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Editorial on the Research Topic 
Molecular Physiology in Molluscs, Volume II

Physiology applies the basic rules of chemistry, physics, and biology to study the activities of organisms, including the study of the regulation of the synthesis of biomolecules at the molecular level, and the details of providing nutrients to support mitochondrial metabolism at the subcellular level (Carroll, 2007). Molecular physiology focuses on molecules and continues through the interactions of an organism with its environment. Molluscs have played an important role in the history of physiology, and two groups of scientists studying mollusc physiology shared the Nobel Prize in Physiology or Medicine in 1963 and 2000, respectively (Wilbur and Yonge, 1964; Kandel, 2005; Wang and Wang, 2019). Despite these achievements, there is still considerable room for further studies on phenotypic plasticity, toxicology, innate immunity, gene interaction, and molecular transport in molluscs. Fortunately, the application of advanced techniques over the past decade has greatly promoted the progress in molecular physiology of molluscs. Therefore, the Frontiers editorial office had suggested that we further organize and publish the Research Topic of molecular physiology in molluscs in Frontiers in Physiology. Finally, 25 articles were published and summarized in the Molecular Physiology in Molluscs, Volume II in Frontiers in Physiology, which covers a rich and varied range of topics, with an emphasis on the molecular mechanisms of molluscan physiology.
Hybridization is an important process of intraspecific and interspecific gene exchange, often accompanied by heterosis or inferiority, as an effective breeding method, and heterosis and phenotypic plasticity are considered basic prerequisites for hybrid breeding (Newkirk and Haley, 1983; Gutierrez, et al., 2018; Meng, et al., 2021). While the molecular basis of heterosis in molluscs remains unclear, Liang et al. deployed interbreeding between two geographic genotypes of Haliotis diversicolor and confirmed the presence of non-additive, dominant, and over-dominant models in the transcriptome and miRNAome, of which facilitate the advantageous integration of the parental alleles into the hybrid, thereby contributing to heterosis. Wang et al. identified growth heterosis of the hybrids and co-dominant expression of color genes in the mantle, revealing the formation and evolution of the mantle color polymorphism of T. crocea.
Phenotypic plasticity is an adaptive mechanism involving the ability of organisms to assume different phenotypes without genotype changes (Pfennig, et al., 2010). Species differ in their ability to adapt to the environment, and the plasticity of environmental adaptation is not only related to their own genetics, such as gene plasticity, but may also be closely related to the interaction between intestinal flora and the environment. Huang et al. found that intragenic methylation can regulate growth, development, transduction, and apoptosis in H. discus hannai, offering a new perspective of the epigenetic mechanism underlying phenotypic plasticity in climate change adaptation for marine organisms. Coincidentally, Christopher et al. highlighted that transcriptome plasticity allows highly resilient organisms such as Crepidula fornicata to acclimate to ocean acidification. Lai et al. identified the PmPIAS gene in Pinctada fucata martensii and list 11 cold tolerance-related SNPs among different genotypes and alleles that provide a potential molecular marker for selective breeding of cold tolerance. Zheng et al. investigated the existing bacterial communities in P. f. martensii intestine and the surrounding water from two sites using 16S rRNA-based sequencing and demonstrated the plasticity of intestinal flora to the environment. Given the limited research and the importance of intestinal microbial communities, this study presented pivotal background information on the prevention of diseases caused by aquatic microorganisms.
Bivalves are an important source of high-quality protein for humans, and bivalve toxicology has always been a hot area of concern due to food safety issues. Without a doubt, heavy metal poisoning and ammonia are two major threats to benthic molluscs, Wang et al. found that Cu2+ can significantly inactivate the peroxidase and antibacterial activity of homodimer hemoglobin of Tegillarca granosa by disrupting its heme pocket structure, which is a non-competitive mode of inhibition. Sun et al. analyzed the association between the polymorphism of glutamate dehydrogenase gene (GDH) and ammonia tolerance, and listed two significantly related SNPs of GDH with ammonia tolerance in Sinonosinula constricta, speculating that the GDH may play an important role in the defense against ammonia. In addition to heavy metal poisoning, harmful algal blooms and organic pollution have been commonly found in various water bodies and persist for longer periods than in the past (Brown, et al., 2020; Griffith and Gobler, 2020). Okadaic acid (OA) and paralytic shellfish poisoning (PSP) are two major poisoning toxins of toxic dinoflagellates, one is diarrhetic and the other is neuroparalytic for humans. Wang et al. analyzed the changes in oxidative stress biomarkers, detoxification genes, and proteomics in Chlamys farreri, and revealed the mechanisms of toxicity when exposed to OA. Zhu et al. found 14 PyIAPs significant responses in the hepatopancreas and kidneys of Patinopecten yessoensis when exposed to PST-producing dinoflagellates, and more than 85% of these genes are from the expanded subfamilies BIRC4 and BIRC5, implying the adaptive expansion of bivalve IAPs to algae biotoxins.
Due to the presence of blood sinuses, most molluscs have an open circulatory system. Therefore, discussion on innate immunity has always been important, especially in the study of blood and serum of bivalves (Farabegoli, et al., 2018; Campos, et al., 2020). Defensins have been isolated from metazoans, and as an important component of innate immunity, their role in cellular immunity remains unanswered. Han et al. found that the hemocytes of Ruditapes philippinarum can release defensin under vibrio stress, and demonstrated their involvement in extracellular traps. Polyamine putrescine (Put) is a small cationic amine that plays an essential role in controlling the innate immune response, but has been poorly studied in molluscs. Cao et al. demonstrated that the content of Put increased in the serum of P. f. martensii after lipopolysaccharide (LPS) stimulation, followed by weakened oxidative stress and hemocyte autophagy, indicating that Put may have anti-inflammatory function in molluscs. Rojas et al. revealed that the veliger larvae of Argopecten purpuratus exhibit the lowest metabolic capacity when challenged by bacteria, during which they would have a reduced capacity to express immune genes, resulting in a higher susceptibility to pathogen infections.
