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Giant clams harbor dinoflagellates generally of the three genera (Symbiodinium, Cladocopium, and Durusdinium) of phototrophic Symbiodiniaceae. Coccoid dinoflagellates (alias zooxanthellae) are found mainly inside zooxanthellal tubules located in the colorful outer mantle. The symbionts need to obtain carbon, nitrogen and phosphorus from the host for growth and metabolism. The host can absorb exogenous ammonia through the ctenidium and assimilate it into glutamine. Although the host does not normally excrete ammonia, its hemolymph contains only low concentrations of ammonia, indicating that the symbionts can absorb and recycle the ammonia produced metabolically by the host. In this study, we had obtained from the outer mantle of the giant clam, Tridacna squamosa, three major ammonium transporter 2 (AMT2) sequences, one each for Symbiodinium spp. (Symb-AMT2), Cladocopium spp. (Clad-AMT2), and Durusdinium spp. (Duru-AMT2), which comprised 1341 bp, 1308 bp, and 1296 bp, respectively. The respective deduced amino acid sequences contained 447 (~ 46.5 kDa), 436 (~ 45.5 kDa), and 432 (~ 45.0 kDa) residues. Phenogramic and sequence similarity analyses confirmed that these sequences were derived from dinoflagellates. Zooxanthellae-AMT2 (Zoox-AMT2), which represented comprehensively AMT2 of Symbiodinium spp., Cladocopium spp., and Durusdinium spp. was localized at the dinoflagellates’ plasma membranes, indicating that it could partake in the absorption of ammonia from the luminal fluid of the zooxanthellal tubules. Zoox-AMT2 expression was detected in the outer mantle, inner mantle, foot muscle, hepatopancreas and ctenidium of T. squamosa, indicating that the coccoid dinoflagellates residing in all five organs had the potential of ammonia absorption. The outer mantle had the highest transcript level of Zoox-AMT2, and illumination upregulated the protein abundance of Zoox-AMT2 therein. Therefore, it can be deduced that the coccoid dinoflagellates residing in the outer mantle could augment the potential of ammonia absorption in alignment with photosynthesis as the assimilation of ammonia required an increased supply of carbon chains.
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Introduction

Nitrogen (N) is crucial to all living organisms, as it is a basic element of amino acids, proteins and nucleic acids. The degradation of nitrogenous compounds in aqueous media produces ammonia comprising molecular NH3 and cationic NH4+, the proportion of which varies according to pH. As the reaction, NH4+ + H2O ↔ NH3 + H3O+, has a pK of ~9.5, NH4+ is the major species of dissolved ammonia at physiological pH (~ 7.2-7.4; Ip and Chew, 2010). In this report, ammonia refers to both NH3 and cationic NH4+. In general, ammonia is the major nitrogenous waste excreted by aquatic animals because ammonia is toxic (Ip and Chew, 2010; Chew and Ip, 2014). However, many reef animals in the tropics, including symbiotic sea anemones, scleractinian corals and giant clams, absorb ammonia from the ambient seawater, particularly during illumination (Muscatine et al., 1979; Wilkerson and Muscatine, 1984; Wilkerson and Trench, 1986; Miller and Yellowlees, 1989). This is because they need to supply N to the Symbiodineaceae living inside their bodies. Tropical waters are usually oligotrophic especially in atolls due to the lack of upwelling. To resolve the problems concerning nutrient availability, many tropical reef animals are phototrophic as they harbor coccoid Symbiodineaceae as symbionts (also called zooxanthellae).

Giant clams (Genus: Tridacna or Hippopus) can be found in Indo-Pacific coral reefs. They commonly harbor three genera of Symbiodineaceae, Symbiodinium spp., Cladocopium spp., and Durusdinium spp. although Gerakladium spp. has also been reported for Tridacna maxima from the French Polynesia (Hernawan, 2008; DeBoer et al., 2012; Ikeda et al., 2017; Lim et al., 2019; Pochon et al., 2019; Guibert et al., 2020). Symbiodineaceae can exist as motile flagellates or coccoid symbionts. The coccoid dinoflagellates reside as symbionts extracellularly inside the lumen of a branched tubular system that originates from the host’s digestive tract (Norton et al., 1992). The majority of symbionts are found inside the tertiary zooxanthellal tubules located in the colorful and extensible outer mantle unique to giant clams. The outer mantle contains iridocytes that can absorb harmful UV radiation (Rossbach et al., 2020) and deflect light of relevant wavelength to the photosynthesizing symbionts (Holt et al., 2014).

Symbiodineaceae express form II ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and conduct C3 photosynthesis (Streamer et al., 1993; Rowan et al., 1996; Mayfield et al., 2014). Thus, the phototrophic potential of coccoid Symbiodineaceae can be estimated based on the transcript level of form II RuBisCO (rbcII). Recently, Poo et al. (2020) designed a set of comprehensive quantitative real-time PCR primers to determine the transcript level of Zoox-rbcII, which consisted of rbcII of Symbiodinium spp. (Symb-rbcII), Cladocopium spp. (Clad-rbcII), and Durusdinium spp. (Duru-rbcII). They used Zoox-rbcII as a molecular indicator to compare the phototrophic potential of five organs in the fluted giant clam, Tridacna squamosa, and reported the highest phototrophic potential in the outer mantle as compared with the inner mantle, foot muscle, hepatopancreas and ctenidium. Photosynthesizing symbionts in the outer mantle release large quantities of photosynthate to the host so as to support the host’s energy and nutritional needs (Fisher et al., 1985; Klumpp et al., 1992), including light-enhanced shell formation (Ip et al., 2017a; Rossbach et al., 2019; Ip and Chew, 2021). In return, the host must supply nutrients containing essential elements (carbon, N and phosphorus) to the symbionts that have no direct access to the ambient seawater. N is needed by the coccoid dinoflagellates to synthesize important nitrogenous compounds including amino acids. Besides catering for their own needs, coccoid dinoflagellates must supply amino acids to the host for muscle synthesis, growth and reproduction. Notably, the host is incapable of synthesizing essential amino acids (Wang and Douglas, 1999) and must obtain them from the symbionts or through filter feeding. With light as the sole energy source, giant clams can grow in Millipore-filtered seawater for more than 10 months (Fitt and Trench, 1981). This confirms that the clam host can obtain all the nutrients needed for growth and survival, including essential amino acids, from the coccoid dinoflagellates (Klumpp and Griffiths, 1994).

