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Unlike most bivalves, giant clams (tridacnids) harbor symbiotic microalgae (zooxanthellae) in their other fleshy bodies. The effects of mixed populations of zooxanthellae on larval metamorphosis has been reported in several papers, but there have been very few studies on the effects of single zooxanthella species on the establishment of symbiosis in giant clams. In this study, we obtained five pure zooxanthella species (clades A3, B1, C1, D1, E1) from antler coral by molecular identification, and analyzed their effects on the larval metamorphosis and progeny performance of two giant clams, Tridacna squamosa and T. crocea, in the South China Sea. Clam larvae with all five zooxanthella species underwent larval settlement and metamorphosis, and formed the zooxanthellal tubular system. There was some variation in metamorphic rate and time to metamorphosis between clams with different zooxanthella species, but no significant differences in size at metamorphosis. After metamorphosis, larvae with all zooxanthella types continued to develop normally. Mantle color was consistent within clam species and zooxanthella species had no effect on mantle color. However, clam progeny with clade E1 zooxanthellae were smaller than progeny with the other four zooxanthella clades (A3, B1, C1, and D1). Survival rate was over 90% for all progeny and there were no significant differences in survival between progeny with Symbiodinium clades A–E during the entire culture process. Two-way ANOVA analysis revealed that giant clam species was the main factor influencing progeny growth, with some variation in growth attributable to zooxanthella type. Our results provide new information on both the symbiotic relationship between giant clams and zooxanthellae and the mantle coloration of giant clams, and will be useful in giant clam seed production and aquaculture.
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INTRODUCTION

Zooxanthellae are found in several marine invertebrates, including corals, sea anemones, molluscs and other taxa, and are major producers of primary productivity in tropical and subtropical coral reef ecosystems (Neo et al., 2015). These symbiotic dinoflagellates in the genus Symbiodinium have been the subjects of scientific investigation, especially in the coral reef ecosystem which is in danger of collapse from anthropogenic global climate change in recent decades (Mies, 2019). Traditionally, zooxanthellae were divided into nine types: clades A–I. Recently, Symbiodinium “clades” have been partitioned into multiple genera to better reflect their origins and divergence during their long evolutionary history, as determined by molecular dating (LaJeunesse et al., 2018). Each zooxanthella species may exhibit unique physiological characteristics, and the cladal composition within the host may influence its survival and ability to tolerate environmental changes.

Giant clam species are an important part of coral reefs with great ecological and economic value, and are distributed throughout the tropical Indo-Pacific from the East African coast to the Pitcairn Islands in the eastern Pacific, and from Okinawa in Japan to south of the Great Barrier Reef (GBR) in Australia (bin Othman et al., 2010; Neo et al., 2017). It is well-known that giant clams have a mutualistic relationship with dinoflagellates of the genus Symbiodinium, also known as zooxanthellae (Hirose et al., 2006; Mies, 2019). Zooxanthellae supply nutrients to the giant clam host, and the host provides a suitable living environment for the symbiotic algae (Fitt et al., 1986). Interestingly, giant clams harbor a wide range of zooxanthellae, consisting of diverse phylotypes (clades). Among bivalves, the association with Symbiodinium is unique to Tridacninae and Fraginae (Kirkendale and Paulay, 2017; Rossbach et al., 2020).

In giant clams, zooxanthellae are not vertically transmitted and must be acquired by larvae from external sources. Several studies have been published on the effects of mixed populations of zooxanthellae on the phenotypic traits of giant clam progeny, focusing on the larval to spat stages (Hernawan, 2008; Neo et al., 2015; Mies, 2019). Symbiotic dinoflagellates can provide nutrition and promote growth development in larval and juvenile giant clams (Fitt et al., 1986). Molea and Munro (1994) isolated zooxanthellae from Tridacna gigas, T. maxima, T. crocea, and Hippopus hippopus, supplied them to T. gigas larvae, and found that ingestion of zooxanthellae from different species caused significant differences in progeny growth. Zooxanthellae isolated from giant clams, corals, and anemones have been found to alter larval survival due to the different physiological adaptions of each zooxanthellae species, but all species promote the metamorphosis of giant clam larvae (Kurihara et al., 2012; LaJeunesse et al., 2018). Viable zooxanthella in the fecal pellets of giant clams are photosynthetically competent and infected T. squamosa larvae are able to undergo metamorphosis (Yu et al., 2016; Morishima et al., 2019). The composition of symbiotic algae in juvenile tridacnids has been shown to be able to change over time (Belda-Baillie et al., 1999).