Giant clams harbor a large amount of phototrophic symbiodiniaceae dinoflagellates, providing them with photosynthate and amino acids which, in turn, need to supply them with inorganic carbon and nitrogen. The unique mechanism of molecular transport between Tridacna squamosa and symbiotic dinoflagellates has attracted considerable attention. Pang et al. cloned and reported three major sequences of the nitrate transporter 2 (NRT2) derived from T. squamosa, and proved that different symbiotic dinoflagellates may have different NO3− transport potentials using NRT2 as molecular indicators for the first time. Ip et al. elucidated the possible functions of the sodium-dependent phosphate transporter protein 1-homolog that it may co-transport Na+ and H2PO4−, and pointed out that accumulation of Pi in the kidney of T. squamosa may be unrelated to the restriction of the availability of Pi to the symbionts to regulate their population. Pang et al. found that the expression level of ammonium transporter 2 in symbiotic dinoflagellates of T. squamosa increased during illumination, suggesting that the coccoid dinoflagellates residing in the outer mantle could augment the potential for ammonia absorption in alignment with photosynthesis, as the assimilation of ammonia required an increase in the supply of carbon chains. These results provide us with a clear view of nutrient transport in a clam-algal symbiotic system.
Gene regulation is an important molecular physiological process in molluscs, particularly in neuroendocrine regulation, growth, and sex determination. Yang et al. revealed a close relationship between dietary habit transition and metamorphosis, and identified the developmental process of the neuroendocrine system of Rapana venosa, providing insight into the process of metamorphosis in carnivorous gastropods. Retinoic acid (RA) is an important hormone that plays a crucial role in the regulation of developmental and differentiation processes in which RA-activated responses are mediated by the RA receptors (RARs) and the retinoid X receptors (RXRs) in vertebrates (Balmer and Blomhoff, 2002; Ghyselinck and Duester, 2019). Jin et al. found that RAR is localized in the nucleus and highly expressed in gonads and hemocytes of Crassostrea gigas, and CgRAR and can interact with CgRXR to form a heterodimeric complex and function during the developmental process. The testis-specific serine/threonine kinase (Tssk) family plays a key role in vertebrate spermatogenesis, but investigations in molluscs are still lagging. Xue et al. identified five members of the Tssk family in Argopecten irradians, including a new Tssk7 that had never been reported before, and all five Tssks were localized in the spermatids and spermatozoa. Research into the function of the Tssk family may contribute to a better understanding of sperm development in molluscs and may contribute to the knowledge of male sterility in some bivalves. Wang et al. studied the sex-determiner transformer-2 homologue in Hyriopsis cumingii, and found the probe signal of Hctra-2 mRNA in both male and female gonads, indicating that Hctra-2 was involved in gonadal development. In addition, they also speculated a cascade regulatory relationship between two sex-related genes (Hcfem-1b and Hcdmrt) and Hctra-2, but with different modes of action in males and females.
Given their ecological importance, the biological metabolism and mineralization of molluscs have always been the focus of molluscan research. Brood care is a cephalopod-specific behavior that can significantly improve the survival rate and constitution of larvae, but its metabolism mechanism is rarely studied. Bao et al. provided a core set of metabolic genes of the brood-care behavior, and attempted to explain the mechanism by comparing the transcriptome profiles of Octopus ocellatus larvae at different time points. Charonia tritonis is an endangered gastropod species of ecological and economic importance, but there are few studies on this species. Zhang et al. compared the transcriptome profiles between the foot muscle and mantle tissue of C. tritonis, and highlighted the biomineralization-related process to promote the understanding of the ecological mechanisms of biomineralization in gastropoda.
Oysters are globally cultivated bivalves; Crassostrea sikamea and C. angulata are sympatric oysters, but each has its own flavor. At the same time, data on differences in their nutrition and taste are lacking. Liu et al. compared the molecular basis of taste and micronutrient content of the two species, and pointed out that C. sikamea contains abundant glycogen, Ca, Zn, and Cu, as well as volatile organic compounds, especially aldehydes, which may contribute to their special taste rather than free amino acids and flavor nucleotides. Chromosome manipulation in marine bivalves has received considerable attention due to the great success of triploid oysters (Stanley, et al., 1981; Yang, et al., 2000; McCombie, et al., 2005), whereas the mechanism of chromosome segregation following Cytochalasin B (CB) treatment inhibition has not been well studied. Li et al. first proposed that chromosome segregation during meiosis II may be determined by the spindle patterns and heavily influenced by the number of centrosomes in Chlamys farreri eggs. In addition, Long et al. obtained five pure zooxanthellae species from antler coral by molecular identification, and analyzed their effects on larval metamorphosis and progeny performance of Tridacna squamosa and T. crocea. The results suggested that all these zooxanthellae species can supply nutrition through photosynthesis, and the growth characteristics of its progeny are most affected by species, followed by the zooxanthellae species.
In summary, the articles in this Research Topic presented recent advances in the field of molecular physiology in molluscs that will benefit molluscs physiology science for many years to come.
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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.