Seawater contains NH4+ and NO3− as the major dissolved inorganic N, as well as dissolved organic N (Johansson and Wedborg, 1980; Bronk et al., 2007). The host can absorb inorganic (Fitt et al., 1993a; Ip et al., 2020a) and organic N (Chan et al., 2018; Chan et al., 2019) from the ambient seawater and supply them to the symbionts. As a result, the supplementation of seawater with ammonia augments the growth of juvenile giant clams (Summons et al., 1986; Belda et al., 1993; Fitt et al., 1993a) and enhances the division rate and density of symbionts (Belda et al., 1993; Fitt et al., 1993a). Giant clams absorb exogenous ammonia in light faster than in darkness (Wilkerson and Trench, 1986; Fitt et al., 1993a; Fitt et al., 1993b). The absorption of ammonia occurs mainly in the ctenidium (Rees et al., 1994; Shepherd et al., 1999), and the absorbed ammonia is assimilated into glutamine catalyzed by a ctenidial glutamine synthetase (GS) that displays light-enhanced gene and protein expression levels (Hiong et al., 2017). Hence, the host supplies exogenous ammonia in the form of glutamine-N to the symbionts. Nonetheless, the host constantly produces endogenous ammonia through the degradation of nitrogenous compounds. Yet, despite the lack of ammonia excretion (Muscatine and D’Elia, 1978), the ammonia concentrations in the hemolymph of giant clams remain low, and fluctuate diurnally with lower concentrations during illumination than in darkness (Fitt et al., 1995). Therefore, metabolic ammonia produced endogenously by the host must be effectively absorbed and assimilated by the coccoid dinoflagellates, especially during illumination. In fact, the coccoid dinoflagellates of T. squamosa can assimilate ammonia into glutamine because they express a novel cytosolic glutamine synthetase 1 (GS1) sequence that contains an extra segment characteristic of nucleotide diphosphate kinase (Fam et al., 2018). Notably, the gene and protein expression levels of GS1/GS1 are enhanced during illumination (Teh et al., 2021). Hence, it is logical to deduce that coccoid dinoflagellates could increase the uptake of ammonia from the host during illumination through a transporter that has not been identified.

Members of the ammonium transporter/methylamine permease/Rhesus family can be found in all domains of life, and they mediate the transport of ammonia across membranes (McDonald et al., 2012). Ammonium transporters (AMTs) are ubiquitous in plant, fungi and eubacteria, involving specifically in ammonia absorption (Peng and Huang, 2006). Based on their phylogenetic relationships, plant AMTs can be grouped into two subfamilies, AMT1 and AMT2 (Loqué and von Wirén, 2004; McDonald et al., 2012). AMT2 is more closely related to the AMT of prokaryotes than to plant AMT1 (Loqué and von Wirén, 2004; McDonald et al., 2012). Members of the AMT1 subfamily transport ionic NH4+ as NH3 + H+, and play important roles in high-affinity ammonia uptake at the micromolar level (Yuan et al., 2007; McDonald et al., 2012; Song et al., 2017). By contrast, members of the AMT2 subfamily transport molecular NH3 despite having high affinity for ammonia (Ganz et al., 2020). In Arabidopsis, AMT2;1 (AtAMT2;1) also contributes to low-affinity ammonia transport in the millimolar range (Giehl et al., 2017). Although the concentration of ammonia in the luminal fluid of the zooxanthellal tubules of giant clams is unknown, the ammonia concentration in the hemolymph ranges from ~ 10 µM to ~ 0.25 mM (Fitt et al., 1995). Therefore, the objective of this study was to obtain the full coding cDNA sequence of AMT2 from the coccoid dinoflagellates residing in the outer mantle of T. squamosa. While multiple AMT2 sequences were obtained because of the presence of multiple phylotypes of Symbiodinium, Cladocopium, and Durusdinium, only one major AMT2 sequence for each genus of dinoflagellate, named Symbiodinium-AMT2 (Symb-AMT2), Cladocopium-AMT2 (Clad-AMT2) and Durusdinium-AMT2 (Duru-AMT2), was presented in this report. Molecular characterization and phenogramic analysis of the three deduced amino acid sequences were conducted to verify their identity and dinoflagellate-origin. It was essential to confirm that the comprehensive AMT2 expressed by all three genera of dinoflagellates, named zooxanthellae-AMT2 (Zoox-AMT2), was expressed in the symbiont’s plasma membrane. Hence, an antibody that could react comprehensively with Zoox-AMT2 was designed and custom-made in order to conduct immunofluorescence microscopy. In addition, efforts were made to test the hypothesis that illumination could lead to increases in the gene expression level of Zoox-AMT2 and protein abundance of Zoox-AMT2 in the outer mantle so that ammonia absorption could be augmented in the symbionts during photosynthesis.

Besides containing substantial quantities of coccoid dinoflagellates, giant clams can expel viable dinoflagellates (Morishima et al., 2019) that can repopulate other bleached Symbiodiniaceae-bearing hosts such as scleractinian corals (Umeki et al., 2020). It is therefore important to understand the nutritional aspect of the giant clam-zooxanthellae association, which might provide insights into ways to enhance the growth of giant clams in the wild or in culture. In particular, the clam host absorbs multiple exogenous N-containing compounds, including ammonia, urea and NO3−, to benefit the symbionts, but the transporters involved in the absorption of these nitrogenous substrates in the coccoid dinoflagellates have not been elucidated. Results obtained on dinoflagellate-derived AMT2 would set a foundation for future studies on such transporters in coccoid dinoflagellates of giant clams and other symbiotic animals.



Materials and Methods


Giant Clams and Maintenance Conditions

Adult T. squamosa (575 ± 135 g) were imported directly from Vietnam through Xanh Tuoi Tropical Fish Co., Ltd (Ho Chi Minh City, Vietnam). They were packed individually in plastic bags and shipped to Singapore through air. The giant clams (n = 22) were housed in three glass tanks (L 92 cm × W 62 cm × H 62 cm) containing approximately 320 l of seawater in the Animal Holding Room of the National Institute of Education (Singapore). The salinity, pH, hardness, concentrations of ammonia, calcium, nitrate, and phosphate and the temperature of the seawater were maintained as described by Pang et al. (2021). Briefly, the water had a salinity of 30-32 with a temperature of 25.5-26.5°C. The pH was 8.2-8.4 while the water hardness was at 143-179 ppm. The total ammonia, calcium, nitrate, and phosphate contents were maintained at 0 ppm, 380-420 ppm, 0 ppm, and less than 0.28 ppm, respectively. As we had no information on the conditions of the giant clams’ natural habitat in Vietnam, the giant clams were illuminated with a light intensity that mimicked the irradiance received by T. squamosa in the Red Sea as reported by Jantzen et al. (2008). They were given a month to acclimatize to the above-mentioned conditions under a 12 h dark: 12 h light regimen without any food supply before any experiments were performed. Exemption from approval by the Nanyang Technological University Institutional Animal Care and Use Committee was granted for the use of giant clams in this study.



