 
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The transcript ratio of Zoox-GS1, which comprised GS1 of Symbiodinium, Cladocopium and 381 

Durusdinium, in the outer mantle of T. squamosa remained statistically unchanged after 3, 6 382 

or 12 h of light exposure as compared with that of the control kept in the dark for 12 h (One-383 

Way ANOVA, F3,12=0.783, p-value=0.526; Fig 3A). By contrast, there was a significant 384 

increase in the transcript level of Zoox-GS1 in the inner mantle at hour 3 of light exposure 385 

(One-Way ANOVA, F3,12=13.476, p-value=0.000; Fig. 3B), but it returned to the control level 386 

after exposure to light for 12 h. On the other hand, the Zoox-GS1 transcript level of the foot 387 

muscle decreased progressively and significantly between hour 3 and hour 6 of light exposure 388 

(One-Way ANOVA, F3,12=29.544, p-value=0.000; Fig. 3C) and levelled off between hour 6 389 

and hour 12. The transcript levels of Zoox-GS1 in the hepatopancreas and ctenidium were too 390 

low for meaningful analyses of the effect of illumination.  391 

3.4. Effects of light exposure on the protein abundance of Zoox-GS1 in five organs  392 

Western blotting showed a band of interest at 85 kDa, which corresponded to the estimated 393 

molecular mass of Zoox-GS1 predicted from an online software (ExPASy SIB Bioinformatics 394 

Resource Portal). This band was eliminated after performing a peptide competition assay 395 

(Supplementary Fig. S1). The protein abundance of Zoox-GS1 was the highest in the outer 396 

mantle, followed by in the inner mantle and foot muscle. On the contrary, the 85 kDa band of 397 

interest was undetectable in extracts from the hepatopancreas and ctenidium at 100 μg of 398 

protein load (Supplementary Fig. S2). 399 

When compared with the control kept in darkness for 12 h, there were significant 400 

increases in protein abundance of Zoox-GS1 in the outer mantle (One-Way ANOVA, 401 

F3,12=17.212, p-value=0.000; Fig. 4A) and inner mantle (One-Way ANOVA, F3,12=15.306, p-402 

value=0.000; Fig. 4B) of T. squamosa after 12 h and 6 h of light exposure, respectively. By 403 

contrast, the protein abundance of Zoox-GS1 in the foot muscle remained statistically 404 



 18 

unchanged throughout the 12-h period of light exposure (One-Way ANOVA, F3,12= 0.865, p-405 

value=0.486; Fig. 4C).   406 
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4. Discussion 407 

4.1. Symbiotic dinoflagellates need to share with the host essential and non-essential 408 

amino acids 409 

It has been proposed that the cnidarian hosts of scleractinian corals can regulate the symbionts’ 410 

population by controlling the availability of endogenous ammonia to them (Cui et al., 2019; 411 

Xiang et al., 2020), as it can recycle the metabolic ammonia into nonessential amino acids 412 

using the organic carbon-chains donated by the photosynthesizing symbionts (Cui et al., 2019; 413 

Falkowski et al., 1993). However, this proposition overlooks the fact that the cnidarian host 414 

also absorbs exogenous ammonia (Muscatine and D’Elia, 1978), urea (Grover et al., 2006) and 415 

NO3
− (Franzisket, 1973) to benefit the photosynthesizing symbionts, and the rates of ammonia 416 

and urea absorption are higher in light than in darkness. Importantly, animals cannot synthesize 417 

all the twenty amino acids needed for growth development, and they must obtain nine essential 418 

amino acids (histidine, isoleucine, leucine, lysine, methionine, phenyalanine, threonine, 419 

tryptophan and valine) from the diet (Leuchtenberger et al., 2005). Although the symbiotic sea 420 

anemone, Aiptasia pulchella, can atypically synthesize methionine and threonine, it still needs 421 

to acquire seven essential amino acids from its symbionts (Wang and Douglas, 1999). 422 

