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Giant clams can grow to large sizes despite living in oligotrophic waters of the tropical Indo-Pacific as they maintain a mutualistic relationship with symbiotic dinoflagellates (zooxanthellae) and receive photosynthate from them. The phototrophic dinoflagellates live extracellularly inside a tubular system located mainly in the colorful outer mantle and have no access to the ambient seawater. Hence, the clam host needs to absorb exogenous inorganic carbon (Ci), nitrogen (N) and phosphorus (P), and supply them to the symbionts. As photosynthesizing symbionts need more nutrients in light than in the dark, the uptake rates of these exogenous nutrients by the host must increase during illumination, implying that the host’s transporters involved need to be regulated by some kind of light-responsive mechanisms. Furthermore, the growth and development of the host can also be augmented by light, because of the photosynthate donated by the photosynthesizing symbionts. Consequently, giant clams display many light-dependent phenomena related to phototrophy, antioxidative defense, biomineralization, as well as absorption of exogenous Ci, N, and P. These phenomena may involve collaborations among enzymes and transporters in several organs of the host, whereby the gene and protein expression levels of these biocatalysts are up- or down-regulated during illumination. This review aims to examine the molecular mechanisms of light-dependent physiological phenomena that occur in intact giant clam-dinoflagellate associations, and to highlight the differences between giant clams and scleractinian corals in those regards. As the population of giant clams in nature are dwindling due to climate change and anthropogenic activities, a good understanding of their light-dependent processes may generate new ideas to improve their growth and survival under rapidly changing environmental conditions.
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INTRODUCTION

Giant clams (Phylum: Mollusca, Class: Bivalvia, Order: Veneroida, Family: Cardiidae, and Subfamily: Tridacninae) are among the world’s largest living marine bivalves found exclusively in the tropical Indo-Pacific, mainly as inhabitants of coral reefs (Goh and Todd, 2010; Neo et al., 2017). Currently, there are 12 described giant clam species classified under two genera, Hippopus and Tridacna (Neo et al., 2017). Giant clams are important ecosystem engineers whose large CaCO3 shells contribute to the formation and maintenance of extensive reef habitats (Neo et al., 2015). Moreover, they filter large volumes of seawater, contributing to the effective recycling of nutrients and organic matter that maintain the productivity of tropical reefs (Klumpp and Griffiths, 1994; de Goeij et al., 2013).

Tropical waters have water temperatures of >20°C, and are crystal-clear because of the absence of plankton and suspended particles. In comparison, temperate waters are murky and blue-green in color because of the high plankton content in waters close to the surface. Phototrophic phytoplankton can fix inorganic carbon (Ci) into organic molecules, and they can act as basic nutritional sources for heterotrophic organisms. In temperate regions, the cold surface waters can sink, causing overturn, and bring nutrients from the bottom to sunlit regions in support of phytoplankton growth. By contrast, tropical waters have a high temperature at the surface and therefore lack overturn. As a result, they are poor in nutrients and are often regarded as ‘deserts of the sea.’ Yet, shallow tropical waters are home to coral reefs that comprise great diversity and high density of life forms.

To overcome the scarcity of organic nutrients, many reef animals live in symbiosis with certain species of phytoplankton (dinoflagellates) that belong to Family: Symbiodiniaceae (LaJeunesse et al., 2018). Symbiodiniaceae dinoflagellates contain inside their plastids a proteobacterial type of form II ribulose bisphosphate carboxylase/oxidase (form II RuBisCO), which is the key photosynthetic enzyme (Morse et al., 1995; Rowan et al., 1996). Consequently, animal-dinoflagellate associations, like scleractinian corals, symbiotic sea anemones and giant clams, are phototrophic and can flourish in nutrient-poor tropical waters (de Goeij et al., 2013). The host animal and its symbiotic dinoflagellates have a mutualistic relationship (Davy et al., 2012). While the host provides the symbionts with a protected environment as well as chemicals they need for photosynthesis, growth and reproduction, its photosynthesizing symbionts produce O2 and help remove the host’s metabolic wastes. Most importantly, the symbionts share with the host a substantial proportion of their photosynthate, which can fulfill the host’s metabolic need to various degrees (Fitt et al., 1986; Muscatine, 1990; Houlbréque and Ferrier-Pagés, 2009).

Symbiotic dinoflagellates living in hospite have no access to the ambient seawater. Hence, the host animal needs to obtain Ci, nitrogen (N) and phosphorus (P) from the external medium and furnish them to its symbionts in support of their growth and reproduction (Rees, 1991; Furla et al., 2005). As the availability of these nutrients is particularly important for the symbionts while conducting photosynthesis, the host animal must absorb these exogenous nutrients at higher rates in light than in darkness. As a consequence, the host’s transporters partaking in the absorption and translocation of these nutrients must be regulated by some sort of light-responsive mechanisms, so that they can align with the symbionts’ light-dependent physiological needs. Many host animals grow faster in light than in darkness, as they try to fully exploit the photosynthate supplied by the symbionts during illumination. Consequently, animal-dinoflagellate associations display many light-dependent phenomena distinctively different from non-photosymbiotic animals. These phenomena include physiological processes related to phototrophy, antioxidative defense, biomineralization, as well as the absorption of exogenous nutrients. Recent research on giant clams have demonstrated that most of these physiological processes can be enhanced by light and are supported by the host’s enzymes and transporters.

Therefore, this review aims to examine the molecular mechanisms of light-dependent physiological phenomena in intact giant clam-dinoflagellate associations, with emphases on the mutualistic relationship between the host and its symbionts. It also attempts to highlight differences in the properties of the host’s molecular mechanisms between giant clams and scleractinian corals. Bivalve molluscs and cnidarians belong to different phyla and display major differences in physiology. As a mutualistic association between two organisms entails the interaction and integration of physiology between the animal host and its symbionts, the host’s mechanisms participating in a specific light-dependent physiological process could be different between giant clams and symbiotic cnidarians. In comparison with corals, giant clams have more complex tissues and organs and display considerable degrees of division of labor among them. Consequently, light-enhanced phenomena in giant clams often involve the collaboration of two or more organs, which are connected by the hemolymph despite being physically separated.

In this review, gene nomenclature is presented in upper case and italicized (e.g., GS for the gene glutamine synthetase), while protein nomenclature is presented in the same way as the gene symbol but non-italicized (e.g., GS).



GIANT CLAMS HARBOR EXTRACELLULAR SYMBIONTS IN A TUBULAR SYSTEM

Unlike scleractinian corals, which harbor their symbionts in intracellular symbiosomes encircled by a host-derived membrane (Davy et al., 2012), giant clams host their symbionts extracellularly inside a fluid-filled and branched tubular system that is surrounded by hemolymph (Norton et al., 1992). Because of the extracellular location, the volume constraint on the symbiont’s population inside the tubular system of giant clams could presumably be less critical than that on the symbionts living intracellularly inside symbiosomes of scleractinian corals. Due to the symbionts’ extracellular location, substances supplied by the clam host must be translocated from the hemolymph through the basolateral and apical membranes of the tubular epithelial cells into the intra-tubular (luminal) fluid so that they can be accessed by the extracellular symbionts (Figure 1). Equally, photosynthate donated by the symbionts to the clam host must pass through the reverse route before they can reach the hemolymph.
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FIGURE 1. Light-enhanced phenomena and the related mechanisms in the colorful outer mantle of Tridacna squamosa. Substances (e.g., inorganic carbon) supplied by the clam host to the extracellular symbiotic dinoflagellates residing inside the tertiary tubules of the outer mantle must be translocated from the hemolymph through the basolateral and apical membranes of the tubular epithelial cells into the intra-tubular (or luminal) fluid (black arrows). Photosynthate and O2 produced by the symbionts must go through the reverse route (red arrows) before they can reach the host’s hemolymph. Illumination leads to a significant increase in the protein abundance of form II ribulose bisphosphate carboxylase/oxidase (RBCII) in these symbiotic dinoflagellates (Poo et al., 2020). To supply CO2 effectively to the photosynthesizing symbionts, the outer mantle of the host possesses a light-enhanced carbon concentration mechanism, which involves iridocytes and tubular epithelial cells, with Vacuolar-type H+-ATPase (VHA; Ip et al., 2018) and Carbonic Anhydrase 2 (CA2; Ip et al., 2017b) as the major catalytic mechanisms. Due to O2 released by the symbionts, the host needs to augment the detoxification of superoxide radicals (O2–) by increasing the expression levels of copper zinc superoxide dismutase (CuZnSOD; Hiong et al., 2018) and manganese superoxide dismutase (MnSOD; Chew et al., 2020) in the outer mantle in response to illumination. The host also conducts light-enhanced inorganic phosphate (Pi) absorption through Sodium-dependent Phosphate Transport protein 2a (NPT2a; Chan et al., 2020) and supply it to the photosynthesizing symbionts. ?BT: unidentified Bicarbonate Transporter. ?CA, unidentified Carbonic Anhydrase. SW, seawater. Z-tubule, zooxanthellal tubule.


The tubular system emanates as a single primary tube from the stomach. The primary tube branches into secondary and tertiary zooxanthellal tubules, the latter being mainly located in the tissues near the upper surface of the fleshy, colorful and extensible outer mantle (Norton et al., 1992). Hence, the outer mantle of giant clams contains a high density of symbionts (Griffiths and Klumpp, 1996), which can serve as large reservoirs of symbiotic dinoflagellates in the reef ecosystem (Umeki et al., 2020). In general, giant clams are associated with three genera of phototrophic dinoflagellates, Symbiodinium, Cladocopium, and Durusdinium (Hernawan, 2008; DeBoer et al., 2012; Ikeda et al., 2017; LaJeunesse et al., 2018; Lim et al., 2019). Recently, it has been reported that Tridacna maxima can also habor Gerakladium (Pochon et al., 2019). The structure of the tubular system (Norton et al., 1992) indicates that some symbiotic dinoflagellates can be present in organs inside the mantle cavity, which has been verified recently by Poo et al. (2020). However, only those symbionts residing in the outer mantle may be able to conduct photosynthesis efficiently, as only those tertiary tubules in the outer mantle are surrounded by iridocytes (Norton and Jones, 1992). Iridocytes contain stacks of tiny reflective platelets (Griffiths et al., 1992) that can scatter light of photosynthetically conducive wavelengths to the tertiary tubules and enhance the quantum of usable light reaching the symbionts by fivefold (Holt et al., 2014). They also back-reflect light of non-productive wavelengths, contributing in part to the distinctive coloration and pattern of the outer mantle of individual giant clams (Holt et al., 2014; Ghoshal et al., 2016). Iridocytes can also protect the symbionts against harmful short wavelength UV radiation by absorbing it and re-emitting radiation of longer wavelengths that are conducive for photosynthesis (Rossbach et al., 2020). Importantly, an iridocyte is a part of the host-mediated carbon concentration mechanism (CCM) that augments the supply of Ci to the photosynthesizing symbionts during illumination (Ip et al., 2018). In comparison, the quantum flux of light reaching the symbionts in other organs, which lack iridocytes and are shaded by the siphonal mantle, would presumably support only a low rate of photosynthesis.