Experimental Conditions and Tissues Collection

After one month of acclimation to the 12 h dark: 12 h light regimen, four individuals of T. squamosa (control) were killed at the end of the 12-h period of darkness. Tissues samples of the five targeted organs namely the outer mantle, inner mantle, foot muscle, hepatopancreas and ctenidium (gill) were collected. These five organs were chosen as a previous study had confirmed that they contained a certain quantity of coccoid dinoflagellates based on transcript levels of Zoox-rbcII (Poo et al., 2020). In addition, tissue samples of the outer mantle were collected from another 12 individuals (n = 4 for each time point) that had been exposed to light for 3, 6 or 12 h during the 12 h light regimen. Prior to tissue sampling, giant clams were anaesthetized with 0.2% phenoxyethanol. Then the shell-valves were forced open and the adductor muscle was severed in order to excise the tissues. After excision, tissue samples were freeze-clamped in liquid N2 and stored in an ultralow freezer at −80°C until analysis. For immunofluorescence microscopy, tissue samples were dissected from the central region of the outer mantle of three separate individuals after exposure to darkness for 12 h. They (n = 3) were fixed in paraformaldehyde (3.7% in seawater). In addition, three individuals that had been exposed to darkness for 12 h were killed to obtain the outer mantle tissues for the isolation of coccoid dinoflagellates, which was used for the identification of the targeted band in the western blotting experiments.



Total RNA Extraction, cDNA Synthesis, PCR, Cloning, and RACE-PCR

The extraction of total RNA and the synthesis of cDNA were performed according to the methods described by Pang et al. (2021). A set of genus-comprehensive PCR primers (forward: 5’- CTTCTTCTATGGTGGCCTGGT -3’; reverse: 5’- GAAAGCCACACCAGCCAG -3’) was designed based on a total of nine AMT2 sequences with three from Symbiodinium databases (Shoguchi et al., 2018; Chen et al., 2020; González-Pech et al., 2021), three from Cladocopium databases (Davies et al., 2018; Shoguchi et al., 2018; Chen et al., 2020), and three from Durusdinium databases (Ladner et al., 2012; Rosic et al., 2015; Shoguchi et al., 2021) (Supplementary Table S1). They were used to obtain the partial sequences of AMT2 from Symbiodinium, Cladocopium, and Durusdinium in the outer mantle of T. squamosa. PCR was conducted following the method of Pang et al. (2021) using a 9902 Veriti 96-well thermal cycler (Thermo Fisher Scientific, Waltham, MA, USA). The PCR product obtained was cloned with the pGEM®-T Easy Vector system II (Promega, Madison, WI, USA). Partial sequences were obtained from sixty clones that were picked randomly, and their identities were confirmed by comparison with AMT2 sequences available in multiple dinoflagellate databases. Using the SMARTer RACE cDNA amplification kit (Clontech Laboratories, Mountain View, CA, USA), 5’ and 3’ RACE-PCR were performed to obtain the full coding sequence of the major Symb-AMT2, Clad-AMT2 and Duru-AMT2. The RACE primer set designed for Symb-AMT2 was 5’ RACE: 5’-GAAGGCGAGACCTGGAAGCGTGTCCC-3’, 3’ RACE: 5’- GGGACACGCTTCCAGGTCTCGCCTTC-3’. For Clad-AMT2, the RACE primer set consisted of 5’ RACE: 5’-CCAACGAACATGCCGAATCCAGTGGAAC-3’; 3’ RACE: 5’- GTGACTCCGGCCTCCCAGCTTTGG -3’. The RACE primer set for Duru-AMT2 comprised 5’ RACE: 5’-GTCATCTGGAAAGCTGCAAAACAAAGAC-3’; 3’ RACE: 5’- ACTCGGGGCTCCCTGGTCTTTGTT-3’.



Deduced Amino Acid Sequences

The ExPASy Proteomic server (http://web.expasy.org/translate/) was used to translate the three nucleotide sequences into amino acid sequences of Symb-AMT2, Clad-AMT2, and Duru-AMT2. The transmembrane regions (TM) and pore lining amino acid residues were deduced using TMpred provided by Expasy (https://embnet.vital-it.ch/software/TMPRED_form.html).



Phenogramic Analysis

A phenogramic analysis of Symb-AMT2, Clad-AMT2, and Duru-AMT2 together with AMT2 sequences obtained from various databases was performed to confirm their identities. Maximum Likelihood analysis using the program RaxML 8.2.5 was applied to generate the phenogram with 2000 bootstraps (Stamatakis, 2014). An analysis by the ModelGenerator v0.85 revealed LG + G + F as the best-fitting evolutionary model for AMT2 (Whelan and Goldman, 2001; Keane et al., 2006).



Quantitative Polymerase Chain Reaction

To quantify the transcript level of Zoox-AMT2, a set of forward (5’-GGGTTGTCTTTGGGTTCTC-3’) and reverse: (5’-CCCACATCTTCATGTCCA-3’) qPCR primers, which could react comprehensively with Zoox-AMT2, was designed based on a total of nine AMT2 sequences with three from Symbiodinium databases (Shoguchi et al., 2018; Chen et al., 2020; González-Pech et al., 2021), another three from Cladocopium databases (Levin et al., 2016; Davies et al., 2018; Shoguchi et al., 2018), and the final three from Durusdinium databases (Ladner et al., 2012; Rosic et al., 2015; Bellantuono et al., 2019) (Supplementary Table S2). For absolute quantification of the transcripts, plasmid clones of the amplicon were generated following the method of Hiong et al. (2017). The transcript level of Zoox-rbcII was quantified using the set of genus-comprehensive Zoox-rbcII qPCR primers designed by Poo et al. (2020). The amplification efficiencies of the qPCR primers for Zoox-AMT2 and Zoox-rbcII were 91.1% and 93.8%, respectively. qPCR was performed according to the methods of Pang et al. (2021) using a 96-well StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific). Two standard curves were constructed using two different plasmid clones, one generated for Zoox-AMT2 and another one for Zoox-rbcII, to determine the absolute copies of transcript. Results were expressed as copies of transcripts per ng of total RNA (dinoflagellate + host).

Although the transcript level of a gene in the tissue samples of non-symbiotic organisms is commonly expressed with reference to the total RNA in the same tissue of that organism, we expressed the transcript levels of Zoox-AMT2 with reference to the total RNA (dinoflagellate + host) in the outer mantle of T. squamosa in this study. As explained by Mani et al. (2021) and Teh et al. (2021), T. squamosa is a symbiotic animal representing an animal-dinoflagellate association, and its tissue samples, particularly the outer mantle, naturally consisted of a mixture of host tissues and coccoid dinoflagellates. Furthermore, the quantity of symbionts per gram tissue sample, and hence the quantity of dinoflagellate RNA, varies between the same organ of different individuals or between different organs of the same individual (Poo et al., 2020). As our objectives were to compare the expression levels of Zoox-AMT2 in five organs of T. squamosa as well as in the outer mantle of different individuals exposed to various periods of illumination, it would be inappropriate to express results of absolute quantification as copy number of Zoox-AMT2 transcripts per ng of total dinoflagellate RNA. Moreover, it was technically impracticable to quantify the dinoflagellate RNA separated from the host RNA, because changes in the transcript level (and also protein abundance) might occur during the isolation of dinoflagellates from the host tissues before RNA (and protein) extraction. To resolve the problem of variability in quantities of coccoid dinoflagellates, we quantified the transcript levels of Zoox-rbcII, which was expressed only by the coccoid dinoflagellates, in order to calculate the transcript ratio of Zoox-AMT2/Zoox-rbcII. As this ratio is independent of the total RNA (dinoflagellate + host), direct comparisons could be made between different organs concerning the potential of ammonia transport with reference to the phototrophic potential. Of note, results could not be presented according to the 2ΔΔCT method of relative quantification (Livak and Schmittgen, 2001), because the transcript levels of Zoox-rbcII varied among different organs of the same individual or in the outer mantle of different individuals exposed to experimental conditions (Poo et al., 2020; Poo et al., 2021) and did not satisfy the criteria of a reference gene.