However, there are few reports of the effects of pure zooxanthellae on giant clam performance (Mies, 2019). Mies et al. (2017a) found that three symbiosis-related fatty acids were produced by Symbiodinium types in clades A–F associated with giant clam larvae, which may provide nutrition for larval metamorphosis. Bleaching of giant clam larvae in coral reefs is related to species of zooxanthellae and seawater temperature, with larvae infected with Symbiodinium type A1 having good resistance to high temperatures (Mies et al., 2018). Analysis of the infection of giant clam larvae with Symbiodinium type A1 revealed a symbiosis-specific gene which may be the earliest example of a co-expressed gene in the larval metamorphosis process (Mies et al., 2017b). Therefore, recognizing the diversity, physiology, and ecology of these endosymbionts is paramount for understanding how algal-invertebrate partnerships might respond to adaptive evolution in symbiology.

In this study, the effects of five pure zooxanthellae species (clades A3, B1, C1, D1, and E1) on phenotypic traits (survival, metamorphosis, growth, and mantle color) of two giant clams (T. squamosa and T. crocea) were evaluated over the first year of life in the South China Sea. A detailed understanding of the early life history and process of symbiosis development were developed, and the process of iridocyte formation during the spat rearing phase was described. We also analyzed the relationships between giant clam species and zooxanthella clades using a two-way ANOVA, and demonstrated the process of mantle color development during the early history life stages.



MATERIALS AND METHODS


Algae Types

Zooxanthellae were isolated from Acropora tenuis (clade C1) and Galaxea fasciculrris (clade D1) using Huang's method (Huang et al., 2008). Clade A3, B1, and E1 were separated from the seawater. 0.5 L seawater was obtained from coral reef area, and three zooxanthellae's clades (A3, B1, and E1) were successfully isolated single cell culture. All clades were reared individually in 36 sterile centrifuge tubes (2 mL) under the following conditions: 23°C, 33 ppt seawater in a light incubator at the South China Sea Institute of Oceanology, Chinese Academy of Science, Guangzhou city. After 1 month, we analyzed these living proliferous zooxanthellae with molecular identification (16S rDNA and mitochondrial COI) and found that they belonged to five clades: A3, B1, C1, D1, and E1. These five zooxanthellae clades were then separated by clade into five glass triangular bottles (100 mL) and reared in the same conditions. Thus, we obtained five types of pure symbiotic algae.



Larvae Source

T. squamosa and T. crocea were induced to spawn separately at the Hainan Tropical Marine Life Experimental Station at the Chinese Academy of Sciences using the method previously described (Zhang et al., 2016, 2020a,b). After 36 h of fertilization, D-larvae from each clam species were collected on a 70-μm sieve and reared separately in two 1000-L tanks filled with 2 μm filtered seawater. The initial larval density was adjusted to 2 larvae/mL and was maintained at this level by controlling the water volume. The larvae were fed on Isochrysis galbana for the first 5 days at a density of 3000 cells/mL per day. Salinity 33 ppt, pH 8.0–8.3, and temperature range 28.0–29.0°C were maintained throughout the embryonic and larval development stages (Figures 1A–N).


[image: Figure 1]
FIGURE 1. Life cycle of giant clams (T. squamosa). (A) Fertilized egg; (B) First polar body; (C) Second polar body; (D) Two cells; (E) Four cells; (F) Eight cells; (G) Mulberry; (H) Blastocyst; (I) Trochophore; (J) D larva; (K) Early umbo-larva; (L) Middle umbo-larva; (M) Late umbo-larva; (N) Pediveliger; (O) Newly-formed spat; (P) Spat; (Q) Youth; (R) Adult.