Giant clams can be fully phototrophic and grow in Millipore-filtered seawater with light as the sole energy source for more than 10 months (Fitt and Trench, 1981). This is a feat that has not been demonstrated in scleractinian corals. Without food, the clam host must obtain all the organic nutrients needed from its phototrophic symbionts (Klumpp and Griffiths, 1994). In fact, the photosynthate supplied by symbiotic dinoflagellates can fully satisfy the metabolic requirements of Tridacna squamosa (Trench et al., 1981), Tridacna derasa (Klumpp and Lucas, 1994), Tridacna tevoroa (Klumpp and Lucas, 1994), and Tridacna gigas (Fisher et al., 1985; Mingoa, 1988; Klumpp et al., 1992). Furthermore, giant clams can efficiently absorb inorganic and organic nutrient from seawater through their ctenidia that have enormous surface area. By contrast, mixotrophy is important to most cnidarian-dinoflagellate associations, probably because they lack a dedicated organ for the absorption of exogenous nutrients. It has been estimated that partial heterotrophy can contribute to 15–35% of the daily metabolic requirement and 0–66% of the fixed carbon incorporated into the skeleton (Houlbréque and Ferrier-Pagés, 2009) of scleractinian corals.



ILLUMINATION ENHANCES THE ACTIVITIES OF SOME ENZYMES AND TRANSPORTERS IN CERTAIN ORGANS OF T. squamosa

Light can induce changes in activities of Na+/K+-ATPase (NKA) and Vacuolar-type H+-ATPase (VHA) in the inner mantle and the ctenidium of T. squamosa (Ip et al., 2015). Due to an increase in the effectiveness of NH4+ to substitute for K+ in the activation of NKA, the Na+/NH4+-activated-NKA activity increases significantly in the extract obtained from the inner mantle of T. squamosa exposed to light, as compared with the control kept in darkness (Ip et al., 2015). Additionally, illumination leads to a significant decrease in the activity of N-ethylmaleimide (NEM)-sensitive-V-H+-ATPase (VATPase) in the inner mantle. On the other hand, light exposure results in significant increases in the Na+/K+-activated-NKA, H+/NH4+-activated-H+/K+-ATPase and NEM-sensitive-VATPase activities in the extract obtained from the ctenidium of T. squamosa (Ip et al., 2015). Thus, Ip et al. (2015) have concluded that Na+ homeostasis and acid/base balance in the hemolymph of T. squamosa are perturbed by light-enhanced shell formation. They have also postulated that light-enhanced shell formation in T. squamosa may involve the active uptake of ammonia from the environment (Ip et al., 2015), as ammonia can take part in the removal of H+ generated in the extrapallial fluid during light-enhanced shell formation (Ip et al., 2006).

Enzymes and transporters can be regulated at the transcriptional, translational, and post-translational levels. Phototrophic organisms can respond to light, and plants display >1.75-fold diurnal changes in transcript levels of >20% of the genes related to photosynthesis (Blasing et al., 2005). As giant clam-dinoflagellate associations are phototrophic, the possibility of illumination affecting the transcript and protein expression levels of enzymes and transporters of the clam host cannot be ignored. Indeed, the transcript levels and protein abundances of many host’s transporters and enzymes in T. squamosa are light-dependent as they can be up- or down-upregulated by illumination (Table 1), even though the possibilities of concomitant regulation through post-translational modification and allosteric control cannot be ruled out at present.


TABLE 1. Responses of the transcript level and protein abundance of various transporters and enzymes, derived from the clam host or the symbiotic dinoflagellates, in different organs of Tridacna squamosa during 12 h of exposed to light as compared with the control exposed to 12 h of darkness.
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PHOTOSYNTHESIS CONDUCTED BY THE SYMBIOTIC DINOFLAGELLATES OF THE OUTER MANTLE IS FOUNDATIONAL TO OTHER LIGHT-DEPENDENT PHENOMENA

Photosynthesis in the symbiotic dinoflagellates is of fundamental importance for fulfilling the metabolic demands of the giant clam-dinoflagellate association (Yellowlees et al., 1993; Leggat et al., 2002). Therefore, light-enhanced Ci fixation by symbionts residing in the colorful outer mantle is the essential cause of other light-enhanced processes in the host. Dinoflagellates conduct C3 photosynthesis (Streamer et al., 1993), and rely on form II RuBisCO to fix Ci through the Calvin cycle (Rowan et al., 1996; Mayfield et al., 2014). Some of the carbohydrates produced by these photosynthesizing dinoflagellates can be utilized to synthesize essential and non-essential amino acids, while some can be released into the intra-tubular fluid of the tubular system to be shared with symbionts living in other host’s organs located inside the mantle cavity (Figures 1, 2). Some of the photosynthate released into the intra-tubular fluid can be translocated across the tubular epithelium to the hemolymph to benefit the host (Figures 1, 2).
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FIGURE 2. Coupling of photosynthesis and nitrogen (N) assimilation leading to amino acid synthesis in the symbiotic dinoflagellates residing in the colorful outer mantle of T. squamosa. Urea is a good source of N and CO2 for symbiotic dinoflagellates, which possess urease (URE) to catalyze the degradation of urea. URE is localized in the plastid, where it can facilitate the effective harness of urea-carbon and urea-N for photosynthesis and amino acid synthesis, respectively (Ip et al., 2020b). URE is also localized in the dinoflagellates’ cytoplasm, where it can degrade some of the absorbed urea to ammonia. The ammonia (NH4+) released and glutamate (Glu) can be utilized by the cytosolic Glutamine Synthetase (GS) to synthesize glutamine (Gln), which plays a central role in the syntheses of nucleic acids. Glu can be replenished by a reaction catalyzed by Glutamine 2-Oxoglutarate Amidotransferase (GOGAT), which utilizes Gln and 2-oxoglutarate (2OG) as substrates (Fam et al., 2018). With the GS:GOGAT cycle, symbiotic dinoflagellates can absorb and metabolize NH4+ generated endogenously by the host to produce Glu, which can be used for amino acid synthesis. Symbiotic dinoflagellates need to supply the host with essential amino acids (EAA) and non-essential amino acids (NEAA) for its growth and development. Co, organic carbon. Z-tubule, zooxanthellal tubule. ?: unidentified transporters.


Using ethanol treatment as well as differential interference contrast and fluorescence (red channel) microscopy, Poo et al. (2020) have demonstrated the presence of symbiotic dinoflagellates in five organs (colorful outer mantle, whitish inner mantle, ctenidium, hepatopancreas and foot muscle) of T. squamosa obtained from Vietnam. They have also made pioneering attempts to estimate the phototrophic potential of symbiotic dinoflagellates in these five organs by determining the transcript levels of zooxanthellal form II RuBisCO (Zoox-rbcII) using quantitative real-time PCR (qPCR). Based on information available in multiple databases for Symbiodinium, Cladocopium, and Durusdinium (Bayer et al., 2012; Rosic et al., 2015; Aranda et al., 2016; Levin et al., 2016; Liew et al., 2016; Shoguchi et al., 2018), Poo et al. (2020) have successfully designed a set of qPCR primers that could react comprehensively with all rbcII sequences derived from these symbiotic dinoflagellates. They have subsequently used this set of primers to estimate the phototrophic potential of symbiotic dinoflagellates in the five organs of T. squamosa exposed to a 12 h light:12 h dark regime, with an underwater irradiance of 120 μmol photons m–2 s–1 (PPFD) at the level of the giant clams. In the Red Sea, T. squamosa is usually found at depths ranging from 11 to 20 m (Juinio et al., 1989; Andréfouët et al., 2014), although some mature individuals can be found as deep as 42 m (Jantzen et al., 2008). At a depth of ∼20 m, Jantzen et al. (2008) estimated that T. squamosa would be exposed to 128 ± 59 μmol photons m–2 s–1. Although the actual light levels received by the giant clam individuals in waters of the Red Sea and Vietnam waters may be different, results obtained by Poo et al. (2020) probably reflect the full phototrophic potential of symbiotic dinoflagellates in the outer mantle of T. squamosa as they have been exposed to 120 μmol photons m–2 s–1 of underwater irradiance.

Predictably, the outer mantle of T. squamosa has the greatest quantity of symbionts and much higher transcript level of Zoox-rbcII than the other four organs located inside the mantle cavity (Poo et al., 2020). Illumination has no significant effect on the gene expression of Zoox-rbcII in the outer mantle probably because of its high background transcript level (×106 copies per ng RNA). Nonetheless, light exposure leads to a significant increase in the protein abundance of Zoox-RBCII in the outer mantle (Poo et al., 2020), indicating that Zoox-RBCII could be regulated at the translational level (Table 1). It also indicates that illumination could increase the potential of CO2 fixation in the outer mantle (Figure 1). By contrast, the protein abundance of Zoox-RBCII remains unchanged in the other four shaded organs during 12 h of illumination (Poo et al., 2020).

In a separate study, Poo et al. (2021) have obtained from the symbiotic dinoflagellates of T. squamosa three coding cDNA sequences of one tandem repeat of rbcII for Symbiodinium (Symb-rbcII), Cladocopium (Clad-rbcII), and Durusdinium (Duru-rbcII). Each of these coding sequences consists of 1,458 bp, which can be translated into a protein of 485 amino acids. Based on these three rbcII sequences and those available in various dinoflagellate databases, Poo et al. (2021) have successfully designed three sets of qPCR primers that can differentiate Symb-rbcII, Clad-rbcII, and Duru-rbcII, and used them to determine the relative abundances of Symbiodinium, Cladocopium, and Durusdinium in the five organs (outer mantle, inner mantle, foot muscle, ctenidium and hepatopancreas) of T. squamosa. They have demonstrated that Durusdinium is the dominant genus of symbiont present in individuals of T. squamosa obtained from Vietnam (Poo et al., 2021). Furthermore, the proportion of Symb-rbcII, Clad-rbcII and Duru-rbcII, and hence the phototrophic potentials of Symbiodinium, Cladocopium, and Durusdinium, fluctuate along the length of the outer mantle and among the five organs of T. squamosa (Poo et al., 2021). By performing in vitro experiment on symbiotic dinoflagellates freshly isolated from the outer mantle of T. squamosa, Poo et al. (2021) have demonstrated that Symbiodinium, Cladocopium, and Durusdinium display different responses to light with regard to the transcriptional regulation of rbcII expression. Their results corroborate the proposition that different lineages of Symbiodiniaceae can have distinct photobiology and photosynthetic efficiency (Iglesias-Prieto et al., 2004). Hence, the clam host may gain distinct physiological advantages by association with a certain genus and/or species of dinoflagellate under certain environmental conditions (Fitt et al., 1986; Belda-Baillie et al., 1999; DeBoer et al., 2012; Ikeda et al., 2017).