Antibodies

As a sequence of AMT derived from the host has been obtained from the ctenidium of T. squamosa previously (Boo et al., 2018), it was essential to design a custom-made antibody that could differentiate the dinoflagellate AMT from the host AMT. Thus, we aligned multiple AMT sequences obtained from various Symbiodiniaceae databases (Supplementary Table S3) to select the highly conserved epitope sequence of YSFWTNLDMKNWD for the production of the genus-comprehensive anti-Zoox-AMT2 antibody outsourced to Genscript (Piscataway, NJ, USA). This epitope sequence corresponded to residues 103–115 of Symb-AMT2, 90–102 of Clad-AMT2 and Duru-AMT2 with similarity of 92.3%, 69.2%, and 69.2%, respectively. To confirm that the anti-Zoox-AMT2 antibody could specifically detect AMT2s of different phylotypes of Symbiodiniaceae, a NCBI BLAST was performed on the epitope sequence. The top 15 candidates obtained from the NCBI BLAST were all dinoflagellate AMTs, some of which had very small E-value (Table 1). Hence, results of immunofluorescence microscopy and western blotting obtained using this antibody should reflect specifically the cellular/subcellular localization and protein abundance of AMT2, respectively.


Table 1 | A comparison of the nucleotide sequences of ammonium transporter 2 (AMT2) derived from Symbiodinium (Symb-AMT2), Cladocopium (Clad-AMT2) and Durusdinium (Duru-AMT2) of Tridacna squamosa with selected AMT2 contigs obtained from various dinoflagellate databases.



In addition, α-tubulin was selected as the reference protein, and an anti-α-tubulin antibody custom-made by Genscript based on the epitope of PKDVNAAVATIKTK was used to produce the anti- α-tubulin antibody. Mani et al. (2021) and Teh et al. (2021) had reported that this antibody could theoretically react with α-tubulin derived from both the clam host and coccoid dinoflagellates. As T. squamosa represents an animal-dinoflagellate association and its organs naturally consist of a mixture of host’s tissues and symbionts, it would be inappropriate to used dinoflagellate α-tubulin as the reference protein.



SDS-PAGE Electrophoresis and Western Blotting

In order to identify the band of interest and its dinoflagellate-origin, dinoflagellates were isolated from the outer mantle following the method of Poo et al. (2021). The outer mantle tissues from three individuals exposed to 12 h of darkness were excised and cut into smaller pieces. The tissue samples were homogenized twice, at 3200 rpm for 20 s, in 10 volumes of filtered seawater using an Ultra-Turrax T25 homogenizer fitted with an 18G shaft (Ika-Labortechnik, Staufen, Germany). The homogenate was centrifuged at 60 xg for 5 min at 25°C to separate the released dinoflagellates into the supernatant from the residual outer mantle tissues in the pellet. To obtain the remaining dinoflagellates from the pellet, the residual outer mantle tissues were resuspended in 10 volumes of filtered seawater and the homogenization and centrifugation process was repeated. The supernatants from the two rounds of homogenization were combined followed with centrifugation at 60 xg for 5 min at 25°C to obtain the dinoflagellate pellet.

The proteins from the outer mantle of T. squamosa or from the isolated dinoflagellates were extracted and their concentrations were determined according to the methods of Hiong et al. (2017) and Bradford (1976), respectively. The proteins were mixed with Laemmli’s reagent (Laemmli, 1970) and heated at 70°C for 15 min. An aliquot of sample from the outer mantle containing 100 μg protein was separated by SDS-PAGE using step gradient gels (4% stacking, 8% resolving). To confirm that the band of interest was derived from the symbiont and not the host, 20 µg of protein from the isolated dinoflagellates was also separated by SDS-PAGE. The separated proteins were then transferred onto Amersham™ Protran® nitrocellulose membranes (Cytiva, Marlborough, MA, USA). The Pierce Fast Western Blot kit, SuperSignal® West Pico Substrate (Thermo Fisher Scientific) was used to conduct western blotting. The membranes were incubated with the anti-Zoox-AMT2 antibody (1.25 µg ml-1) at 25°C for 1 h, and all subsequent steps were carried out according to the manufacturer’s instructions. Chemiluminescence was captured using the ChemiDoc XRS+ (Bio-Rad Laboratories, Hercules, CA, USA). ImageJ (version 1.50, NIH) was used to quantify the optical densities of the bands of interest. Calibration of the optical densities was carried out with the Stouffer R3705-1C, 37 step reflection scanner scale with increments of 0.05 (Stouffer Industries Inc., Mishawaka, IN, USA). The optical density of the Zoox-AMT2 band was normalized to that of the α-tubulin band in order to express the relative protein abundance of Zoox-AMT2 in the outer mantle. As the protein sample obtained from freshly isolated dinoflagellates was only used to confirm the origin of the Zoox-AMT2 band and not for quantification, the determination of reference protein was omitted.



Immunofluorescence Microscopy

The methods of Pang et al. (2021) were adopted to process the outer mantle samples for immunofluorescence microscopy. Briefly, samples were dehydrated and embedded in Paraplast Plus (Sigma-Aldrich Co.) before sectioning to 5 µm with a Leica RM2125 RTS microtome (Leica, Wetzlar, Germany). The sections were then mounted onto Menzel Gläser SuperFrost Plus Adhesion slides (Thermo Fisher Scientific). Sections were then deparaffinized prior to antigen retrieval by treatment with citraconic anhydrase (Nacalai Tesque, Kyoto, Japan) at 95°C for 5 min, followed by 1% SDS solution at 25°C for 10 min. The sections were then washed with TPBS (0.05% Tween-20, 10 mmol l-1 Na2HPO4, 1.8 mmol l-1 KH2PO4, 137 mmol l-1 NaCl, and 1.8 mmol l-1 KCl at pH 7.4). Sudan Black B (0.1%; Sigma-Aldrich Co.) was applied to the sections in order to reduce autofluorescence. Bovine serum albumin (1%) was used as the blocking agent. As stated in Pang et al. (2021), Signal Enhancer HIKARI Kit obtained from Nacalai Tesque was used to enhance the immunofluorescence. The concentration of the anti-Zoox-AMT2 antibody used for staining was 2.5 μg ml-1. An Olympus BX60 fluorescence microscope equipped with a DP73 CCD digital camera was used to examine the mounted sections according to the procedure of Pang et al. (2021). Adobe Photoshop CC (Adobe Systems, San Jose, CA) was used to process and overlay the photo-images.