Experimental Design

Six-day-old larvae of two giant clam species (Figure 1N) were concentrated and separated into 10 groups (five groups per clam species). From day 6 to day 9, they were then severally soaked in 1 L zooxanthellae solution of clade A3, B1, C1, D1, or E1 daily for 2 h at a density of 103/ml. Then, larvae were transferred to 50 L plastic buckets at a density of 0.5 ind./mL, with each group replicated three times. That is, five zooxanthellae clades from 30 plastic buckets were used for this experiment (Table 1). To avoid wild zooxanthellae contamination, all experimental seawater was filtered through 2-μm mesh. Larval rearing buckets were provided with gentle aeration and exposed to natural sunlight that was reduced using a transparent polycarbonate roof sheeting and 50% light transmittance shade-cloth. The daily-maximum photosynthetically active radiation (PAR) directly above larval rearing tanks was maintained between 0 and 532.7 μmol s−1 m−2 (Dataflow Systems Pty Ltd. light logger) (Braley et al., 2018; Militz et al., 2019). The rearing water was maintained between 28.3 and 29.5°C with a salinity of 33 ppt.


Table 1. Analysis of variance (ANOVA) showing giant clam species (CS) and zooxanthellae clade (ZC) effects on survival and growth of each experimental group at different time points.
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Spat Nursing

Most larvae attached and developed secondary shells, feet, gills and symbiotic systems, reaching the juvenile stage at day 15 (Figure 1O). Larvae settled within 7 days, and newly settled spat were nursed in the buckets for another 10 weeks with gentle aeration and water flow and 50% natural lighting. At day 90, 3600 spat from each group (A3, B1, C1, D1, E1) were divided equally between 120 substrates (coral stone, ~16–18 cm diameter), for a density of 30 individuals/substrate. When the shell length of these spat reached 8–10 mm, they were transferred to an artificial runway system with continuously circulating water. The substrates were cleaned monthly to remove filamentous algae. As the spat grew, the density was reduced from 30 individuals/substrate to 15 individuals/substrate by removing randomly selected spat. Moreover, the dead clams were discarded at every substrate cleaning, and the density of each group was readjusted to maintain similar levels among the groups. Thus, spat were nursed until they were 1 year old (Figures 1P–R). The rearing water was maintained at 25.4–30.0°C with a salinity of 33 ppt.



Measurement Index

The implantation rate was defined as the proportion of larvae with zooxanthellae that were fixed in the stomach and able to proliferate (Figures 2A–C). The metamorphic rate was defined as the proportion of larvae that reached over 250 μm in shell length; developed feet, secondary shells and gills; and had zooxanthellae migrate from the digestive tract to the primordial zooxanthellal tubular system, forming a visible line of symbiont cells (Figures 3A–C). Time to metamorphosis was defined as the length of time between fertilization and the point at which over 90% of larvae had developed into spat. Size at metamorphosis was defined as the maximum shell length reached by the primary shell before metamorphosis.


[image: Figure 2]
FIGURE 2. Criteria for successful implantation of zooxanthellae for larvae. (A) Late umbo-larvae; (B) Pediveliger which begins feeding on zooxanthellae; (C) Mature pediveliger with over 10 zooxanthellae. a–c are schematic diagrams corresponding to (A–C).



[image: Figure 3]
FIGURE 3. Newly-formed spat with gills, feet, secondary shells, and zooxanthellal tubular systems. (A) Spat with over 30 zooxanthellae; (B) Spat with over 100 zooxanthellae; (C) Spat with over 300 zooxanthellae. a–c are schematic diagrams corresponding to (A–C).


Shell length was measured using a light microscope when the individual shell length was <3 mm, and using electronic Vernier calipers (accurate to 0.01 mm) when the shell length was over 3 mm. Survival rate to day 360 was defined as the ratio of the number of individuals at juvenile stages to the number of spat (Zhou et al., 2020). The spat size at iridocyte appearance was defined as the shell length when iridocytes were able to be seen using a postural anatomical mirror when <30 iridocytes were present. The time to iridocyte appearance was defined as the length of time between fertilization and the point at which over 90% of spat had iridocytes. The mantle color of the clams at day 360 was divided into two types, BGY (brown, green, and yellow) and bule.



Data Analysis

Differences in mean implantation rate, metamorphic rate, time to metamorphosis, size at metamorphosis, survival rate, and shell length between groups and replicates were analyzed using multiple comparisons using a two-way ANOVA. To improve the normality and homoscedasticity, the survival ability index was arcsine-transformed prior to analysis, and growth parameters were logarithmically transformed (base 10). All statistical analyses were performed using SPSS 23.0. P < 0.05 was considered statistically significant for all experiments, unless noted otherwise.