[image: Table 1]



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.

[image: Table 2]


[image: Figure 6]
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]


[image: Figure 7]
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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Inhibitors of apoptosis proteins (IAPs) are conserved regulators involved in cell cycle, cell migration, cell death, immunity and inflammation, should be due to the fact that they can assist with the ability to cope with different kinds of extrinsic or intrinsic stresses. Bivalve molluscs are well adapted to highly complex marine environments. As free-living filter feeders that may take toxic dinoflagellates as food, bivalves can accumulate and put up with significant levels of paralytic shellfish toxins (PSTs). PSTs absorption and accumulation could have a deleterious effect on bivalves, causing negative impact on their feeding and digestion capabilities. In the present study, we analyzed IAP genes (PyIAPs) in Yesso scallop (Patinopecten yessoensis), a major fishery and aquaculture species in China. Forty-seven PyIAPs from five sub-families were identified, and almost half of the PyIAP genes were localized in clusters on two chromosomes. Several sites under positive selection was revealed in the significantly expanded sub-families BIRC4 and BIRC5. After exposure to PST-producing dinoflagellates, Alexandrium catenella, fourteen PyIAPs showed significant responses in hepatopancreas and kidney, and more than eighty-five percent of them were from the expanded sub-families BIRC4 and BIRC5. The regulation pattern of PyIAPs was similar between the two tissues, with more than half exhibited expression suppression within three days after exposure. In contrast to hepatopancreas, more acute changes of PyIAPs expression could be detected in kidney, suggesting the possible involvement of these PyIAPs in tissue-specific PST tolerance. These findings also imply the adaptive expansion of bivalve IAP genes in response to algae derived biotoxins.