Data Analysis

Statistical analyses were performed by the SPSS Statistics software v26 (IBM Corporation, Armonk, NY, USA), with results reported as means + SEM. Comparison among the means and the evaluation of homogeneity of the variance were analyzed by One-way Analysis of Variance (ANOVA) and Levene’s test, respectively. When equal variance prevailed, Tukey’s test was used as the post-hoc test. For unequal variance, the Dunnet’s T3 test was used. With a p-value of < 0.05, the difference between the means was regarded as significant. Results expressed as ratios were analyzed by the non-parametric Friedman test followed by the Wilcoxon Signed-Rank Test. Differences obtained through non-parametric analysis were regarded as statistically significant when the p-value was < 0.01 after Bonferroni adjustment.




Results


Nucleotide and Translated Amino Acid Sequences

The coding cDNA sequences of Symb-AMT2, Clad-AMT2, and Duru-AMT2 obtained from T. squamosa had been deposited into GenBank, and they were assigned the accession numbers of MW023800, MW023801 and MW023802, respectively. The respective lengths of the nucleotide sequences were 1341 bp, 1308 bp, and 1296 bp. Symb-AMT2 had the greatest sequence similarity (98.1%) with AMT2 of Symbiodinium tridacnidorum (ITS2 type A3; Shoguchi et al., 2018) while Clad-AMT2 shared the highest similarity (97.2%) with the AMT2 sequence of Cladocopium ITS2 type C92 (Shoguchi et al., 2018) (Table 1). On the other hand, Duru-AMT2 had the greatest similarity (97.7%) with the AMT2 sequence of Durusdinium trenchii (ITS2 type D1a; Bellantuono et al., 2019) (Table 1).

There were 447 (~ 46.5 kDa), 436 (~ 45.5 kDa) and 432 (~ 45.0 kDa) amino acid residues in the deduced amino acid sequences of Symb-AMT2, Clad-AMT2, and Duru-AMT2, respectively. Each amino acid sequence had an extracellular N-terminus and an intracellular C-terminus, as well as 11 predicted TM (TM1 − TM11; Figure 1). All three amino acid sequences contained the conserved amino acid residues needed for NH4+ binding, the phenylalanine gate, histidine residues, and the AMT signature sequence (Figure 1). Notably, they also consisted of the AMT2 signature sequence DYSGGYVIHLSSGVAGFTAAYWVGPR as defined by Couturier et al. (2007). AMTs have been proposed to function as homotrimers, whereby each monomer contains a central hydrophobic channel through which NH3 is transported (Khademi et al., 2004; Pantoja, 2012). Gly456 is needed to establish trans-interactions between monomers and to activate the transporters. Hence, the conservation of this residue in Symb-AMT2 (Gly411), Clad-AMT2 (Gly400), and Duru-AMT2 (Gly400) indicated that they could undergo oligomerization to form trimers (Pantoja, 2012). A phenogramic analysis confirmed that these three sequences had a dinoflagellate origin, as they were distinct from the AMTs of bivalves (Figure 2).




Figure 1 | Molecular characterization of the deduced amino acid sequences of ammonium transporter 2 (AMT2) from Symbiodinium (Symb-AMT2), Cladocopium (Clad-AMT2), and Durusdinium (Duru-AMT2) obtained from the outer mantle of Tridacna squamosa. Multiple alignment of Symb-AMT2 (MW023800), Clad-AMT2 (MW023801), and Duru-AMT2 (MW023802) with Escherichia coli AmtB (AAD14837.1), Lotus japonicus AMT2;1 (AAL08212.1), Arabidopsis thaliana AMT2 (AEC09519.1), Guillardia theta CCMP2712 AMT2 (EKX43695.1), and T. squamosa AMT1 (ATC20499). Identical or similar amino acid residues are shaded. Asterisks, colons and periods denote identical amino acid residues, strongly similar amino acids and weakly similar amino acids, respectively. The eleven predicted transmembrane regions (TM 1-TM 11) predicted using MEMSAT3 are underlined in black. The pore lining amino acid residues predicted MEMSAT-SVM were indicated with red boxes. The conserved amino acid residues involved in the binding of NH4+ and the phenylalanine gate are marked with closed circles and triangles, respectively. The conserved histidine residues involved in the deprotonation of NH4+ are demarcated by the pound sign. The AMT signature pattern (D160-[FYWS]-[AS]-G-[GSC]-x(2)-[IV]-x(3)-[SAG](2)-x(2)-[SAG]-[LIVM-F]-x(3)-[LIV-MFYWA](2)-x-[GK]-x-R) indicated with a black box was predicted using ScanProsite tool.






Figure 2 | Phenogramic analysis of ammonium transporter 2 (AMT2) from Symbiodinium (Symb-AMT2), Cladocopium (Clad-AMT2), and Durusdinium (Duru-AMT2) obtained from the outer mantle of Tridacna squamosa. Numbers at each branch point represent bootstrap values from 2000 replicates. Amt1 from Synechococcus elongatus is used as the outgroup for comparison. Amino acid sequences of ammonia transporters from the bacterium (Escherichia coli), algae (Cladocopium C92, C. goreaui, Durusdinium trenchii, Guillardia theta, Symbiodinium tridacnidorum, and S. microadriaticum), higher plants (Arabidopsis thaliana and Zea mays), bivalves (Crassostrea gigas and T. squamosa), were obtained from Genbank or various dinoflagellate databases with their accession or contig numbers given in parentheses.





Transcript Levels of Zoox-AMT2 and Zoox-rbcII, and Transcript Ratios of Zoox-AMT2 to Zoox-rbcII in Five Organs

The outer mantle had the highest transcript level of Zoox-AMT2, which was significantly higher than those in the inner mantle (by ~ 4.6-fold), foot muscle (by ~ 16.2-fold), hepatopancreas (by ~ 18.2-fold) and ctenidium (by ~ 136-fold) (one-way ANOVA, F4,15 = 32.446, p-value < 0.05; Figure 3A). Likewise, the transcript level of Zoox-rbcII in the outer mantle was significantly higher than those in the inner mantle (by ~ 5.4-fold), foot muscle (by ~ 17.6-fold), hepatopancreas (by ~ 14.9-fold), and ctenidium (by ~ 158-fold) (one-way ANOVA, F4,15 = 54.541, p-value < 0.05; Figure 3B). The transcript ratios of Zoox-AMT2 to Zoox-rbcII were smaller than one (0.52 to 0.75; Figure 3C) in all the five organs, because the transcript levels of Zoox-rbcII were slightly higher than those of Zoox-AMT2. Overall, the transcript ratios of Zoox-AMT2 to Zoox-rbcII were comparable among the five organs (Figure 3C).