Therefore, putting aside controlling the symbiont’s population, the cnidarian host needs to 423 

provide the symbionts with an adequate supply of nitrogen in order to obtain the quantities of 424 

essential amino acids needed for growth and development from them. Otherwise, the host will 425 

need to depend on a combination of phototrophy and heterotrophy (i.e., mixotrophy) for 426 

survival.  427 

Tridacna squamosa can live and grow in Millipore-filtered seawater for more than 10 428 

months with light as the sole energy source (Fitt and Trench, 1981). This implies that the clam 429 

host can obtain all of the nutrients, including essential amino acids, from its phototrophic 430 

symbionts without resorting to mixotrophy (Klumpp and Griffiths, 1994). Particularly, the 431 
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clam host requires a large supply of amino acids for the production of muscle proteins, because 432 

muscles are needed for lateral movement (foot muscle), closing of the shell valves (adductor 433 

muscle), and retraction of the extended colourful outer mantle. It has been reported that the 434 

muscle of T. squamosa contains essential amino acids such as histidine, isoleucine, leucine, 435 

lysine, methionine, phenylalanine, threonine and valine (Liu et al., 2019). Hence, the clam host 436 

must supply the symbionts with the nitrogen needed for the synthesis of these amino acids. 437 

Indeed, T. squamosa conducts light-enhanced absorption of ammonia (Hiong et al., 2017a; 438 

Wilkerson and Trench, 1986), urea (Chan et al., 2018, 2019) and nitrate (Ip et al., 2020a) from 439 

the ambient seawater through its ctenidium. The absorbed urea and nitrate can be dedicated for 440 

the symbionts because the host cannot metabolize them. By contrast, the exogenous ammonia 441 

absorbed by the ctenidium is assimilated by the host’s GS into glutamine (Hiong et al., 2017a) 442 

before making available to the symbionts. Hence, the ammonia circulating in the hemolymph 443 

or the intratubular fluid of the tubular system is probably produced endogenously by the host 444 

through the degradation of nitrogenous compounds. Our results indicate that symbiotic 445 

dinoflagellates residing in various organs of T. squamosa also express Zoox-GS1, and the 446 

protein abundance of Zoox-GS1 in the outer mantle and inner mantle could be upregulated by 447 

light exposure. Hence, the symbionts can increase the absorption and assimilation of 448 

endogenous ammonia produced by the host during illumination. This explains why giant clams 449 

do not excrete ammonia (Muscatine and D'Elia, 1978; Szmant and Gassman, 1990; Wilkerson 450 

and Trench, 1986) and why their hemolymph have only low concentrations of ammonia (Fitt 451 

et al., 1995). 452 

4.2. Zoox-GS1 is localized in the cytoplasm and can be close to the plasma membrane of 453 

the symbiotic dinoflagellates in the outer mantle of T. squamosa 454 

In plants, GS1 is located in the cytosol while GS2 is expressed in the chloroplast (Hirel 455 

and Gadal, 1981). Fam et al. (2018) reported that GS1 had a cytoplasmic localization in the 456 
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symbiotic dinoflagellates of T. squamosa, but their immunofluorescence images also indicated 457 

a bit of green fluorescence, which could be autofluorescence, in some dinoflagellate organelles. 458 

Green autofluorescence is known to be widespread among phototrophic and heterotrophic 459 

dinoflagellates, diatoms, green algae, cyanobacteria, and raphidophytes (Carpenter et al., 1991; 460 

Tang and Dobbs, 2007). It often occurs in eyespots, accumulation bodies, spines, and aerotopes 461 

in the cytoplasm, and is caused by molecules unrelated to photosynthesis. Hence, efforts were 462 

made in this study to avoid capturing autofluorescence during immunofluorescence 463 

microscopy, and our results confirmed that Zoox-GS1 was indeed located in the cytoplasm of 464 

dinoflagellates in the outer mantle of T. squamosa. Zoox-GS1 could be responsible for the 465 

primary assimilation of absorbed ammonia to glutamine, or the re-assimilation of ammonia 466 

produced through photorespiration or other reactions, in the cytoplasm of symbiotic 467 

dinoflagellates. Our results have also showed that in some cases, GS was concentrated in 468 

regions close to the plasma membrane. GS has been reported to be localized in the plasma 469 

membrane (Kase et al., 2005). However, based on the GS1 sequence reported by Fam et al. 470 