THE ALIGNMENT OF CI FIXATION AND N ASSIMILATION IN SYMBIOTIC DINOFLAGELLATES OF THE OUTER MANTLE

Symbiotic dinoflagellates play an indispensable role in not only Ci fixation (Yellowlees et al., 1993) but also N assimilation (Rees et al., 1994), and these two processes need to be coupled because N assimilation requires a supply of carbon-chains. Urea (NH2CONH2) contains two N atoms and is therefore a good source of N for organisms that possess the enzyme to degrade it. Urease (URE) is a metalloenzyme that catalyzes the breakdown of urea to NH3 and CO2 through a one-step reaction, (NH2)2CO + H2O → CO2 + 2NH3 (Dhup et al., 2016). Animals generally lack URE (Campbell, 1991) and therefore excrete urea as a nitrogenous waste. However, T. squamosa conducts light-enhanced urea absorption instead (Chan et al., 2018). The absorbed urea must be delivered to the symbionts for assimilation because it cannot be metabolized by the host. Besides having the highest phototrophic potential (Poo et al., 2020), the outer mantle of T. squamosa also expresses the highest transcript level of zooxanthellal URE (Zoox-URE), which is derived comprehensively from Symbiodinium, Cladocopium, and Durusdinium, among the five organs studied (Ip et al., 2020b). This is expected as the outer mantle has the greatest quantity of symbiotic dinoflagellates and receives the greatest irradiance. Notably, the ratio of Zoox-URE/Zoox-rbcII in the outer mantle of T. squamosa is significantly higher than those in the other four organs, indicating that symbionts in the outer mantle have the greatest potential to assimilate urea-N with reference to their photosynthetic potential. It is also supportive of a functional relationship between urea degradation and carbon-fixation in these symbionts in the outer mantle (Figure 2). Indeed, illumination up-regulates the protein abundance of Zoox-URE, despite the transcript level of Zoox-URE remains unchanged, in the outer mantle of T. squamosa (Table 1; Ip et al., 2020b), corroborating the proposition that the increased degradation of urea to release NH3 for amino acid synthesis is synchronized with light-enhanced CO2 fixation (Figure 2).

Zoox-URE is strongly immunolocalized in the plastids of symbiotic dinoflagellates located in the outer mantle of T. squamosa (Ip et al., 2020b). Inside the plastid, urea-carbon and urea-N can be harnessed effectively for photosynthesis and amino acid synthesis, respectively (Figure 2). The carbohydrates and amino acids produced can be supplied to the host in support of its protein synthesis, growth, and development. Zoox-URE is also detected moderately in the dinoflagellates’ cytoplasm, where it can facilitate the degradation of some of the absorbed urea to ammonia. The ammonia released can be used as a substrate by the cytosolic GS to synthesize glutamine, which plays a central role in nucleic acid synthesis (Figure 2). Of note, a novel GS has been identified from dinoflagellates residing in the outer mantle of T. squamosa (Fam et al., 2018). The cDNA coding sequence of this novel GS comprises 2325 bp, encoding 774 amino acids with a molecular mass of 85 kDa. It is longer than other GSs and displays the characteristics of both GS1 and nucleotide diphosphate kinase. The glutamate needed for glutamine formation through GS can be supplied by the reaction catalyzed by glutamine 2-oxoglutarate amidotransferase (GOGAT), which uses glutamine and 2-oxoglutarate as substrates (Fam et al., 2018). Furthermore, Zoox-URE is detected weakly in the cell wall and plasma membrane of these dinoflagellates. The localization of Zoox-URE in the plasma membrane may facilitate the release of ammonia from urea in close proximity to ammonia transporters/channels to facilitate ammonia absorption.



THE HOST CAN SUPPLY CO2 EFFICIENTLY TO THE PHOTOSYNTHESIZING SYMBIONTS THROUGH A LIGHT-ENHANCED CCM IN THE OUTER MANTLE

HCO3– is the main form of Ci present in the hemolymph of giant clams (Rees et al., 1993). HCO3– circulating in the hemolymph must be absorbed into the epithelial cells of the zooxanthellal tubules through the basolateral (hemolymph-facing) membranes. Then, it must be transported across the apical (lumen-facing) membranes of these epithelial cells to the intra-tubular fluid, so that it can be absorbed by the extracellular symbionts. To augment the translocation of Ci from the hemolymph to the intra-tubular fluid, the host possesses a light-dependent CCM (Figure 1) in the outer mantle, which involves VHA (Ip et al., 2018) and Carbonic Anhydrase 2 (CA2; Ip et al., 2017b) of the tubular epithelial cells and iridocytes.

Vacuolar-type H+-ATPase is an ATP-driven multi-subunit enzyme and electrogenic transporter. It transports H+ actively and generates an H+ electrochemical potential gradient across biomembranes (Mindell, 2012). When incorporated into the plasma membrane, it can actively transport H+ out of the cell, and the H+ gradient produced can be used by H+-dependent symporters or antiporters to drive a variety of secondary active transport processes (Tresguerres, 2016). Structurally, VHA comprises two complexes and 14 protein subunits (Cotter et al., 2015). There are eight different subunits (designated as ‘A’ to ‘H’) in the cytoplasmic V1 complex, with subunits A and B acting together to hydrolyze ATP. The cDNA coding sequence of a host-derived VHA subunit A (ATP6V1A) has been cloned from T. squamosa (Ip et al., 2018). Exposure of T. squamosa to light leads to significant increases in the transcript and protein expression levels of ATP6V1A/ATP6V1A in the outer mantle (Table 1). Iridocytes in the outer mantle are also strongly ATP6V1A-immunopositive (Ip et al., 2018). They can probably increase the secretion of H+ to the hemolymph and to promote the dehydration of HCO3– to CO2 during illumination (Figure 1). Then, CO2 can be transported into epithelial cells of the zooxanthellal tubules across their basolateral membrane. This explains why the [Ci] in the hemolymph would decrease from 1.8 to 0.8 mM during illumination (Leggat et al., 1999). As iridocytes are present only in the outer mantle of giant clams, organs that lack iridocytes might not be able to translocate CO2 efficiently from the hemolymph into the tubular epithelial cells.

CO2 and HCO3– interconverts through the reaction CO2 + H2O ⇌ HCO3– + H+, which can be accelerated by carbonic anhydrases (CAs; Supuran, 2008). The CO2 that has entered the epithelial cells of the zooxanthellal tubules of T. squamosa can be converted back to HCO3–, because these cells contain a cytoplasmic carbonic anhydrase 2 (CA2; Ip et al., 2017b). In the outer mantle of T. squamosa, CA2 is localized in the cytoplasm of epithelial cells lining the tertiary tubules that contain the extracellular symbionts (Figure 1). Although the transcript level of CA2 remains unchanged during light exposure, the protein abundance of CA2 increases by ∼2-fold in the outer mantle of T. squamosa exposed to 12 h of light as compared with the control kept in darkness (Table 1). Hence, there could be an increase in the capacity to hydrate CO2 to HCO3– in the epithelial cells of the zooxanthellal tubules during illumination (Ip et al., 2017b). The HCO3– formed inside these epithelial cells must permeate the apical membrane through some kind of HCO3– transporter, which has not been identified.

Nevertheless, the intra-tubular fluid in the zooxanthellal tubules needs to have a high level of PCO2, and not high [HCO3–], in order to support photosynthesis in the symbionts. This is because dinoflagellates freshly isolated from giant clams absorb mainly CO2 for photosynthesis (Yellowlees et al., 1993). Thus, HCO3– must undergo dehydration to form CO2 in the intra-tubular fluid, and this requires an increased supply of H+ to drive the dehydration reaction in the lumen during illumination. In order to achieve a high level of PCO2, the apical membranes of the tubular epithelial cells must be relatively impermeable to CO2, so that a back diffusion of CO2 into the epithelial cells would not occur (Figure 1). Notably, ATP6V1A is also localized in the apical membrane of the tubular epithelial cells, indicating that VHA is well-positioned to secrete H+ from these epithelial cells into the lumen (Ip et al., 2018). Overall, the host-mediated and light-enhanced CCM of the outer mantle can augment the supply of CO2 to the photosynthesizing symbionts, although the symbionts would probably need to possess their own CCM in order to regulate the uptake of CO2.

Scleractinian corals also express a host VHA at the endomembrane surrounding the symbiosome of gastrodermal cells (Barott et al., 2015). Presumably, its operation would acidify the symbiosome interior to ∼pH 4 and augment the conversion of HCO3– to CO2 to facilitate the uptake of CO2 by the symbionts. However, symbiotic dinoflagellates isolated from corals utilize predominantly HCO3– (Goiran et al., 1996) instead of CO2 as in the case of dinoflagellates isolated from giant clams (Yellowlees et al., 1993). Notably, the origin and molecular property of the type of CA involved in HCO3– dehydration in the symbiosome of scleractinian corals have not been elucidated. Furthermore, whether illumination would affect the gene and protein expression levels of VHA in scleractinian corals remains unknown at present.



THE OUTER MANTLE NEEDS LIGHT-ENHANCED ANTI-OXIDATIVE DEFENSE MECHANISMS TO DEAL WITH O2 PRODUCED BY PHOTOSYNTHESIZING SYMBIONTS

Increased production of reactive oxygen species (ROS), including superoxide radical (O2⋅–), can occur in photosynthesizing dinoflagellates during illumination (Foyer, 2018). ROS can attack biomolecules and affect the rate of senescence (Hermes-Lima, 2004). Consequently, giant clams must possess mechanisms that can detoxify O2⋅–, and the anti-oxidative defense must be more vigorous in light than in darkness (Hiong et al., 2018; Chew et al., 2020). In giant clams, ROS leaking from the photosynthesizing symbionts are unlikely to affect the oxidative status of the host cells directly, because the symbionts are located extracellularly inside the tubular system (Figure 1). Despite that, photosynthesizing symbionts can produce large amounts of O2, which can be released into the intra-tubular fluid. The released O2 can permeate the tubular epithelium into the hemolymph, which can be supersaturated with O2 and contains O2 bubbles during illumination (Leggat et al., 1999). Thus, tissues of the clam host can be affected by hyperoxia, as the steep PO2 gradient can drive O2 into the host cells. Inside the cytoplasm, O2 can react with electrons leaked out from mitochondria to form O2⋅– (Bandyopadhyay et al., 1999). In addition, increased generation of ROS can occur inside mitochondria due to increases in the availability of O2 and the demand of energy for cellular activities. As follows, the host’s organs, particularly the outer mantle, would need to defend against plausible oxidative damages by ROS in the cytoplasm and in the mitochondria. Obviously, in order to align with the photosynthetic activity of its symbionts, the host’s anti-oxidative defense mechanisms must be either light-responsive or O2-responsive, or both.