Figure 3 | Transcript levels (×105 copies of transcript per ng total RNA) of (A) zooxanthellae-ammonium transporter 2 (Zoox-AMT2) and (B) zooxanthellae-form II ribulose-1,5-bisphosphate carboxylase/oxygenase (Zoox-rbcII), and the (C) transcript ratio of Zoox-AMT2/Zoox-rbcII in the outer mantle (OM), inner mantle (IM), foot muscle (FM), hepatopancreas (HP) and ctenidium (CT) of Tridacna squamosa. Results represent means + SEM. (n = 4). Means not sharing the same letter are significantly different (p-value < 0.05 for transcript levels using ANOVA or p-value < 0.01 for transcript ratios).





Immunolocalization of Zoox-AMT2 in Coccoid Dinoflagellates

Zoox-AMT2 was immuno-localized at the plasma membranes of dinoflagellates in the outer mantle of T. squamosa (Figure 4).




Figure 4 | Immunofluorescent labelling of zooxanthellae-ammonium transporter 2 (Zoox-AMT2) in the outer mantle of Tridacna squamosa. Zoox-AMT2 comprises AMT2 of Symbiodinium, Cladocopium and Durusdinium. (A) The combined image of differential interference contrast (DIC) microscopy and the red channel showing autofluorescence of the plastids (PL) in the coccoid dinoflagellates (SD). (B) The image showing green immunofluorescence of Zoox-AMT2. (C) The DIC image overlaid with the red channel and green channel. Arrowheads indicate the localization of Zoox-AMT2 (green) at the plasma membrane of SD. Scale bar: 20 μm. Replicable results were obtained from T. squamosa (n = 3).





Effects of Illumination on the Transcript Level of Zoox-AMT2 and the Protein Abundance of Zoox-AMT2 in the Outer Mantle

Exposure to light had no significant effects on the transcript level of Zoox-AMT2 in the outer mantle of T. squamosa, as compared with the control kept in darkness for 12 h (one-way ANOVA, F3,12 = 0.119, p-value < 0.05; Figure 5).




Figure 5 | Effects of light on the transcript levels (×105 copies of transcripts per ng total RNA) of zooxanthellae-ammonium transporter 2 (Zoox-AMT2) in the outer mantle of Tridacna squamosa exposed to darkness for 12 h (control) or to light for 3 h, 6 h, or 12 h. Results represent means + SEM (n = 4). Means not sharing the same letter are significantly different (p-value < 0.05).



While the predicted molecular mass of Zoox-AMT2 was ~45 kDa, western blotting revealed a band at ~ 100 kDa (Figure 6A). Nonetheless, the ~ 100 kDa band could be the Zoox-AMT2 band because of three reasons. Firstly, the anti-Zoox-AMT2 was custom-made for this study based on carefully selection of an epitope that was highly conserved among dinoflagellate AMTs. The specificity of this antibody had been confirmed by a BLAST analysis on the epitope sequence, and the top 10 BLAST results, judging by query cover, E-value and percentage identity, were AMTs derived from Symbiodiniaceae (Table 2). Secondly, only one protein band was obtained from dinoflagellates isolated from the outer mantle of T. squamosa (Figure 6A). When taken together with the first reason, this band was highly likely to be Zoox-AMT2. Thirdly, AMTs are known to function as trimers (Khademi et al., 2004; Pantoja, 2012). Therefore, the relatively high molecular mass of ~100 kDa could be due to the formation of Zoox-AMT2 trimer, and trimers of AMTs are known to be resistant to dissociation by SDS/PAGE (Blakey et al., 2002). The fact that transmembrane proteins are known to run at a lower molecular mass than expected due to incomplete unfolding in the presence of SDS (Gaillard et al., 1996) or altered detergent binding (Rath et al., 2009) can explain why the molecular mass of ~ 100 kDa obtained through western blotting was lower than the ~ 135 kDa of the trimer based on calculation. After exposure to light for 12 h, the relative normalized protein abundance of Zoox-AMT2 increased significantly by ~ 4.1-fold in the outer mantle as compared with the control (one-way ANOVA, F3,12 = 5.282, p-value < 0.05; Figure 6B).




Figure 6 | Effects of light exposure on the protein abundance of zooxanthellae-ammonium transporter 2 (Zoox-AMT2) in the outer mantle of Tridacna squamosa. (A) A representative immunoblot of Zoox-AMT2 from the outer mantle and dinoflagellates isolated from the outer mantle of T. squamosa. α-tubulin was used as the reference protein for Zoox-AMT2 from the outer mantle. L represents the ladder. (B) The relative protein abundance of Zoox-AMT2, expressed as arbitrary densitometric units (a.u.), from the outer mantle of T. squamosa exposed to 12 h of darkness (control) or 3, 6, or 12 h of light. Results represent means + SEM. (n = 4). Means that are significantly different from each other are represented by different letters (p-value < 0.05).




Table 2 | BLAST analysis of the epitope sequence (YSFWTNLDMKNWD) of the genus-comprehensive anti-Zoox-AMT2 antibody.






Discussion

Giant clams harbor coccoid dinoflagellates inside zooxanthellal tubules that are located mainly in the colorful outer mantle. The clam host absorbs inorganic (Fitt et al., 1993a; Ip et al., 2020a) and organic N (Chan et al., 2018; Chan et al., 2019) from the ambient seawater through the ctenidium and supplies them to the outer mantle where the majority of symbionts reside. Despite the lack of ammonia excretion and the continuous production of endogenous ammonia, the host’s hemolymph contains only low concentrations of ammonia. Hence, it is logical to deduce that the coccoid dinoflagellates can effectively absorb and assimilate the metabolic ammonia produced endogenously by the host. Indeed, we had obtained from the outer mantle of T. squamosa three major AMT2 nucleotide sequences derived from Symbiodinium spp., Cladocopium spp., and Durusdinium spp. (Symb-AMT2, Clad-AMT2 and Duru-AMT2, respectively). The transcript level of Zoox-AMT2 was the highest in the outer mantle. The coccoid dinoflagellates expressed Zoox-AMT2 proteins at the plasma membranes, denoting that Zoox-AMT2 was positioned to take part in ammonia absorption. Furthermore, the protein abundance of Zoox-AMT2 was upregulated in the outer mantle during illumination. Therefore, it can be deduced that the photosynthesizing coccoid dinoflagellates in the outer mantle augmented the potential of ammonia absorption probably to increase the capacity of amino acid production.


Molecular Characterization of Symb-AMT2, Clad-AMT2, and Duru-AMT2

The deduced Symb-AMT2, Clad-AMT2, and Duru-AMT2 sequences have high similarity with Escherichia coli AmtB (EcAmtB), which is known to be involved in the uptake of ammonia in the bacterium. They contain the conserved amino acid residues needed for NH4+ binding, the phenylalanine gate, and the twin-histidine motif. In the monomer of EcAmtB, the putative NH4+ binding site comprises three amino acid residues, Phe107, Trp148 and Ser219 (Javelle et al., 2008). These three residues are conserved in Symb-AMT2 (Phe129, Trp148 and Ser241), Clad-AMT2 (Phe118, Trp159 and Ser230), and Duru-AMT2 (Phe118, Trp159 and Ser230) obtained from T. squamosa. Molecular dynamic simulations have implicated that the phenylalanine gate is involved in the entry of NH3 from the periplasmic/extracellular side into the pore (Akgun and Khademi, 2011). At the same time, the phenylalanine gate serves to prevent the permeation of ions of similar radii as NH4+ (Nygaard et al., 2006; Javelle et al., 2008). In EcAmtB, the phenylalanine gate comprises Phe107 and Phe215, which correspond to Phe129 and Phe237 of Symb-AMT2, Phe118 and Phe226 of Clad-AMT2, and Phe118 and Phe226 of Duru-AMT2.