(2018), Zoox-GS1 does not consist of any transmembrane region or membrane anchor. Thus, 471 

it is more likely that cytoplasmic Zoox-GS1 has some form of interaction with intrinsic proteins 472 

embedded within the plasma membrane, similar to findings in soybean root nodules (Masalkar 473 

et al., 2010).  In such a location, Zoox-GS1 can turn the absorbed ammonia to glutamine to 474 

maintain an inward-driven ammonia gradient for the continous uptake of ammonia.  475 

4.3. Multiple sources of nitrogen for symbiotic dinoflagellates—ammonia or urea? 476 

Our results, together with those of Ip et al. (2020b), indicate that symbiotic dinoflagellates in 477 

different organs of T. squamosa could avoid competition for similar nitrogenous resources by 478 

having disparate preferences to utilize a certain type of nitrogen-containing compound. By 479 

virtue of its high density of symbiotic dinoflagellates and high exposure to irradiation, the outer 480 

mantle had the highest transcript level of Zoox-GS1 among the five organs studied. According 481 
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to Ip et al. (2020b), the outer mantle of T. squamosa also has the highest transcript level of 482 

Zoox-URE and ratio of Zoox-URE/Zoox-rbcII. Hence, symbiotic dinoflagellates residing in the 483 

outer mantle could have a greater potential to utilize urea with reference to their photosynthetic 484 

potential than those in other organs, and there could be a functional relationship between urea 485 

degradation and photosynthetic carbon-fixation (Ip et al., 2020b). By contrast, the ratio of 486 

Zoox-GS1/Zoox-rbcII in the outer mantle was comparable to those in the other four organs, 487 

denoting similar potential of ammonia assimilation in these five organs. Taken together, it 488 

becomes apparent that the potential of processing urea through URE is higher than that of 489 

processing ammonia through GS1 in the outer mantle of T. squamosa. Indeed, the ratio of 490 

Zoox-GS1/Zoox-URE in the outer mantle was significantly lower than those in other organs.  491 

Why would it be advantageous for the symbionts of the outer mantle to have a higher 492 

potential to utilize urea-nitrogen than ammonia-nitrogen for amino acid synthesis? Zoox-URE 493 

is localized not only in the cytoplasm but also the plasma membrane and plastids of symbiotic 494 

dinoflagellates in T. squamosa (Ip et al., 2020b). The atypical localization of Zoox-URE in the 495 

plastid serves the important function of making available the urea-carbon, as CO2, for 496 

photosynthesis (Ip et al., 2020b). Furthermore, this would allow symbiotic dinoflagellates to 497 

capture urea-nitrogen for the syntheses of amino acids inside the plastid, where carbon 498 

substrate, ATP, and reducing power can be provided conveniently by photosynthesis. As 499 

dinoflagellates of the inner mantle and foot muscle are known to have lower phototrophic 500 

potential than those in the outer mantle (Poo et al., 2020), the preference of metabolizing urea 501 

over ammonia would not provide these two organs with the advantage as in the case of the 502 

outer mantle.  503 

4.4. Alignment of amino acid syntheses with photosynthesis in dinoflagellates of the 504 

outer mantle 505 
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In plants and algae, GS1 expression is regulated by light (Cantón et al., 1999; Tischner and 506 

Hüttermann, 1980). Similarly, the protein abundance of Zoox-GS1 in the outer mantle of T. 507 

squamosa was upregulated by light, even though the transcript level of Zoox-GS1 remained 508 

unchanged. These results indicate that the expression of Zoox-GS1 was regulated at the 509 

translational level, and that illumination led to an increase in the potential of glutamine 510 

production in the outer mantle. Importantly, light-enhanced expression of Zoox-GS1 occurs in 511 

association with light-enhanced expression of Zoox-RBCII (Poo et al., 2020) and Zoox-URE 512 