Superoxide dismutases (SODs) are enzymes that scavenge O2⋅– intracellularly to ameliorate potential oxidative damage. They catalyze the dismutation of two molecules of O2⋅– to H2O2, and H2O2 is subsequently detoxified to H2O and O2, catalyzed by catalase or glutathione peroxidase (Scandalios, 2005). Most eukaryotic cells express copper-zinc superoxide dismutases (CuZnSODs) in the cytoplasm (Sturtz et al., 2001) and manganese superoxide dismutases (MnSODs) in the mitochondrial matrix (Perry et al., 2010). Recently, the complete cDNA coding sequence of a host-derived CuZnSOD has been obtained from the outer mantle of the T. squamosa (Chew et al., 2020). The protein abundance, but not the transcript level, of CuZnSOD, increases significantly in the outer mantle of T. squamosa after 12 h of light exposure, indicating translational regulation of expression (Table 1; Chew et al., 2020). This would probably result in an increased capacity to detoxify O2⋅– in the outer mantle during illumination. By contrast, the transcript level and protein abundance of CuZnSOD/CuZnSOD in the inner mantle, which contains only a small quantity of symbionts, are unaffected by illumination (Table 1). Thus, it can be concluded that the light-dependent increase in expression level of CuZnSOD in the outer mantle is needed to detoxify the ROS produced in the cytoplasm resulting from hyperoxia generated by the photosynthesizing symbionts (Figure 1). Moreover, the complete cDNA coding sequence of the host’s MnSOD has been cloned from the outer mantle of T. squamosa (Hiong et al., 2018). In light, the metabolic rate of the outer mantle probably increases because of the increased supply of nutrients to the photosynthesizing symbionts and the receipt of O2 and photosynthate from them. This can lead to increases in the production of ROS in the mitochondria. Thus, exposure to light for 12 h leads to significant increases in the transcript level and protein abundance of MnSOD/MnSOD in the outer mantle of T. squamosa (Table 1; Hiong et al., 2018), in order to detoxify excess mitochondrial O2⋅– and to prevent oxidative damage (Figure 1).



LIGHT-ENHANCED CI ABSORPTION IN THE CTENIDIUM TO SUPPORT PHOTOSYNTHESIS AND SHELL FORMATION

During illumination, the demand of Ci by the giant clam-dinoflagellate association is high because of the augmentation of two Ci-dependent processes: photosynthesis in the symbiotic dinoflagellates and shell formation in the host (Figure 2). It has been established that CO2 fixation by photosynthesizing symbionts alone can completely deplete Ci in the host’s hemolymph in <13 min (Rees et al., 1993). There are two possible sources of Ci for the symbionts: metabolic CO2 produced by the host, and Ci absorbed by the host from the ambient seawater. In giant clams, the majority of CO2 fixed by the symbionts is derived from the latter (Rees et al., 1993). For T. squamosa, it has been shown that the host absorbs Ci through light-dependent mechanisms in its ctenidium (Figure 3). The ctenidium is primarily an organ for respiration and filter feeding in molluscs, but it may play relatively minor roles in O2 uptake and CO2 excretion in giant clams, particularly during the day. This is because photosynthesizing symbionts produce O2 inside the host and remove the host’s metabolic CO2 during illumination. Nevertheless, due to its enormous surface area generated by numerous filaments and tertiary water channels, the ctenidium of giant clams can take part efficiently in the absorption of dissolved nutrients directly from the ambient seawater and the maintenance of acid-base balance. That could be one of the reasons why mixotrophy (or partial heterotrophy) is not vitally essential for giant clams’ survival, as in the case of scleractinian corals. The ctenidial mechanisms of Ci uptake in T. squamosa include Na+/H+ Exchanger 3 (NHE3; Hiong et al., 2017a), VHA (Ip et al., 2018), and Dual-Domain Carbonic Anhydrase (DDCA; Koh et al., 2018).


[image: image]

FIGURE 3. Mechanisms of light-enhanced inorganic carbon (Ci) and calcium ion (Ca2+) absorption in the ctenidium of T. squamosa. The clam host needs to absorb Ci from the ambient seawater to support photosynthesis in symbiotic dinoflagellates in the outer mantle and shell formation in the inner mantle. In T. squamosa, the host absorbs Ci through light-dependent mechanisms in its ctenidium. These mechanisms include Na+/H+ Exchanger 3 (NHE3; Hiong et al., 2017a), Vacuolar-type H+-ATPase (VHA; Ip et al., 2018), and Dual-Domain Carbonic Anhydrase (DDCA; Koh et al., 2018). DDCA has an apical localization in the ctenidial epithelial cells. The active site of the first catalytic domain probably functions to dehydrate HCO3– to CO2 in the external medium to augment the permeation of CO2 into the epithelial cell down a favorable PCO2 gradient. The second catalytic domain of DDCA can effectively catalyze the hydration of the CO2 that has entered the cell back to HCO3–. As the increased dehydration of HCO3– to CO2 in the ambient seawater during illumination needs a supply of H+, the ctenidium of T. squamosa can excrete the excess H+ generated during light-enhanced shell formation through VHA and NHE3. L-type Voltage-gated Ca2+ channel (VGCC) VGCC is well-positioned to absorb exogenous Ca2+ in the ctenidium of T. squamosa (Cao-Pham et al., 2019b), and the absorbed Ca2+ can be shuttled through the hemolymph to the inner mantle to support light-enhanced shell formation (see Figure 5). The ctenidium also expresses Sarcoplasmic reticulum Ca2+-ATPase, which pumps Ca2+ into the endoplasmic reticulum (ER) to maintain a low cytosolic [Ca2+] in epithelial cells of the ctenidial filaments. ?BT, unidentified bicarbonate transporter (probably an electrogenic Na+/HCO3– cotransporter). ?CaC, unidentified calcium channel. ?NCX, a type of Na+/Ca2+ exchanger yet to be identified. ?NKA, Na+/K+-ATPase yet to be cloned; ?PT, unidentified proton transporter. SW, seawater.


Recently, DDCA has been sequenced and characterized from the ctenidium of T. squamosa. Its cDNA coding sequence comprises 1,803 bp, which encodes a protein of 601 amino acids and 66.7 kDa (Koh et al., 2018). The deduced DDCA sequence has a high similarity with the 70 kDa CA from T. gigas (Leggat et al., 2002). It contains two distinct α-CA domains, and each domain consists of a specific catalytic site. It also comprises two transmembrane regions (TMs), whereby the first TM is located inside the first CA domain, and the second TM is positioned near the end of the C-terminus. A glycosylphosphatidylinositol (GPI) lipid anchor (Ala576) can also be found near the 3′ end of the second CA domain. As the two catalytic sites are separated by a TM embedded in the plasma membrane, the one nearer to the 5′ end can be exposed to the external medium, and the other one closer to the 3′ end can be located in the cytoplasm. Based on immunofluorescence microscopy, DDCA has an apical localization in the epithelial cells surrounding the tertiary water channels and in certain epithelial cells near the base of the ctenidial filament. Therefore, the first catalytic domain of DDCA probably functions to dehydrate HCO3– to CO2 in the external medium, in order to augment the influx of exogenous CO2 into the cell down a favorable PCO2 gradient (Figure 3). As the 3′-end of the DDCA is attached to the plasma membrane through the second TM and the GPI anchor, the second catalytic domain is located in the cytoplasm in close proximity to the inner surface of the plasma membrane. Thus, the second catalytic domain can effectively catalyze the hydration of the absorbed CO2 back to HCO3– (Figure 3). The significant increases in the transcript and protein expression levels of DDCA/DDCA in the ctenidium of T. squamosa during illumination (Table 1) denote a possible increase in the potential of Ci assimilation in the ctenidial epithelial cells to fulfill the increased need of Ci for photosynthesis and light-enhanced shell formation. The efflux of HCO3– from the ctenidial epithelial cells into the hemolymph probably involves an electrogenic Na+/HCO3– cotransporter (NBCe) yet to be identified.

H+ is needed to promote the dehydration of HCO3– to CO2 in the ambient seawater during illumination, and the ctenidium of T. squamosa can excrete H+ through VHA or NHE3 (Figure 3). The complete cDNA coding sequence of ATP6V1A has been obtained from the ctenidium of T. squamosa (Ip et al., 2018). Although the transcript level of ATP6V1A remains unchanged in the ctenidium of T. squamosa during light exposure, the protein abundance of ATP6V1A increases significantly by ∼2-fold after 12 h of exposure to light as compared to the control, implying that it is regulated mainly at the translational level (Table 1; Ip et al., 2018). ATP6V1A has an apical localization in the epithelial cells of the ctenidial filaments and tertiary water channels, indicating that VHA is positioned to excrete H+ to the external medium (Figure 3). The increase in protein abundance of ATP6V1A in the ctenidium of T. squamosa during light exposure (Ip et al., 2018) corroborates the report of Ip et al. (2015) on the increase in ctenidial NEM-sensitive VHA activity in response to light.

NHEs are transmembrane proteins that can regulate intracellular pH and ionic balance by mediating Na+ influx and H+ efflux at a 1:1 stoichiometry (Fliegel and Dibrov, 1996). The coding sequence of NHE3 has been obtained from the ctenidium of T. squamosa, and NHE3 has an apical localization in the epithelial cells of the ctenidial filaments and tertiary water channels (Hiong et al., 2017b). Additionally, the ctenidium of clams exposed to 12 h of light displays consistently stronger NHE3-immunofluorescence, as well as higher transcript level and protein abundance of NHE3/NHE3, than those of the control kept in darkness (Table 1; Hiong et al., 2017b). Hence, ctenidial NHE3 can also be involved in light-enhanced H+ excretion in T. squamosa (Figure 3). As light-enhanced shell formation generates H+ that needs to be removed from the extrapallial fluid where CaCO3 deposition occurs, the excess H+ can be shuttled to the ctenidium for excretion through VHA and NHE3 (Figure 3). This signifies the importance of collaboration between the inner mantle and the ctenidium to achieve light-enhanced shell formation and light-enhanced Ci uptake.