It has been proposed that NH4+ could be deprotonated by a pair of conserved histidine residues located close to the centre of the conducting pore of AMT. Then, NH3 is transported down its concentration gradient through the hydrophobic core while the H+ is transferred to the cytoplasm via a polar conduction route (Williamson et al., 2020). In EcAmtB, these two residues are His168 and His318 (Zheng et al., 2004; Javelle et al., 2006; Pantoja, 2012; Hall and Yan, 2013). These two histidine residues are conserved in AtAMT1;2 and AtAMT2 (Ganz et al., 2020), as well as in Symb-AMT2 (His191 and His341), Clad-AMT2 (His180 and His330) and Duru-AMT2 (His180 and His330). The conserved histidine residues also function as a filter to prevent K+ from passing though the pore, allowing for high substrate affinity and selectivity (Hall and Yan, 2013; Williamson et al., 2020).



Zoox-AMT2 Is Associated With the Dinoflagellates’ Plasma Membrane

Zoox-AMT2 was localized at the plasma membrane of the coccoid dinoflagellates of T. squamosa, which is similar to AMTs of Arabidopsis thaliana and Oryza sativa (Ye et al., 2016). Hence, Zoox-AMT2 was positioned in the coccoid dinoflagellates to absorb ammonia from the surrounding luminal fluid. Notably, the ammonia present in the hemolymph must be transported across the tubular epithelial cells through their basolateral and apical membranes into the luminal fluid of the tubules; only then, would ammonia become accessible to the extracellular symbionts. Logically, the tubular epithelial cells would possess transporters to facilitate and regulate the movement of H+ and ammonia. Hence, there could be differences in pH as well as the concentration of ammonia between the hemolymph and the luminal fluid. It has been established that the outer mantle of the clam host possesses a light-enhanced carbon concentration mechanism (CCM), which augments the transport of inorganic carbon from the hemolymph into the luminal fluid. This host-mediated CCM involves vacuolar-type H+-ATPase (VHA; Ip et al., 2018) of the iridocytes, as well as homologs of carbonic anhydrase 2 (CA2; Ip et al., 2017b), and VHA (Ip et al., 2018) of the tubular epithelial cells. Specifically, VHA of the iridocytes and tubular epithelial cells could secrete H+ into the hemolymph and the luminal fluid, respectively. In addition, the symbionts also possess a light-enhanced external CCM to promote and regulate the uptake of inorganic carbon (Mani et al., 2021). They express VHA in intracellular vesicles that can align and merge with the plasma membrane to augment the excretion of H+ into the surrounding luminal fluid during illumination. With the secretion of H+ through the host’s and symbionts’ VHA, NH4+ is probably the major species of dissolved ammonia in the luminal fluid as the pK of NH4+ dissociation is ~9.5. Molecular characterization of Symb-AMT2, Clad-AMT2, and Duru-AMT2 revealed that they could bind with the luminal NH4+ through the putative NH4+ binding sites, deprotonate it through the two conserved histidine residues, and transport the molecular NH3 into the symbionts.



The Implications of Light-Enhanced Expression Level of Zoox-AMT2 in the Outer Mantle

Illumination did not affect the transcript level of Zoox-AMT2 in the outer mantle of T. squamosa. This was probably attributable to the relatively high transcript level of Zoox-AMT2 (× 105 copies of transcript per ng total RNA) in the outer mantle of the control individuals, which implies that it was non-essential to upregulate the transcript level of Zoox-AMT2 in order to increase the protein abundance of Zoox-AMT2 during light exposure.

Western blotting revealed a band of interest (Zoox-AMT2) at ~ 100 kDa, which corroborates the fact that AMT2s act as trimers (Khademi et al., 2004; Pantoja, 2012), and that AMT trimers are resistant to dissociation during SDS/PAGE electrophoresis (Blakey et al., 2002). The apparent discrepancy between the estimated molecular mass (~ 100 kDa; obtained through western blotting) and the calculated molecular mass of the Zoox-AMT2 trimer (~135.0 kDa) could result from the incomplete unfolding of the membrane protein in the presence of SDS (Gaillard et al., 1996) or altered detergent binding (Rath et al., 2009). In support of our results and proposition, the molecular masses of EcAmtB (Blakey et al., 2002) and Archaeoglobus fulgidus Amt1 (Andrade et al., 2005) obtained through western blotting are ~90 kDa, which are lower than the calculated molecular masses of the trimers (133.5 kDa and 120.3 kDa, respectively) based on those of the monomers (44.5 kDa and 40.1 kDa, respectively).

Exposure to light for 12 h augmented the protein abundance of Zoox-AMT2 in the outer mantle of T. squamosa, indicating that the expression of Zoox-AMT2 was regulated at the translational level in the dinoflagellates therein. A similar phenomenon of an increase in protein abundance not being accompanied by an increase in transcript level has been reported for Zoox-rbcII/Zoox-RBCII (Poo et al., 2020), Zoox-GS1/Zoox-GS1 (Teh et al., 2021), and Zooxanthellae-vacuolar H+-ATPase subunit B (Zoox-VHA-B; Mani et al., 2021) in T. squamosa. The light-dependent increase in the potential of ammonia uptake in these dinoflagellates explains why the ammonia concentration of the hemolymph decreases during illumination (Fitt et al., 1995) and why giant clams do not excrete ammonia when exposed to light (Muscatine and D’Elia, 1978).