To determine the effects of the clam species and zooxanthella clades on the metamorphosis, survival and growth, a two-factor ANOVA was used (Wang et al., 2011; Wang and Côté, 2012; Zhang et al., 2020a,b), as follows:

[image: image]

Here, Yijk is the mean shell length, metamorphosis or survival rate of the k replicate from the i clam species (T. squamosa, T. crocea) and the j zooxanthella clade (A3, B1, C1, D1, E1). CSi is the effect of clam species on the shell length, metamorphosis or survival rate (I = 1, 2). ZCj is the effect of zooxanthella clade on the shell length, metamorphosis or survival rate (j = 1, 2, 3, 4, 5). (CS × ZC)ij is the effect of the interaction between clam species and zooxanthella clade, and eijk is the random observation error (k = 1, 2, 3).




RESULTS


Metamorphosis
 
Implantation Rate

When giant clam larvae developed to the late-veliger stage (Figure 2A), they were soaked in zooxanthellae solution at a density of 103/mL for 2 h daily from day 6 to day 9. Implantation was considered successful if zooxanthellae were fixed in the stomach and able to proliferate (Figure 2C). Zooxanthellae in clade E1 had the highest implantation rate (Figure 4A). Between the two giant clam species, similar implantation rates were observed for the different zooxanthellae species, and the overall implantation rate of T. squamosa was slightly higher than that of T. crocea. Zooxanthella clade was the primary factor influencing the implantation rate, while the second factor was giant clam species (Table 1).


[image: Figure 4]
FIGURE 4. Effects of zooxanthellae clades A–E on metamorphosis indices of T. squamosa and T. crocea progeny. (A) Implantation rate of zooxanthellae; (B) Metamorphic rate; (C) Time to metamorphosis; (D) Size at metamorphosis.




Metamorphic Rate

During metamorphosis, zooxanthellae migrate from the digestive tract to primordial zooxanthallal tubular system, forming a visible “line” of symbiont cells. Soon afterward, the siphonal mantle and zooxanthellal tubular system were fully formed, and contain hundreds of both dividing and non-dividing zooxanthellae (Figure 3). The metamorphic rate for both species of giant clam was significantly higher with clade E1 than clade A3, C1, and D1, while the metamorphic rate of clams with clade B1 zooxanthellae was significantly lower than that of progeny with clade C1–E1 zooxanthellae (Figure 4B). The average metamorphic rate of T. squamosa was higher than that of T. crocea. Metamorphic rate was affected by both zooxanthella clade and giant clam species (Table 1).



Time to Metamorphosis and Size at Metamorphosis

Time to metamorphosis ranged from 12.56 to 15.22 d for T. squamosa, and from 14.11 to 16.33 d for T. crocea. Progeny with clade E1 zooxanthellae were significantly delayed during the metamorphic stage compared to those with clades A3, B1–D1 (Table 1; Figure 4C). Average size at metamorphosis was 200.71 μm for T. squamosa, and 199.56 μm for T. crocea. There were no significant differences in size at metamorphosis based on zooxanthella clade or giant clam species (Figure 4D).




Progeny Performance
 
Growth

At day 30, the mean shell length of T. squamosa progeny with clade E1 zooxanthellae was significantly smaller than the other T. squamosa progeny, while T. crocea progeny with clade C1 zooxanthellae were significantly larger than progeny with clade E1 (Figure 5A). At day 90, the mean shell length of the progeny of both giant clam species with clade E1 zooxanthellae was significantly smaller than that of the other progeny, and the progeny with clade C1 zooxanthellae were the largest for both clam species (Figure 5B). At day 360, shell length of progeny ranged from 74.43 to 85.38 mm for T. squamosa, and from 32.30 to 43.30 mm for T. crocea. This demonstrates the presence of considerable interspecific differences in growth (Table 1). The progeny with clade C1 and clade E1 zooxanthellae were the largest and smallest, respectively, for both giant clam species. In particular, progeny with clade E1 zooxanthellae were significantly smaller than the other progeny, suggesting that zooxanthella phylotype has a significant impact on growth (Table 1; Figure 5C).