LIGHT-ENHANCED ABSORPTION AND ASSIMILATION OF EXOGENOUS N IN THE CTENIDIUM

It has been suggested that the hosts of animal-dinoflagellate associations can control the symbiont’s population through depriving them of N (Belda and Yellowlees, 1995; Cui et al., 2019). However, animals cannot synthesize all the twenty amino acids needed for survival, and they must generally obtain nine essential amino acids from the diet (Leuchtenberger et al., 2005). While the host animal can synthesize non-essential amino acids from exogenous and endogenous ammonia using carbon-chains supplied by photosynthesizing symbionts (Cui et al., 2019), it cannot produce the essential amino acids required for protein synthesis and muscle production. Therefore, besides controlling the symbiont’s population, the host needs to play a balancing act to provide the symbionts with an optimized amount of N in order to receive from them the adequate quantities of essential amino acids needed for growth and development. In essence, N-recycling in animal-dinoflagellate associations has two core elements: (1) the tightly regulated supply of not only ammonia but also other N-containing compounds from the host to the symbionts, and (2) the donation of amino acids, particularly essential ones, from the symbionts to the host. As symbionts need a greater supply of N for amino acid synthesis while carbon-chains are produced through photosynthesis during illumination, the host must conduct light-enhanced absorption and assimilation of exogenous N in order to meet the symbionts’ need. Nonetheless on the assumption that scleractinian corals put a greater emphasis on regulating the population of intracellular symbionts through limiting the supply of N to them, the host may not be able to receive an adequate provision of essential amino acids. That could be a contributing factor to why partial heterotrophy can increase protein concentration (Clayton and Lasker, 1984; Al-Moghrabi et al., 1995) and tissue synthesis (Anthony and Fabricius, 2000; Ferrier-Pagès et al., 2003; Houlbrèque et al., 2003, 2004) in scleractinian corals.

The degradation of excess amino acids produce toxic ammonia, and most aquatic animals excrete ammonia as the major nitrogenous waste (Ip and Chew, 2010; Chew and Ip, 2014). By contrast, animal-dinoflagellate associations do not excrete ammonia under normal circumstances but absorb and assimilate exogenous ammonia instead (Wilkerson and Muscatine, 1984; Wilkerson and Trench, 1986; Miller and Yellowlees, 1989). Giant clams absorb ammonia 5–18 times faster in light than in darkness (Fitt et al., 1993), and they excrete ammonia only after long periods of exposure to complete darkness (Muscatine and D’Elia, 1978; Wilkerson and Muscatine, 1984; Szmant and Gassman, 1990). The addition of inorganic N to the ambient seawater containing giant clams would lead to increases in the photosynthetic rate of the symbionts (Summons et al., 1986) as well as the growth rate of the host (Hastie et al., 1988, 1992; Onate and Naguit, 1989). Moreover, symbiotic dinoflagellates isolated from giant clams absorb environmental ammonia and NO3– (Wilkerson and Trench, 1986). Thus, both the clam host and the symbiotic dinoflagellates are N-deficient.

The ctenidium of T. squamosa displays H+/K+ (NH4+)-ATPase activity, and the ctenidial NH4+-activated H+/K+-ATPase activity increases significantly after 12 h of light exposure (Ip et al., 2015). As H+/K+-ATPase is typically localized in the apical membrane of epithelial cells (Swarts et al., 2005), it can probably catalyze the active uptake of K+ or NH4+ from the ambient seawater in the ctenidial epithelial cells of T. squamosa (Figure 4). However, H+/K+-ATPase has not been cloned and characterized from T. squamosa, and the possible involvement of other ammonia transporters cannot be eliminated at present. Due to its deleterious effects (Ip and Chew, 2010), ammonia must be converted into some other compounds in the cytoplasm of the ctenidial epithelial cells. This can also maintain the favorable transmembrane PNH3 and [NH4+] gradients needed for the continuous absorption of exogenous ammonia. Catalyzed by GS, ammonia (as NH4+) can undergo ATP-dependent ligation with glutamate to form glutamine (Taylor and Curthoys, 2004). In giant clams, the ctenidium displays higher GS activity than other host’s organs and the isolated dinoflagellates (Rees et al., 1994; Yellowlees et al., 1994), indicating that it can play a major role in the assimilation of exogenous ammonia (Rees et al., 1994; Shepherd et al., 1999). By contrast, GS of symbiotic dinoflagellates, and not that of the host, are presumably responsible for the assimilation of exogenous ammonia in scleractinian corals (Miller and Yellowlees, 1989) and symbiotic sea anemones (Swanson and Hoegh-Guldberg, 1998).
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FIGURE 4. Mechanisms of light-enhanced uptake and assimilation of ammonia, as well as absorption of urea, nitrate and glucose in the ctenidium of T. squamosa. Exogenous ammonia can be absorbed through H+/K+-ATPase (HKA) in the ctenidium of T. squamosa (Ip et al., 2015). The absorbed NH4+ reacts with glutamate (Glu) to form glutamine (Gln), catalyzed by Glutamine Synthetase (GS), which is localized in the cytoplasm of the epithelial cells lining the tertiary water channels in the ctenidium (Hiong et al., 2017b). Ammonium transporter 1 (AMT1) can play a role in ammonia excretion in T. squamosa, and because of that, its gene and protein expression levels need to be suppressed during illumination in order to achieve the overall light-enhanced uptake of ammonia (Boo et al., 2018). As the ammonia absorbed is assimilated directly into glutamine in the ctenidium, exogenous ammonia is unlikely to be made available to the N-deficient symbiotic dinoflagellates in the form of NH3/NH4+. Light-enhanced nitrate (NO3–) absorption can be facilitated by the electrogenic H+:2NO3– cotransporter, SIALIN, which is localized in the apical membrane of the epithelial cells located at the tips of ctenidial filaments (Ip et al., 2020a). The ctenidium can also perform light-enhanced urea absorption through the urea-proton symporter, DUR3, which has an apical localization in the epithelia of the ctenidial filaments and tertiary water channels (Chan et al., 2018). Urea can also be absorbed through Na+:Glucose Cotransporter 1 (SGLT1; purple) in the ctenidium (Chan et al., 2019). SW, seawater. ?, unidentified transporters.


The complete cDNA coding sequence of a host GS has been obtained from the ctenidium of T. squamosa (Hiong et al., 2017a). Its transcript level and protein abundance increase significantly in the ctenidium of individuals exposed to light for 12 h (Hiong et al., 2017a). GS is localized in the cytoplasm of the epithelial cells lining the tertiary water channels (Hiong et al., 2017a). Hence, these ctenidial epithelial cells probably take part in light-enhanced ammonia absorption, and their cytoplasmic GS assimilates the absorbed ammonia into glutamine, thereby maintaining a low intracellular ammonia concentration (Figure 4). The light-dependent regulation of GS expression in the ctenidium of T. squamosa (Table 1) offers a mechanistic explanation to why ctenidial GS activity is suppressed when giant clams are exposed to continuous darkness (Rees et al., 1994). It also explains why exposure to continuous darkness would lead to increased ammonia excretion (Wilkerson and Trench, 1986).

Ammonium transporters (AMTs) are known to participate in ammonia transport across the plasma membrane of prokaryotic, plant and invertebrate cells. AMT1 has been cloned and characterized from the ctenidium of T. squamosa (Boo et al., 2018). AMT1-immunofluorescence is detected mainly at the apical epithelium of ctenidial filaments, but not in those epithelial cells surrounding the tertiary water channels (Boo et al., 2018), which express GS and take part in the absorption and assimilation of exogenous ammonia (Hiong et al., 2017a). Moreover, exposure to light for 6 or 12 h leads to significant decreases in the transcript level and protein abundance of AMT1/AMT1 in the ctenidium (Table 1). Taken together, AMT1 is probably involved in ammonia excretion in T. squamosa, and because of that, its gene and protein expression levels need to be suppressed during illumination in order to achieve an overall light-enhanced uptake of ammonia (Figure 4).

As ammonia absorbed from the ambient seawater is assimilated directly into glutamine in the ctenidium, it is unlikely that symbiotic dinoflagellates can receive exogenous ammonia in the form of NH3/NH4+ as suggested previously (Hawkins and Klumpp, 1995). Furthermore, majority of the glutamine synthesized from exogenous ammonia in the ctenidium can be utilized by the N-deficient clam host for various anabolic purposes (Figure 4). Possibly, only a small portion of the glutamine synthesized in the ctenidium is supplied to the symbionts through the hemolymph and the intra-tubular fluid. By contrast, NO3– and urea absorbed from the external medium is dedicated for the N-deficient symbionts because the host cannot metabolize them. On the other hand, endogenous ammonia produced metabolically by the host is available for the symbionts’ absorption and assimilation. In fact, the success of giant clams in nutrient-poor waters in the tropics is partly attributable to the recycling of N, especially endogenous ammonia, between the host and its symbionts. Furthermore, there are indications that N assimilation and recycling in the ctenidium of giant clams can involve Endozoicomonadaceae bacteria (Rossbach et al., 2019a). The symbiotic dinoflagellates of T. squamosa can generate glutamate using ammonia produced by the clam host because they possess enzymes of the glutamate synthase (GS1-GOGAT) cycle (Fam et al., 2018). The glutamate generated through GS1-GOGAT can be used for the synthesis of other amino acids through various transamination reactions (Figure 2). As transamination reactions need a supply of carbon-chains, which are readily available when the symbionts conduct photosynthesis, the assimilation of ammonia by the symbionts would be greater in light than in darkness. This explains why giant clams do not excrete ammonia during illumination under normal circumstances.

In general, aquatic animals do not absorb NO3– from the environment, although NO3– is an essential source of N for algae and plants. Nonetheless, T. squamosa absorbs NO3– from the ambient seawater at a rate faster in light (0.077 μmol NO3– g–1 h–1) than in darkness (0.055 μmol NO3– g–1 h–1). Additionally, its ctenidium strongly expresses a homolog of the electrogenic H+:2NO3– cotransporter, SIALIN, which participates in NO3– excretion in acinar cells of human salivary glands (Ip et al., 2020a). In T. squamosa, SIALIN is localized in the apical membrane of the epithelial cells located at the tips of ctenidial filaments, and it can therefore absorb exogenous NO3– (Figure 4). It can facilitate light-enhanced NO3– absorption because its transcript level and protein abundance increase significantly in the ctenidium of T. squamosa during illumination (Table 1; Ip et al., 2020a). It has been reported that scleractinian corals can also absorb exogenous NO3–, but, unlike T. squamosa, the rate of NO3– uptake is unaffected by light exposure (Franzisket, 1973; Grover and Maguer, 2003; Badgley et al., 2006). At present, there is no evidence of SIALIN expression in scleractinian corals.