Besides inorganic carbon fixation (Yellowlees et al., 1993), coccoid dinoflagellates play a crucial role in N assimilation in the giant clam-dinoflagellate holobiont (Rees et al., 1994). As the assimilation of N needs a supply of carbon chains, there must be coupling between these two metabolic processes. In plants, ammonia uptake and AMT expression can be augmented by light (Camañes et al., 2007) independent of circadian rhythm (Couturier et al., 2007; Haydon et al., 2011; Song et al., 2011; Ranathunge et al., 2014; Li et al., 2016). The gene expression of AMT2 of the field mustard, Brassica campestris, (BcAMT2) is strongly affected by diurnal changes, and carbohydrates play a major role in the diurnal changes of its gene expression (Bläsing et al., 2005; Haydon et al., 2011). The highest transcript level of BcAMT2 is detected in the leaves of B. campestris at the end of the light period (Couturier et al., 2007), which coincides with the high demand of carbohydrates for the assimilation of ammonia. Hence, it has been concluded that AMT2 expression is regulated by the availability of carbohydrates (Gazzarrini et al., 1999; Couturier et al., 2007; Li et al., 2016). This can also be applied to coccoid Symbiodiniaceae, as the syntheses of nitrogenous compounds essential for growth and development require carbon-chains and therefore need to occur concurrently with carbon fixation. Indeed, the protein abundances of Zoox-AMT2 (this study), zooxanthellae-URE (Ip et al., 2020b), zooxanthellae-GS1 (Zoox-GS1; Teh et al., 2021), Zoox-RBCII (Poo et al., 2020) and Zoox-VHA-B (Mani et al., 2021) are upregulated in the outer mantle of T. squamosa during illumination. These results indicate that illumination augments the potential of ammonia absorption (by Zoox-AMT2) and the potential of ammonia production through urea degradation (by Zoox-URE) in the coccoid dinoflagellates residing in the outer mantle. The excess ammonia can be converted to glutamine (by Zoox-GS1), which can act as a key substrate for amino acid synthesis (Vander Heiden and DeBerardinis, 2017) using the carbon-chains produced through photosynthesis (by Zoox-RBCII). Alternatively, the excess ammonia can be converted into glutamate by glutamine oxoglutarate aminotransferase (Fam et al., 2018). Importantly, glutamate and glutamine are key substrates for the syntheses of many nitrogenous compounds needed for growth and development, including non-essential amino acids, chlorophyll, nucleic acids, glutathione, cofactors, and secondary metabolites (Newsholme et al., 2003; Moller, 2005).



The Potentials of Ammonia Absorption in Five Organs

Using Zoox-AMT2 as a molecular indicator, we made an attempt to estimate the potential of ammonia transport in coccoid dinoflagellates in the outer mantle, inner mantle, foot muscle, hepatopancreas and ctenidium of T. squamosa. The quantity of dinoflagellates naturally varies among different individuals of T. squamosa, and among different organs of the same individual. Hence, considerable variation in the transcript level of Zoox-AMT2 could be detected in similar organs of different individual giant clams or different organs of the same giant clam. To resolve this, it was essential to determine the transcript levels of Zoox-rbcII using the genera-comprehensive qPCR primers designed by Poo et al. (2020). With this, the transcript ratios of Zoox-AMT2/Zoox-rbcII could be calculated so that the potential of ammonia transport could be evaluated with reference to the phototrophic potential independent of the quantity of symbionts in these host organs. As the transcript levels of Zoox-AMT2 was slightly lower than those of Zoox-rbcII in the five organs, the ratios of Zoox-AMT2/Zoox-rbcII was somewhat smaller than one. Nonetheless, these results indicate that the coccoid dinoflagellates in these five organs had the ability to absorb ammonia from the host. Similar to the potentials of ammonia assimilation based on Zoox-GS1/Zoox-rbcII (Teh et al., 2021), the potentials of ammonia transport relative to the phototrophic potential were grossly similar among the outer mantle, inner mantle, foot muscle, and ctenidium.

In general, the coccoid dinoflagellates residing in the outer mantle of T. squamosa can play a major role in the uptake and assimilation of metabolic ammonia produced by the host because of two reasons. Firstly, the outer mantle had the largest quantity of dinoflagellates and the highest transcript level of Zoox-AMT2 among the five organs studied. Secondly, illumination augments the expression levels of Zoox-AMT2 (this study) and Zoox-RBCII (Poo et al., 2020) in the outer mantle of T. squamosa, indicating an alignment of ammonia absorption with photosynthesis. On the other hand, the whitish inner mantle of T. squamosa is in direct contact with the extrapallial fluid and participates in light-enhanced shell-formation (Boo et al., 2017; Ip et al., 2017a; Boo et al., 2019; Cao-Pham et al., 2019; Chew et al., 2019; Chan et al., 2021). It contains a population of coccoid dinoflagellates at a special region of the inner mantle near the hinge of the shell-valves (Poo et al., 2020). Our results indicate that these symbionts can absorb ammonia from the host for the production of amino acids. The donation of amino acids from the symbionts to the host could support shell formation (Teh et al., 2021), which needs to synthesize a proteinaceous matrix for CaCO3 deposition (Greenfield et al., 1984). The foot muscle is instrumental to lateral movement (Stasek, 1962; Huang et al., 2007), and its tip contains a concentrated population of coccoid dinoflagellates (Poo et al., 2020). Ammonia absorbed by symbionts in the foot muscle can be assimilated into amino acids, which can be shared with the host for muscle production (Teh et al., 2021). The ctenidium consists primarily of epithelial tissues, but its epithelial cells express a large variety of protein catalysts including transporters, channels and enzymes, which are crucial for the absorption of exogenous nutrients. It is therefore important for the symbionts residing in the ctenidium to have the ability to absorb and assimilate ammonia into amino acids to be shared with the host. In comparison, the hepatopancreas had the lowest Zoox-AMT2/Zoox-rbcII among the five organs studied. The reason for this is unclear at present, but it may indicate that symbionts residing in the hepatopancreas might prefer to absorb and assimilate some other types of N-containing compounds.




Conclusion

The recycling of N between the host and its symbionts contribute substantially to the success of giant clams in nutrient-poor waters in the tropics. N-recycling consists of two important elements: firstly, the tightly regulated supply of N from the host to the symbionts, and secondly, the release of essential and non-essential amino acids by the symbionts to the host. Our results confirmed for the first time that coccoid dinoflagellates of T. squamosa express AMT2 in the plasma membranes, corroborating the proposition that these symbionts can absorb and assimilate metabolic ammonia produced by the host. The uptake of ammonia is aligned apparently with photosynthesis, as illumination increases the expression level of Zoox-AMT2 in the outer mantle of T. squamosa. Besides, the host can also increase the absorption of exogenous ammonia (Wilkerson and Trench, 1986; Fitt et al., 1993a; Fitt et al., 1993b), NO3− (Ip et al., 2020a) and urea (Chan et al., 2018; Chan et al., 2019) from the ambient seawater during illumination. Therefore, effort should be made in the future to identify the transporters involved in the absorption of various types of N-containing compounds in coccoid Symbiodiniaceae and to elucidate whether symbionts residing in different organs of T. squamosa would have distinct preference of N-substrates for N metabolism. As the rates of NO3− (Ip et al., 2020a) and urea (Chan et al., 2018; Chan et al., 2019) absorption in T. squamosa are augmented during illumination, the quantity of exogenous N absorbed could be much higher than that of endogenous ammonia produced by the host. Hence, the clam host may not be able to regulate the symbiont population by simply controlling the availability of endogenous ammonia to them. As the symbionts are located extracellularly inside the zooxanthellal tubules, it would be crucial to elucidate the specific transport mechanisms involved in the translocation of ammonia, NO3− and urea from the hemolymph across the epithelial cells of the zooxanthellal tubules into the luminal fluid. Importantly, it is through these transport mechanisms that the host can regulate the supply of N-containing compounds to the symbionts. Additionally, it would be essential to elucidate whether the tubular epithelial cells in the outer mantle of giant clams possess a light-enhanced N-concentration mechanism, similar to the CCM.
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