(Ip et al., 2020b) in the outer mantle of T. squamosa. Hence, illumination augments the capacity 513 

of urea degradation (Zoox-URE), whereby the ammonia released could be assimilated into 514 

glutamine (Zoox-GS1) with the availability of carbon-chain during photosynthesis (Zoox-515 

RBCII). In turn, glutamine produced in the cytoplasm can act as a key substrate for amino acid 516 

synthesis (Vander Heiden and DeBerardinis, 2017), or it can be translocated into the plastid to 517 

be processed by GOGAT for the production of glutamate (Fam et al., 2018). Glutamine and 518 

glutamate are essential substrates for the synthesis of many nitrogenous compounds essential 519 

for growth and development, including nucleic acids, cofactors, chlorophyll, glutathione and 520 

secondary metabolites (Moller, 2005; Newsholme et al., 2003). As the syntheses of these 521 

compounds require carbon-chains in addition to nitrogen, they need to occur concurrently with 522 

carbon fixation in photosynthesizing dinoflagellates of the outer mantle.  523 

4.5. Dinoflagellates in the inner mantle produce glutamine needed by the host to 524 

synthesize organic matrix for shell formation  525 

The whitish inner mantle of T. squamosa participates in light-enhanced shell-formation, as it 526 

is in direct contact with the extrapallial fluid where biomineralization occurs. Poo et al. (2020) 527 

have demonstrated the presence of a population of symbiotic dinoflagellates with low 528 

phototrophic potential at a special region of the inner mantle near to the hinge of the shell-529 

valves of T. squamosa. Unlike those in the outer mantle, the gene and protein expression levels 530 
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of Zoox-rbcII/Zoox-RBCII in the inner mantle remain unchanged during light exposure (Poo 531 

et al., 2020). Why then, would the gene and protein expression levels of Zoox-GS1/Zoox-GS1 532 

in the inner mantle of T. squamosa be upregulated by light?  533 

Shell formation requires an organic matrix for the layered deposition of CaCO3 onto 534 

the inner surface of the shell-valve (Greenfield et al., 1984). Protein is an important component 535 

of organic matrix and its synthesis requires amino acids. In the ass's-ear abalone, Haliotis 536 

asinine, the shell protein (or glycine-rich boundary protein) derived from the inner mantle is 537 

rich in glutamine (Marie et al., 2010). Amino acid analysis of the axial organic matrix obtained 538 

from corals reveals that proline and glutamine (24.0% and 28.9%) are the main building blocks 539 

of the matrix (Ehrlich et al., 2006). As the host must obtain glutamine and other amino acids 540 

needed for organic matrix synthesis from its symbionts, it would be advantageous for the inner 541 

mantle of T. squamosa to harbor a pool of symbionts that could upregulate the expression levels 542 

of Zoox-GS1/Zoox-GS1 to increase the potential of glutamine synthesis in support of light-543 

enhanced shell formation. Unlike the outer mantle, the expression levels of Zoox-GS1/Zoox-544 

GS1 in the inner mantle were regulated at both the transcriptional and translational level 545 

probably due to the relatively low transcript level of Zoox-GS1 in control clams kept in 546 

darkness. The glutamine produced by this population of symbionts could be dedicated for shell 547 

formation, but these symbionts would need to obtain endogenous ammonia produced by the 548 

host, as well as glutamate and carbon-chains circulating in the luminal fluid of the tubular 549 

system.  550 

4.6. Dinoflagellates in the foot muscle synthesize glutamine and other amino acids 551 

needed for protein synthesis in the host 552 

The foot muscle of giant clam is instrumental to lateral movement (Huang et al., 2007; Stasek, 553 

1962). Movement depends on muscle contraction, and muscle mass is contingent on the 554 

relative rates of protein synthesis and protein breakdown (Schiaffino et al., 2013). Therefore, 555 
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a balanced rate of protein synthesis must be sustained to maintain muscle mass, and a higher 556 

rate is required for muscle growth. Protein synthesis requires a supply of amino acids, and the 557 

clam host needs to obtain them from its symbiotic dinoflagellates. Indeed, the foot muscle of 558 