[image: Figure 5]
FIGURE 5. Effects of zooxanthellae clades A–E on growth and survival indices of T. squamosa and T. crocea progeny. (A) Shell length at day 30; (B) Shell length at day 90; (C) Shell length at day 360; (D) Survival rate at day 360.




Survival

The survival rate after metamorphosis (shell length ≥ 250 μm) was 100%. Because the mortality of all progeny was very low, we only examined the survival rate at day 360. The survival rate of T. squamosa progeny with clade A3, B1, C1, D1, and E1 zooxanthellae was 92.70, 93.16, 94.14, 93.27, and 93.70%, respectively. The survival of T. crocea progeny with clade A1, B1, C1, D1, and E1 zooxanthellae was 93.81, 92.13, 94.00, 93.50, and 93.45%, respectively (Figure 5D). The survival rates of all progeny were over 90%, and no significant differences were found between the two giant clam species or five zooxanthella clades using two-factor analysis (Table 1).



Mantle Coloration

The mantle color of giant clams results from structural color, which is caused by extremely fine structures of iridocytes that reflect certain light rays and eliminate other light rays. Iridocyte formation is a necessary stage in the development of mantle coloration, and is a significant milestone for giant clams. The spat size at iridocyte appearance was about 1 mm shell length for both giant clams, and there was no significant difference between zooxanthella clades (Table 2). However, the time to iridocyte appearance was 45.35, 47.25, 44.33, 46.67, and 51.75 d for T. squamosa with clade A3, B1, C1, D1, and E1 zooxanthellae, respectively. The time to iridocyte appearance was 52.33, 53.50, 54.67, 51.39, and 62.75 d for T. crocea with clade A3, B1, C1, D1, and E1 zooxanthellae, respectively. The time to iridocyte appearance of both clam species was delayed in progeny with clade E1 zooxanthellae. Also, the time to iridocyte appearance was shorter for T. squamosa than T. crocea (Table 2). In spat of both giant clam species, iridocytes initially formed on the cardioprotective membrane and increased in number as the spat increased in size. Iridocytes then appeared in the mantle, resulting in coloration (Figures 6A–D). Interestingly, at day 360 100% of T. squamosa mantles were BGY-colored and 100% of T. crocea mantles were blue (Table 3; Figures 7A,B).


Table 2. Size at iridocyte appearance and time to iridocyte appearance in progeny of two giant clam species, T. squamosa and T. crocea.
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FIGURE 6. Process of iridocyte development in giant clam spat (T. crocea). Black arrows indicate iridocyte. (A) Spat without iridocytes; (B) Spat with very few iridocytes; (C) Spat with iridocytes appearing in the mantle edges; (D) Juvenile with many iridocytes.



Table 3. Proportion of mantle color patterns in youth of two giant clam species, T. squamosa and T. corcea, at day 360.

[image: Table 3]
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FIGURE 7. Mantle color patterns of giant clam youth at day 360. (A) indicates BGY color of T. squamosa mantles with zooxanthellae in clades A–E; (B) indicates bule color of T. crocea mantles with zooxanthellae in clades A–E.






DISCUSSION


Metamorphosis

Metamorphosis is known as a bridge in the life history of marine invertebrates which is of milestone significance (Yan et al., 2009). Unlike most bivalves, giant clams (tridacnines) must establish the zooxanthellal tubular system with Symbiodinium between the late-veliger larvae and spat stages during the metamorphosis process (Mies, 2019). Zooxanthellae isolated from giant clams, corals, and anemones have different effects on larval survival, but all promote the metamorphosis of larvae to giant clam juveniles (Kurihara et al., 2012). However, the effects of various individual zooxanthella species on giant clam metamorphosis remain unclear. Our results show that all zooxanthellae clades A–E were successfully implanted in the stomachs of larvae and caused formation of the zooxanthellal tubular system, allowing the larvae to complete metamorphosis and form spat.