In spite of its low concentration (0.1–2.2 μmol l–1) in seawater, urea represents a significant quantity of seawater N (Crandall and Teece, 2012). Due to the lack of urease, animals excrete the urea produced endogenously. By contrast, T. squamosa absorbs urea from the external medium, and the rate of urea uptake in light (0.045 μmol urea g–1 h–1) is significantly higher than that in darkness (0.029 μmol urea g–1 h–1; Chan et al., 2018). Because of the low [urea] in seawater, giant clams must possess some sort of active urea transporter in their ctenidium to augment urea absorption during illumination. The complete coding cDNA sequence of a homolog of the urea-proton symporter, DUR3, has been obtained from the ctenidium of T. squamosa (Chan et al., 2018). While 12 h of light exposure has no significant effect on the transcript level of ctenidial DUR3, the DUR3 protein abundance increases progressively in the ctenidium between hour 3 and hour 12 h of light exposure, and it becomes significantly greater than the control at hour 12 (Table 1; Chan et al., 2018). DUR3 has an apical localization in the epithelial cells of the ctenidial filaments and tertiary water channels (Chan et al., 2018), denoting that it can take part in light-enhanced urea absorption in T. squamosa (Figure 4).

Urea can also be absorbed through a homolog of Na+:Glucose Cotransporter 1 (SGLT1) in the ctenidium of T. squamosa (Figure 4). The complete cDNA coding sequence of SGLT1 has been cloned from the ctenidium of T. squamosa, and the ability of SGLT1 to transport urea besides glucose has been confirmed through molecular characterization (Chan et al., 2019). SGLT1 has an apical localization in the epithelium of ctenidial filaments and water channels, and exposure to light leads to a stronger apical SGLT1-immunofluorescence (Chan et al., 2019). In addition, exposure to light for 12 h leads to a significant increase in the protein abundance of SGLT1 in the ctenidium (Table 1). Evidently, T. squamosa can conduct light-enhanced glucose absorption, and the rate of glucose absorption is impeded by exogenous urea, confirming that SGLT1 can transport both glucose and urea as predicted by molecular characterization (Chan et al., 2019). It is possible that the aposymbiotic larvae of giant clams may depend on the absorption of exogenous glucose through ctenidial SGLT1 for survival. However, the quantity of exogenous glucose absorbed by adult giant clams is probably insignificant compared with the quantity of photosynthate donated by the symbionts during illumination. Therefore, ctenidial SGLT1 may play a more important role in light-enhanced urea uptake in adult giant clams (Figure 4).

Scleractinian corals also absorb ammonia (Muscatine and D’Elia, 1978), urea (Grover et al., 2006), and NO3– (Franzisket, 1973) from the ambient seawater. While the rates of ammonia and urea absorption in scleractinian corals increase during illumination, the rate of NO3– absorption is unaffected by light (Badgley et al., 2006). Nonetheless, it is unclear at present whether scleractinian corals express DUR3, SGLT1 and SCIALIN, and if they do, whether the expression levels of these transporters could be enhanced by light. It has been proposed that the cnidarian host can increase the recycling of its own metabolic ammonia into non-essential amino acid when photosynthate are available (Falkowski et al., 1993; Cui et al., 2019), which may serve to control the availability of ammonia to the symbionts and to regulate their population (Cui et al., 2019; Xiang et al., 2020). However, such a proposition may not be valid because the quantity of endogenous ammonia produced and recycled by the host is probably insignificant as compared with the quantities of nitrogenous compounds absorbed from the ambient seawater through light-enhanced molecular mechanisms. Importantly, the exogenous urea and NO3– absorbed by the host must be made available fully to the symbionts because the host cannot metabolize them.



THE HOST CONDUCTS LIGHT-ENHANCED ABSORPTION OF INORGANIC PHOSPHATE (PI)

P is an essential element for all living organisms. In aqueous solution, P is present as Pi, which consists of dihydrogen phosphate (H2PO4–), hydrogen phosphate (HPO42–), and phosphate (PO43–). At pH 7.2, Pi comprises a mixture of HPO42– and H2PO4– in physiological fluids. Pi is required for the syntheses of ATP, phospholipids and genetic materials (Knowles, 1980). It is also needed for intracellular signaling (Olsen et al., 2006). Symbiotic dinoflagellates are P-deficient (Jackson et al., 1989). Thus, when cultured dinoflagellates isolated from T. gigas are exposed to 10 μM Pi, their intracellular [Pi] increases and their population grows (Belda and Yellowlees, 1995). By contrast, exposure of T. gigas to an elevated concentration (10 μM) of Pi does not augment the N:P ratio in its symbionts and has no effect on the symbiont population size (Belda and Yellowlees, 1995). Therefore, it has been proposed that the clam host can regulate the symbiont population by controlling the availability of Pi to them. It has been postulated that the clam host can accumulate Pi in the kidney so as to lower [Pi] in the hemolymph (Belda and Yellowlees, 1995). However, the crucial factor to be considered should be the [Pi] in the intra-tubular fluid, and not the [Pi] in the hemolymph, because symbionts are surrounded by the former instead of the latter. Logically, the concentrations of various solutes in the intra-tubular fluid can be regulated by the tubular epithelial cells, which undoubtedly possess relevant transporters and enzymes to fulfill the symbionts’ needs. As symbionts are P-deficient, the host must provide them with Pi absorbed from the ambient seawater through the hemolymph and the intra-tubular fluid, particularly during photosynthesis.

Indeed, T. squamosa absorbs Pi faster in light than in darkness (Chan et al., 2020). As the [Pi] of 0.08–0.5 μM in seawater (Rivkin and Swift, 1985; Godinot et al., 2009) is much lower than the [Pi] of 1–10 mM in the cytoplasm of cells (Jackson and Yellowlees, 1990), T. squamosa must possess some sorts of active (or Na+-dependent) phosphate transporter to catalyze the active uptake of exogenous Pi. Indeed, Chan et al. (2020) have obtained the complete coding cDNA sequence of a homolog of Sodium-dependent Phosphate Transport protein 2a (NPT2a) from the ctenidium of T. squamosa. NPT2a is expressed strongly in the ctenidium, the outer mantle and the inner mantle, but only weakly in all other organs including the kidney (Chan et al., 2020). NPT2a has an apical localization in the epithelia covering the sun-facing portion of the outer mantle, the seawater-facing side of the inner mantle, and the ctenidial filaments. As these three epithelia are in direct contact with seawater, they can actively absorb Pi from the external medium through their apical NPT2a.

The gene and protein expression levels of NPT2a/NPT2a are high in the ctenidium of T. squamosa, but they are unaffected by illumination (Table 1) indicating that the ctenidium may not be essential to light-enhanced Pi absorption (Chan et al., 2020). As Pi is an important but scarce nutrient in seawater, T. squamosa probably needs to maintain a certain capacity of Pi uptake through ctenidial NPT2a be it in darkness or in light. On the other hand, illumination leads to an increase in the protein abundance of NPT2a in the outer mantle denoting it as a major site of light-enhanced Pi absorption (Table 1; Chan et al., 2020). Dinoflagellates need an increased supply of Pi for the synthesis of ATP through the light-dependent reactions of photosynthesis (Stock et al., 2000). The Pi absorbed by the epithelial cells of the outer mantle can be translocated through a short distance to the photosynthesizing symbionts residing therein (Figure 1). This would spare the symbionts of the outer mantle from competing with various host’s organs, particularly the kidney (Belda and Yellowlees, 1995), for the Pi circulating in the hemolymph (Chan et al., 2020).

For scleractinian corals, both the host animal and isolated dinoflagellates are known to absorb Pi from the external medium (Jackson and Yellowlees, 1990; Godinot et al., 2009). Furthermore, a loss of biomass, disruption of symbiont photosynthesis, and bleaching can occur in scleractinian corals with an undersupply of Pi (Rosset et al., 2017). Pi uptake in scleractinian corals is light-dependent (Godinot et al., 2009), and probably involves a host’s Na+:Pi symporter because Pi uptake can be completely inhibited by omitting Na+ from the external medium (Godinot et al., 2011). However, the molecular mechanism of Pi absorption in scleractinian corals has not been identified.



THE INNER MANTLE PARTICIPATES IN LIGHT-ENHANCED SHELL FORMATION

The soft tissues and organs of a giant clam are located in the mantle cavity and protected by the shell consisting of two shell-valves. Hence, the shell-valves must enlarge in order to accommodate their growth. Giant clams grow faster in light than in darkness (Lucas et al., 1989; Klumpp and Griffiths, 1994; Watanabe and Oba, 1999), which can be attributed partially to the supply of photosynthate from the symbionts during daytime. As a result, their shells must also grow faster during illumination (Rossbach et al., 2019b). Due to light-enhanced shell formation, striking diurnal variations in the ratio of strontium (Sr) to calcium (Ca) have been reported for the cross-sections of the shells of T. derasa (Sano et al., 2012).

The whitish inner mantle is responsible for shell formation. It is connected to the colorful outer mantle and in direct contact with the extrapallial fluid. During shell formation, CaCO3 is deposited from the extrapallial fluid onto the inside surface of the shell valve according to the reaction, Ca2+ + HCO3– CaCO3 + H+. Therefore, the supply of Ca2+ and HCO3– (or Ci) to and the removal of H+ from the extrapallial fluid must be augmented during illumination. The increases in [Ca2+] and [HCO3–] in the extrapallial fluid would result in supersaturation of CaCO3, while the increased removal of H+ would promote the precipitation of aragonite. Indeed, the extrapallial fluid of T. squamosa exposed to light displays a significant increase in pH, with a concomitant decrease in the concentration of ammonia (Ip et al., 2006). Thus, it has been proposed that NH3 helps to remove the excess H+ produced during shell formation by combining with it to form NH4+ (Figure 5). NH4+ is then transported from the extrapallial fluid into the shell-facing epithelial cells of the inner mantle through some unknown transporters (Ip et al., 2006). The H+ produced during light-enhanced shell formation can also be transported from the extrapallial fluid into the inner mantle epithelial cells through Plasma Membrane Ca2+-ATPase (PMCA; Figure 5), which catalyses the exchange of Ca2+ with H+ (Ip et al., 2017a). Subsequently, the excess H+ can be translocated into the hemolymph, and shuttled to the ctenidium (Figure 3) where it can be excreted through the apical NHE3 (Hiong et al., 2017b) or VHA (Ip et al., 2018) to augment Ci absorption.