T. squamosa contains a concentrated population of symbiotic dinoflagellates at its tip, in spite 559 

of being shaded from light by the siphonal mantle, and has a low phototrophic potential (Poo 560 

et al., 2020). These symbionts could be specialized in producing amino acids to support protein 561 

synthesis in the foot muscle.  562 

Notably, the foot muscle had slightly higher transcript level and protein abundance of 563 

Zoox-GS1/Zoox-GS1 than the inner mantle. It is uncertain why the transcript level of Zoox-564 

GS1 in the foot muscle would decrease during light exposure, but the unchanged protein 565 

abundance of Zoox-GS1 during 12 h of illumination shows that the potential of glutamine 566 

production remained constant in light or in darkness. This is unsurprising as the foot muscle is 567 

not known to display any light-dependent physiological phenomenon. Glutamine and 568 

glutamate are substrates for protein synthesis and they can also act as anabolic precursors for 569 

muscle growth (Newsholme et al., 2003). For instance, in blood clam, Anadara broughtonii, 570 

muscle tissue is characterized by higher percentage of glutamine than other soft tissues 571 

(Tabakaeva and Tabakaev, 2016). Hence, it is essential for symbionts in the foot muscle to 572 

absorb endogenous ammonia, glutamate and carbon-chains from the tubular fluid in order to 573 

synthesize glutamine through Zoox-GS1.  574 

4.7. Perspective 575 

Judging by the comprehensive transcript levels of Zoox-GS1 derived from Symbiodinium, 576 

Cladocopium and Durusdinium, the capacity to assimilate ammonia relative to the phototrophic 577 

capacity (Zoox-rbcII) is comparable among the five organs studied. However, this does not 578 

necessarily imply that the contribution to the capacity of ammonia assimilation by the three 579 

individual genera of symbiotic dinoflagellates would be similar among these five organs. It is 580 
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important to examine whether there was a dominant genus of dinoflagellates from these T. 581 

squamosa specimens obtained from Vietnam, and to elucidate whether the potential to 582 

assimilate ammonia relative to the phototrophic potential would be different among 583 

Symbiodinium, Cladocopium or Durusdinium in the outer mantle and other organs. It is 584 

possible that these three genera of symbiotic dinoflagellates would have different expression 585 

levels of GS1/GS1 and hence different potential of assimilating ammonia into glutamine to 586 

benefit the host, the confirmation of which awaits future studies.  587 
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Table 1. Ratios of the transcript level of zooxanthellal Glutamine Synthetase 1 (Zoox-GS1) to that of zooxanthellal form II ribulose-1,5-835 

bisphosphate carboxylase/oxygenase (Zoox-rbcII) or that of zooxanthellal Urease (Zoox-URE) in five organs of Tridacna squamosa 836 

exposed to light for 3 h. Results represent means ± SD (n=10). Means not sharing the same letter are significantly different (p-value<0.01 837 

after Bonferroni adjustment). 838 

 839 

 Outer mantle Inner mantle Foot muscle Hepatopancreas Ctenidium 

Zoox-GS1/Zoox-rbcII (x10-2) 0.82 ± 0.30ab 0.92 ± 0.21ab 1.03 ± 0.21b 0.68 ± 0.17a 0.98 ± 0.62ab 

Zoox-GS1/Zoox-URE 1.52 ± 1.06a 4.16 ± 1.52c 3.86 ± 2.10bc 2.11 ± 0.78ab 2.77 ± 1.45abc 

  840 
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Fig. 1. Immunolabeling of zooxanthellal Glutamine Synthetase 1 (Zoox-GS1), which 841 

comprised GS1 of Symbiodinium, Cladocopium and Durusdinium, in the outer mantle 842 

of Tridacna squamosa. (A) Differential interference contrast (DIC) image overlaid with 843 