Therefore, in this study, zooxanthellae of clades A–E were identified and ingested by giant clam larvae, and proliferated and produced nutrients in the stomach. Scholars have found that zooxanthellae can produce symbiosis-related fatty acids as a nutrition source for larval metamorphosis (Mies et al., 2017a). Within days after metamorphosis from veliger to a juvenile clam, the zooxanthellal tubules, in which zooxanthellae are packed, elongate from the stomach toward the mantle (Hirose et al., 2006). Zooxanthellae in the tube appear in a line, and we considered the appearance of the line of zooxanthellae in the mantle of juvenile clams to be the first sign of the establishment of symbiosis. The zooxanthellal tubular system developed as the clams grew, particularly in the mantle margin, and then hypertrophied siphonal tissue formed (Hirose et al., 2006). In this study, the metamorphic rate and time to metamorphosis of clams with each clade of zooxanthellae varied. Because each zooxanthellae species may exhibit unique physiological characteristics, the cladal composition may influence the host's survival and development (LaJeunesse et al., 2018).



Growth Divergence

After metamorphosis, giant clam progeny and Symbiodinium successfully established photosymbiotic relationships, and the zooxanthellae as primary producers would then have provided most nutrition for the juvenile clams (Mies, 2019). Several reports have pointed out that different zooxanthella clades can affect the growth traits of progeny (Kinzie and Chee, 1979; Fitt et al., 1986; Molea and Munro, 1994). For example, Fitt (1985) and Molea and Munro (1994) found that different strains of zooxanthellae grew at different rates inside the host and that fast growing strains resulted in faster growth rates of the clams. Fitt et al. (1986) found that freshly-isolated zooxanthellae conferred higher growth than cultured zooxanthellae when given to veliger in the laboratory.

However, previous studies had not determined whether individual Symbiodinium species affect growth performance. Our results showed that zooxanthella clade affected the growth of giant clam progeny, and interspecific differences were observed between T. squamosa and T. crocea. That is, a single zooxanthella species can affect clam progeny growth traits, which may be caused by differences in physiological characteristics (i.e., ability to adapt to temperature changes) between Symbiodinium species. However, giant clam species had a larger influence on progeny growth than zooxanthella clade in this study. In the wild, both clam species and growth-related characteristics can influence the zooxanthella strains present in giant clams (Ikeda et al., 2017).



Mantle Coloration

Color polymorphism has been implicated as an important component of cryptic coloration in organisms inhabiting complex environments. Previous studies have suggested that mantle color variations in Tridacnid clams were caused by the composition and distribution of zooxanthellae and may serve a range of functions (Ozog, 2009). However, we found that zooxanthellae in the mantles of giant clams produced only background color by pigment secretion, and expressed mainly brown colors. More importantly, a layer of iridescent cells called iridocytes serve to distribute photosynthetically productive wavelengths by lateral and forward-scattering of light into the tissue while back-reflecting non-productive wavelengths with a Bragg mirror (Holt et al., 2014). Thus, four colors of iridocytes (red, yellow, green, and blue) are produced, and can form various other colors according to the RGB principle (Ghoshal et al., 2016). Moreover, mantle color in giant clams has little to no correlation to different geographical populations or gene flows (Benzie, 1993; Benzie and Williams, 1995, 1997, 1998).

Whether individual zooxanthella species can affect mantle coloration is unclear. In this study, clams with all zooxanthella species had normal mantle color expression, with zooxanthella species affecting time to iridocyte appearance but not spat size at iridocyte appearance. Interestingly, the early iridocytes were all green, with other colors (blue or others) appearing as the clams grew. That is, green is the starting color for iridocytes, and may be the lead color during iridocyte development. Furthermore, structural color expression of giant clam progeny can only be seen with the naked eye when iridocytes reach a certain number and density. Without sufficient iridocytes, the mantle simply appears brown.




CONCLUSION

Zooxanthellae in clades A–E can promote larval metamorphosis, with some variation in metamorphic rate between clades. All these zooxanthella species were able to supply nutrition through photosynthesis, but produced differences in clam growth between experimental groups. Growth characteristics of each group of progeny were most affected by variation between clam species, and secondarily affected by zooxanthella species. Survival rates of all groups of progeny were over 90%, with no significant effect of zooxanthella species on survival. There was no relationship between mantle color and zooxanthella species, and mantle colors were determined by iridocytes according to the RGB principle. This study provides useful information for seed production and aquaculture of giant clams.
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