[image: image]

FIGURE 5. Mechanisms of light-enhanced shell formation in the inner mantle of Tridacna squamosa. CaCO3 is deposited from the extrapallial fluid onto the inside surface of the shell valve with the production of H+ during shell formation. The supply of Ca2+ and HCO3– (or Ci) to and the removal of H+ from the extrapallial fluid increase during illumination. NH3 may help to remove the excess H+ produced during shell formation by combining with it to form NH4+ (Ip et al., 2006). The H+ produced can also be transported from the extrapallial fluid into the inner mantle epithelial cells through Plasma Membrane Ca2+-ATPase (PMCA; Ip et al., 2017a). Subsequently, the excess H+ can be translocated to the hemolymph, followed by shuttling to the ctenidium for excretion (see Figure 2). The seawater-facing epithelium of the inner mantle also possesses Carbonic Anhydrase 4 (CA4; Chew et al., 2019) and Carbonic Anydrase 2 (CA2; Chew et al., 2019), and they operate collaboratively to assimilate Ci from the ambient seawater. An apical beta Na+/H+ Exchanger (βNHE), which is expressed in the seawater-facing epithelium of the inner mantle, can excrete some of the excess H+ generated (Cao-Pham et al., 2019a). The apical Na+/Ca2+ exchanger 3 (NCX3) in the shell-facing inner mantle epithelium can deliver Ca2+ to the extrapallial fluid at a high rate (Boo et al., 2019), while the apical PMCA can function to fine-tune cytosolic [Ca2+] (Ip et al., 2018). The operation of NCX3 requires the support of Na+/K+-ATPase (NKA; Boo et al., 2017), and the movement of Ca2+ inside the epithelial cells needs the participation of Sarcoplasmic Reticulum Ca2+-ATPase (SERCA; Chan et al., 2020). ER, endoplasmic reticulum. ?BT, unidentified Bicarbonate Transporters. ?CaC, unidentified calcium channel. ?PT, unidentified proton transporter. SW, seawater.


The ctenidium of giant clams is an important site of Ci absorption, but it is remote from the site of shell formation (extrapallial fluid). Furthermore, to conduct light-enhanced shell formation, the inner mantle would have to compete with the photosynthesizing symbionts of the outer mantle for the Ci absorbed through the ctenidium. This could be the reason why the seawater-facing epithelial cells of the inner mantle also have the ability to absorb Ci from the ambient seawater, whereby the absorbed Ci can be conveniently used by the nearby shell-facing epithelium for shell formation. A homolog of Carbonic Anhydrase 4 (CA4) of the host’s origin has been sequenced from the whitish inner mantle of T. squamosa (Chew et al., 2019). Based on transcript levels, CA4 is the major CA expressed in the inner mantle, and the quantity of CA4 transcript in the inner mantle is higher than those in the outer mantle and the ctenidium. In the inner mantle, CA4 is localized in the apical membrane of the seawater-facing epithelial cells, but it is undetectable in the shell-facing epithelium (Chew et al., 2019). The active site of CA4 is known to be positioned extracellularly (Shah et al., 2005); hence, it is in direct contact with the ambient seawater and can catalyze the dehydration of exogenous HCO3– to CO2 to promote CO2 uptake (Figure 5). The protein abundance of CA4 increases significantly in the inner mantle after 6 or 12 h of exposure to light (Table 1), indicating that there could be an augmentation in the capacity to dehydrate HCO3– and promote CO2 uptake during illumination. Inside the epithelial cells, the absorbed CO2 can be hydrated back to HCO3– by CA2, because CA2 is also present in the cytoplasm of the seawater-facing epithelial cells (Figure 5) but not the epithelial cells facing the shell (Chew et al., 2019).

In the inner mantle of T. squamosa, an apical beta NHE (βNHE), which can excrete H+ to promote HCO3– dehydration in the external medium, is also expressed in the apical membrane of the seawater-facing epithelium (Cao-Pham et al., 2019a). The apical βNHE-immunostaining of the seawater-facing epithelium is consistently stronger after exposure to light for 12 h as compared with the control exposed to 12 h of darkness. Additionally, exposure to light also leads to a significant increase in the protein abundance of βNHE in the inner mantle (Table 1). Hence, the light-dependent βNHE of the seawater-facing epithelium can probably excrete some of the excess H+ generated during light-enhanced shell formation in order to reduce the impact on the pH of the hemolymph and other organs (Figure 5). Moreover, the excreted H+ could promote the dehydration of exogenous HCO3– catalyzed by CA4 to augment the absorption of Ci through the seawater-facing epithelium.

To achieve light-enhanced shell formation, the supply of Ca2+ from the shell-facing epithelial cells of the inner mantle to the extrapallial fluid must increase during illumination in order to achieve saturating [Ca2+] and [HCO3–]. Ca2+ can be pumped out of a cell by two transporters located in the plasma membrane, PMCA and Na+/Ca2+ exchange 3 (NCX3). PMCA has a high Ca2+ affinity but low Ca2+ transport capacity, whereas NCX3 has a low affinity for Ca2+ but high capacity for its transport (Brini and Carafoli, 2011). The inner mantle of T. squamosa expresses PMCA, the complete coding cDNA of which comprises 3597 bp, encoding a protein with 1198 amino acids of 131.9 kDa (Ip et al., 2018). There is an apical targeting element in the deduced PMCA sequence, and its apical localization in the shell-facing epithelium of the inner mantle has been verified by immunofluorescence microcopy (Ip et al., 2018). As PMCA pumps Ca2+ out of the cell in exchange for H+ with a 1:1 stoichiometry (Salvador et al., 1998), it can actively secrete Ca2+ from the shell-facing epithelium to, and absorb H+ from, the extrapallial fluid (Figure 5). Exposure to light for 12 h results in a significant increase in the apical PMCA-immunofluorescence of the shell-facing epithelium (Ip et al., 2018). The transcript and protein levels of PMCA/PMCA also increase significantly in the inner mantle after 6 or 12 h of light exposure (Table 1), indicating that the expression levels of PMCA/PMCA can be enhanced by light.

In addition, the cDNA coding sequence of a homolog of NCX3 has been obtained from the inner mantle of T. squamosa (Boo et al., 2019). NCXs are known to participate in the calcification processes of invertebrate calcifying cells and mammalian osteoblasts. Indeed, NCX3 can participate in light-enhanced calcification in T. squamosa due to several reasons. Firstly, NCX3 is immunolocalized in the apical epithelium of the shell-facing inner mantle. Secondly, light exposure leads to stronger NCX3-immunofluorescence in the shell-facing inner mantle as compared with the control kept in darkness for 12 h. Thirdly, light exposure results in increases in the transcript level and protein abundance of NCX3/NCX3 as compared with the control (Table 1). Thus, there is probably an increase in the capacity of NCX3 to pump Ca2+ out of the shell-facing epithelial cells into the extrapallial fluid in exchange for Na+ (Figure 5). The increased movement of Na+ down the transmembrane Na+ electrochemical gradient into the cell can disrupt the intracellular Na+ homeostasis, and the excess Na+ entering the cell must therefore be pumped out. Indeed, there is an increase in the capacity of NKA to actively extrude Na+ out of the cell. The cDNA coding sequence of NKA α-subunit (NKAα) has been obtained from the inner mantle of T. squamosa (Boo et al., 2017). NKAα has a basolateral localization along the shell-facing epithelium of the inner mantle, and there is a significantly stronger basolateral NKAα-immunofluorescence at the shell-facing epithelium of individuals exposed to light for 12 h than that of the control (Boo et al., 2017). In addition, illumination leads to a significant increase in the protein abundance of NKAα in the inner mantle (Table 1). Taken together, the increased expression level of NKA in the shell-facing epithelial cells of the inner mantle of individuals exposed to light is needed to cope with the rise in Na+ influx caused by the increase in operation of NCX3 to support light-enhanced shell formation (Figure 5).

As light-enhanced shell formation requires an increase in the transport of Ca2+ from the shell-facing epithelial cells of the inner mantle into the extrapallial fluid, the uptake of Ca2+ from the hemolymph by these epithelial cells must be augmented during illumination. At present, the transporters/channels involved in the absorption of Ca2+ into these epithelial cells have not been identified. Nonetheless, it is important to understand how the absorbed Ca2+ can move across the cytoplasm, from the basolateral membrane to the apical membrane, so that it can be accessed by the apical PMCA and NCX3 but without increasing the cytosolic [Ca2+] and perturbing Ca2+ homeostasis. It has been established that sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) pumps Ca2+ into the sarcoplasmic/endoplasmic reticulum and Golgi apparatus in order to maintain low intracellular [Ca2+]. As expected, the inner mantle of T. squamosa expresses a homolog of SERCA, and the protein abundance of SERCA increases significantly after 6 h of exposure to light (Table 1; Chan et al., 2020). Presumably, this would avert a possible surge in the cytosolic [Ca2+] in the shell-facing epithelial cells of the inner mantle during light-enhanced shell formation by increasing the capacity of pumping Ca2+ into the endoplasmic reticulum (Figure 5).

Taken together, the mechanisms that directly contribute to light-enhanced shell formation in T. squamosa are the host’s Ca2+ transporters, whereby the expression of the transporters can be enhanced by illumination (Figure 5). They offer a novel explanation for light-enhanced shell formation in giant clams, which is directly related to light-enhanced mechanisms of the host and unrelated to the removal of CO2 by the photosynthesizing symbionts as proposed by Goreau (1959) for light-enhanced skeleton formation in scleractinian corals. They also offer a mechanistic explanation of the variability of Sr/Ca in the shells of giant clams as reported by Sano et al. (2012). If the dehydration of HCO3– to CO2 indeed occurs in the extrapallial fluid, it would reduce [HCO3–] therein and impede shell formation by lowering the solubility product of [Ca2+] and [HCO3–]. Nonetheless, light-enhanced shell formation in giant clams is related indirectly to the release of photosynthate and O2 from symbiotic dinoflagellates. This is because the operations of the host’s PMCA, SERCA, and NKA are driven by energy released through ATP hydrolysis, and the rate of ATP synthesis through aerobic energy metabolism and oxidative phosphorylation in the host can be augmented by the supply of photosynthate and O2 from its symbionts.