DAPI nuclear stain (‘n’ refers to the nucleus of a zooxanthella, ZX; ‘N’ refers to the 844 

nucleus of a zooxanthellae tubule, ZT) and red channel (‘PL’ refers to the plastid of the 845 

zooxanthella). (B) Zoox-GS1 immunolabeling in green. (C) Composite image of Zoox-846 

GS1 immunolabeling with DIC and DAPI, with (D) a magnified view. (E) Validation 847 

of Zoox-GS1 in the cytoplasm and regions near the plasma membrane of symbiotic 848 

dinoflagellates by a peptide competition assay (PCA). Arrowheads indicate Zoox-GS1 849 

immunolabeling concentrated near regions of the plasma membrane of symbiotic 850 

dinoflagellates while arrows indicate Zoox-GS1 immunolabeling in the cytoplasm. 851 

Scale bar: 20 μm.  852 

Fig. 2. Transcript levels (×103 copies per ng total RNA) of zooxanthellal Glutamine Synthetase 853 

1 (Zoox-GS1), which comprised GS1 of Symbiodinium, Cladocopium and 854 

Durusdinium, from the outer mantle (OM), inner mantle (IM), foot muscle (FM), 855 

hepatopancreas (HP) and ctenidium (CT) of Tridacna squamosa exposed to light for 3 856 

h. Results represent means + S.E.M. (n=10). Means not sharing the same letter are 857 

significantly different from each other (p-value<0.05).  858 

Fig. 3. Transcript levels (copies per ng total RNA) of zooxanthellal Glutamine Synthetase 1 859 

(Zoox-GS1), which comprised GS1 of Symbiodinium, Cladocopium and Durusdinium, 860 

from (A) the outer mantle, (B) the inner mantle, and (C) the foot muscle of Tridacna 861 

squamosa kept in darkness for 12 h (control), or exposed to light for 3, 6 or 12 h. Results 862 

represent means + S.E.M. (n=4). Means not sharing the same letter are significantly 863 

different from each other (p-value<0.05).  864 
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Fig. 4. Protein abundance of zooxanthellal Glutamine Synthetase 1 (Zoox-GS1), which 865 

comprised GS1 of Symbiodinium, Cladocopium and Durusdinium, from (A) the outer 866 

mantle, (B) the inner mantle, and (C) the foot muscle of Tridacna squamosa kept in 867 

darkness for 12 h (control) or exposed to light for 3, 6 or 12 h. (i) An immunoblot of 868 

Zoox-GS1 of the specific organ. (ii) Relative normalized Zoox-GS1 protein abundance 869 

(a.u.) from the outer mantle, inner mantle or foot muscle. Results represent means + 870 

S.E.M. (n=4). Means not sharing the same letter are significantly different from each 871 

other (p-value<0.05). 872 

  873 
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Fig. 1 874 
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Fig. 2 877 
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Fig. 3 880 
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Supplementary Table S1. Amino acid similarity between Glutamine Synthetase 1 (GS1) sequences retrieved from various dinoflagellate databases 884 

and the epitope sequence used to generate the custom-made anti-TSZGS1 antibody. The epitope sequence DGVTRSKTMTMTAR was 885 

designed at a conserved region of five GS1 sequences (with their contig numbers listed). Two Symbiodinium GS1 sequences were obtained 886 

from Bayer et al. (2012) and Shoguchi et al. (2018), two Cladocopium GS1 sequences were obtained from Levin et al. (2016) and Shoguchi 887 

et al. (2018), and one Durusdinium GS1 sequence was obtained from Ladner et al. (2012). 888 

Sequence contig number in the respective database Number of amino acid matches between sequence and epitope, with percentage (%) 

match in parenthesis 

Symbiodinium GS1 sequences  

Comp26637 12/14 (85.7) 

kb8 rep c6248 12/14 (85.7) 

Cladocopium GS1 sequences  

Comp261010 13/14 (92.9) 

TR64176 13/14 (92.9) 

Durusdinium GS1 sequence  

GAFP01005926.1 13/14 (92.9) 

 889 



 

46 

46 

Supplementary Table S2. Similarity between the epitope used to generate the custom-made anti-α-tubulin antibody and the amino acid sequences 

of α-tubulin from three genera of dinoflagellates and six species of molluscs. The epitope sequence PKDVNAAVATIKTK was selected at 

a conserved region of all α-tubulin sequences examined. Sequences of α-tubulin of dinoflagellates were obtained from various online 

dinoflagellate databases, whereby, two Symbiodinium α-tubulin sequences were obtained from Aranda et al. (2016); two Cladocopium α-

tubulin sequences were obtained from Shoguchi et al. (2018); and, two Durusdinium α-tubulin sequences were obtained from Ladner et al. 

(2012). Six α-tubulin sequences from molluscs (Aplysia californica, Cepaea nemoralis, Crassostrea gigas, Crassostrea brasiliana, Patella 

vulgata, and Uroteuthis edulis) were obtained from Genbank (with accession numbers listed). 

Source of sequence (with contig number in 

the respective database for dinoflagellates) 

Number of amino acid matches between sequence and the selected epitope for antibody 

production, with percentage (%) match in parenthesis 

Symbiodinium  

kb8_rep_c48345 14/14 (100) 

kb8_rep_c51196 14/14 (100) 

Cladocopium  

comp27185_c0 14/14 (100) 

comp22314_c2 14/14 (100) 

Durusdinium  

d_sym_87768 14/14 (100) 

d_sym_121557 14/14 (100) 

Molluscs  



 

47 

47 

A. californica (NP_001191500.1) 

C. nemoralis (AXI69343.1) 

C. gigas (BAD80736.1) 

C. brasiliana (AVF19943.1) 

P. vulgate (CAA54712.1) 

U. edulis (BAW15928.1) 

13/14 (92.9) 

13/14 (92.9) 

13/14 (92.9) 

13/14 (92.9) 

13/14 (92.9) 

13/14 (92.9) 



 

48 

48 

Supplementary Table S3. Nucleotide similarity between Glutamine Synthetase 1 (GS1) sequences obtained from various dinoflagellate databases 

and the TSZGS1 comprehensive qPCR primer. The TSZGS1 comprehensive qPCR primer (forward: 5’- GGAGCAAGGTCATGGAGGA -

3’; reverse: 5’- ATCATCAAGTTCGGCGGC -3’) was designed at a conserved region of all available GS1 sequences from the databases 

(represented by their contig numbers). Three Symbiodinium GS1 sequences were retrieved from Bayer et al. (2012), Aranda et al. (2016) and 

Shoguchi et al. (2018); two Cladocopium GS1 sequences were obtained from Levin et al. (2016) and Shoguchi et al. (2018); and one 

Durusdinium GS1 sequences was retrieved from Ladner et al. (2012).  

Contig number in the respective database Number of nucleotide matches between sequence and qPCR primer, with 

percentage (%) match in parenthesis 

Forward primer Reverse primer 

Symbiodinium GS1 sequences   

Comp26637 c0 seq2 17 (89.5) 18 (100) 

Smic2606 16 (84.2) 17 (94.4) 

kb8 rep c6248 17 (89.5) 18 (100) 

Cladocopium GS1 sequences   

TR64176 c0 g4 i1 19 (100) 16 (88.9) 

comp261010 c1 seq1 19 (100) 16 (88.9) 

Durusdinium GS1 sequence   

GAFP01005926.1 19 (100) 18 (100) 



 

 

49 

Supplementary Fig. S1. Peptide competition assay (PCA) on anti-Zoox-GS1 antibody. The 

presence of Zoox-GS1 band on an outer mantle sample exposed to 12 h of light (A) 

disappeared when anti-Zoox-GS1 antibody was neutralized with immunizing peptide 

(B).  
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Supplementary Fig. 2. Immunoblot showing the absence of the 85 kDa Zoox-GS1 protein 

band in extracts from hepatopancreas and ctenidium at 100 μg of protein load. 
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