During shell formation, CaCO3 is precipitated from the extrapallial fluid onto a proteinaceous matrix lining the inner surface of the shell-valve (Wilbur and Watabe, 1963; Wheeler and Sikes, 1984). The inner mantle lacks iridocytes and direct light exposure, but it contains symbiotic dinoflagellates concentrated in a specific area near the valve hinge (Poo et al., 2020). The transcript level and protein abundance of Zoox-URE/Zoox-ZURE in the inner mantle are upregulated during illumination (Table 1; Ip et al., 2020b). Probably, this can increase the release of urea-N for amino acid production in the symbionts, and the amino acids donated to the inner mantle cells can augment the synthesis of proteinaceous matrix for shell formation (Wilbur and Saleuddin, 1983). As symbionts in the inner mantle have low phototrophic potential (Poo et al., 2020), they would probably need to absorb some of the photosynthate (carbon-chains), which are present in the intra-tubular fluid of the tubular system and originated from the photosynthesizing symbionts of the outer mantle, for amino acid synthesis (Figure 2).

Unlike shell formation in giant clams, the formation of skeleton in scleractinian corals involves the deposition of aragonite crystals in the subcalicoblastic fluid underneath the calicoblastic cells. It has been proposed that these cells can absorb Ca2+ passively through some sort of Ca2+ channels (Zoccola et al., 1999), and the absorbed Ca2+ can be actively transported by PMCA (Cohen and McConnaughey, 2003; Allemand et al., 2004) or NCX (Marshall, 1996; Davy et al., 2012) across the apical membrane into the subcalicoblastic fluid. However, in calicoblastic cells, PMCA (Barott et al., 2015) and NCX (Barron et al., 2018) are localized in the cytoplasm and intracellular vesicles, respectively, and not in the apical membrane. Therefore, PMCA and NCX apparently participate in an intracellular calcification process that involves the formation of amorphous CaCO3 in the cytoplasm of scleractinian corals, (Mass et al., 2017). Skeleton formation in scleractinian corals probably involves the secretion of amorphous CaCO3, together with HCO3– and several other proteins, including coral acidic rich proteins, into the subcalicoblastic fluid (Von Euw et al., 2017). Overall, there are major differences between the mechanisms of light-enhanced skeleton formation in scleractinian corals and light-enhanced shell formation in giant clams. Notably, it remains unclear at present whether scleractinian corals would upregulate the gene and protein expression levels of PMCA, NCX, and SERCA in calicoblastic cells during illumination as in the case of giant clams.



LIGHT-ENHANCED SHELL FORMATION REQUIRES AN INCREASED SUPPLY OF CA2+ THAT IS ABSORBED THROUGH THE CTENIDIUM

Light-enhanced shell formation occurs in the extrapallial fluid, and it necessitates increases in the uptake of Ca2+ from the ambient seawater and the supply of Ca2+ through the hemolymph to the cite of calcification during illumination. Intracellular [Ca2+] regulates many physiological events, and the function of voltage-gated Ca2+ channels (VGCCs) is to transduce alterations in electrical potential across plasma membrane into variations in intracellular [Ca2+] (Catterall, 2011). VGCCs can also be involved in calcification in marine invertebrates like echinoids (Dubois and Chen, 1989) and scleractinian corals (Allemand and Grillo, 1992), but it is not known to take part in the absorption of exgoenous Ca2+. In the case of T. squamosa, the complete coding cDNA sequence of a homolog of Voltage-gated Calcium Channel subunit α1 (CACNA1), which is the pore-forming subunit of VGCCs, has been obtained from the ctenidium (Cao-Pham et al., 2019b). The deduced amino acid sequence has been characterized as the α1D subunit of L-type VGCC, which is one of the several types of high voltage activated channel. CACNA1 is immunolocalized in the apical membrane of epithelial cells that cover the ctenidial filaments facing seawater, and also in some of the epithelial cells surrounding the tertiary water channels. Thus, judging by its pore-forming subunit, L-type VGCC is well-positioned to absorb exogenous Ca2+ in the ctenidium of T. squamosa. Exposure to 12 h of light leads to an increase in the quantity of immunolabelled epithelial cells in the ctenidial filaments and tertiary water channels, and the immunofluorescence is stronger than the control. Light exposure also leads to significantly higher protein abundance of CACNA1 in the ctenidium as compared with the control (Table 1). More pore-forming CACNA1 in the seawater-facing apical membrane would imply a greater potential for the uptake of exogenous Ca2+ into the ctenidial epithelial cells. Hence, L-type VGCC can probably conduct a light-enhanced influx of Ca2+ from the ambient seawater into the ctenidium of T. squamosa (Figure 3). How the Ca2+ exit the ctenidial epithelial cell against the electrochemical potential gradient of Ca2+ across the basolateral membrane is uncertain at present. Future studies should consider the possible involvement of NCX, which can utilize the Na+ gradient generated by the basolateral NKA to pump Ca2+ against its concentration gradient (Figure 3). The absorbed Ca2+ can be shuttled through the hemolymph to the inner mantle to support light-enhanced shell formation (Figure 5).

The ctenidium also expresses SERCA, and the epithelial cells of ctenidial filaments display non-uniform SERCA-immunolabeling in the cytoplasm (Chan et al., 2020). In addition, the protein abundance of SERCA increases significantly in the ctenidium of T. squamosa after 12 h of light exposure (Table 1), which would increase the capacity for pumping Ca2+ into the endoplasmic reticulum to maintain a low cytosolic [Ca2+] in epithelial cells of the ctenidial filaments (Figure 3). Taken together, it can be concluded that light-enhanced Ca2+ uptake of T. squamosa is attributable primarily to the direct responses of the host’s transporters in the ctenidium to light, which align well with light-enhanced mechanisms of shell formation in the inner mantle. At present, how Ca2+ can be actively transported from the ctenidial epithelial cells to the hemolymph remains unknown.

In scleractinian corals, the seawater-facing plasma membranes of calicoblastic cells are presumably involved in absorbing Ca2+ through an energy-independent process. The absorbed Ca2+ is translocated intracellularly to the other side of the cell, followed by active transport through the plasma membrane against its electrochemical gradient via some kind of energy-dependent mechanism (Berridge and Oschman, 1972). It has been reported that the L-type Ca2+ channel inhibitors, phenylalkylamine and dihydropyridine can suppress calcification in corals (Marshall, 1996; Tambutteì et al., 1996). Indeed, the calicoblastic ectoderm of corals also expresses a homolog of CACNA1 (Zoccola et al., 1999), indicating that VGCC may take part in skeleton formation in scleractinian corals by transporting Ca2+ into the subcalicoblastic fluid underlying the calicoblastic epithelium. However, as the subcalicoblastic fluid contains high [Ca2+] to augment the deposition of CaCO3, how VGCC of the calicoblastic epithelium can transport Ca2+ outward against its electrochemical gradient remains unresolved.



THE IMPORTANCE OF UNDERSTANDING LIGHT-ENHANCED PHENOMENA IN GIANT CLAMS

At present, the existence of coral reefs is being threatened by climate change, coastal pollution, and habitat loss related to anthropogenic activities. Symbiotic reef organisms can undergo a stress response called ‘bleaching’, particularly when confronted with high temperatures and high irradiance. During bleaching, the host would lose symbiotic dinoflagellates, and its symbionts may have less photosynthetic pigments (Glynn and D’Croz, 1990; Lesser et al., 1990). Notably, giant clams harbor large quantities of symbionts (Griffiths and Klumpp, 1996), which can serve as reservoirs of symbiotic dinoflagellates in the reef ecosystem. While scleractinian corals expel degraded dinoflagellates (Fujise et al., 2014), those expelled by giant clams are intact, viable and competently phototrophic (Morishima et al., 2019). Importantly, healthy dinoflagellates expelled by giant clams can repopulate bleached Symbiodiniaceae-bearing hosts (Morishima et al., 2019) including scleractinian corals (Umeki et al., 2020). However, as a member of the reef ecosystem, the survival of giant clams is also affected negatively by various anthropogenic activities and global warming (Van Wynsberge et al., 2016; Neo et al., 2017). Results obtained from laboratory experiments indicate that the growth of giant clam shells could be impeded by high PCO2 in seawater (Watson et al., 2012; Watson, 2015). Currently, some species of giant clams are regarded as critically endangered or vulnerable. Therefore, it is crucial to gain a deep understanding of the mechanisms of light-enhanced physiological processes, including light-enhanced shell formation, in giant clams. Such an understanding may provide cues for conservation strategies, which can be used to protect giant clams from the negative impacts of climate change.



PERSPECTIVE

Two separate studies have demonstrated that the diel changes in expression levels of MnSOD (Hiong et al., 2018) and NCX3 (Boo et al., 2018) in T. squamosa are unrelated to the circadian rhythm. Apparently, T. squamosa has acquired a general signaling mechanism to coordinate the gene and protein expression levels of a variety of enzymes and transporters in multiple organs in relation to various diurnally light-dependent physiological processes (Table 1). This is evidently a result of the mutualistic relationship between the symbiotic dinoflagellates and the clam host, whereby the host needs to acquire light-responsive signaling mechanisms in order to support the symbionts’ light-induced activities. Therefore, future studies should aim to elucidate these light-responsive signaling mechanisms in tissues and organs of the host. As energy is needed to drive transcription and translation processes, the diel cycle of changes in gene and protein expressions appear to be energetically uneconomical for the host. Nevertheless, giant clam-dinoflagellate associations are phototrophic, and the host can receive a potentially unlimited supply of photosynthate from its symbionts. Hence, unlike non-photosymbiotic animals, giant clams can afford energetically to conduct light-dependent diurnal changes in transcription and translation activities.

Future studies should also aim to examine the regulatory mechanisms involved in the turnover process and the half-life of these gene transcripts and proteins, because diurnal changes imply rapid turnover and short half-life. As all these host-mediated light-enhanced processes are fundamentally related to the photosynthesis of its symbionts residing in the outer mantle, it is essential to examine the translocation of substances, and perhaps even signaling molecules, between these two mutualistic partners. For giant clams, the epithelium of the tubular system may hold the secrets to understand the collaboration between the two mutualistic partners. At present, no information is available on how the tubular epithelium of the host can maintain high PCO2 in, and increase the supplies of ammonia, NO3–, urea and phosphate to, the intra-tubular fluid during illumination in support of photosynthesis in the symbionts. Moreover, nothing is known about how photosynthate donated by the symbionts are translocated through this tubular epithelium to the hemolymph. Hence, future studies should focus on elucidating the molecular mechanisms present in the apical and basolateral membranes of the tubular epithelium, which are involved in driving the unidirectional fluxes of substances between the hemolymph and the intra-tubular fluid in intact giant clam-dinoflagellate associations.
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