Keywords: Patinopecten yessoensis, IAPs, gene expansion, PST exposure, expression regulation


INTRODUCTION

Apoptosis is a form of programmed cell death, which can be triggered by intrinsic cellular genotoxic stress, or by extrinsic signals such as the ligand binding with cell surface death receptors (Pistritto et al., 2016). In cope with different kinds of stresses, organisms could recruit multiple apoptosis regulators in order to balance between the pro- with anti-apoptotic mechanisms, inhibitors of apoptosis proteins (IAPs) for example (Grzybowska-Izydorczyk and Smolewski, 2008). IAPs, also known as baculovirus IAP repeat (BIR)-containing proteins (BIRCs), are functionally conserved in metazoans (Fulda and Vucic, 2012). IAP homologous genes could be widely found in insects, birds, fishes, mammals, and viruses (Luque et al., 2002), however, the IAP gene family vary a lot in gene numbers among species. For instance, in human, a total of eight IAP members known as BIRC1-8 were identified through functional screening and homology searching (Salvesen and Duckett, 2002; Vucic, 2008). In comparison, there are only seven, four and three IAP members were found in sea urchins (Robertson et al., 2006), fruit flies (Jones et al., 2000; Domingues and Ryoo, 2012), sea anemone (Sullivan et al., 2006), respectively, and more than forty IAP members were reported in bivalve mollusc Crassostrea gigas (Zhang et al., 2012), suggesting the adaptive lineage-specific gene gain and loss events.

As their functional diversity and importance are concerned, IAPs have received substantial research interests in a lot of animal species, related to cell fate control as well as body immunity and inflammation. For example, in human, transduction with an adenovirus encoding either HIAP1/c-IAP2 or HIAP2/c-IAP1 was found be able to suppress ER stress-induced apoptosis (Cheung et al., 2006). In the context of a highly inflammatory virus infection environment, IAPs were found could play a crucial role in the expansion of T-cells in mice (Gentle et al., 2014). Similarly, DIAP2 was found functioned in the host immune response to gram-negative bacteria in Drosophila (Leulier et al., 2006). Besides, it was reported that vertebrate IAPs could participate in coping with toxic stresses. In human, IAPs directly ubiquitinate Rac1 at lysine 147 resulting in its proteasomal degradation under CNF1 toxin treatment (Oberoi-Khanuja and Rajalingam, 2012). Meanwhile, in mice, the survivin (BIRC5) was proved to serve as a protector against toxin-induced acute renal failure and IAPs were associated with T-2 toxin-induced mouse chondrocyte damage (Kindt et al., 2008; Wang et al., 2020).

Marine bivalves are recognized for their well adaptation to the highly complex aquatic-environment (Wang et al., 2017). These filter-feeding bivalves can usually accumulate paralytic shellfish toxins (PSTs) by filtering toxic algae or their cysts, especially during the outbreak of red tide (Yang et al., 2018). PSTs, mainly produced by toxic dinoflagellate such as Alexandrium (Anderson et al., 2012), are one kind of potent neurotoxins with inhibitory effects on cell sodium channels (Cusick and Sayler, 2013). PSTs accumulated in bivalves can exert negative impact on their biological function and its sanitary quality, bringing huge economic losses in the aquaculture sector (Landsberg, 2002; Contreras et al., 2011; Vilarino et al., 2013; Borcier et al., 2017). Researchers revealed that the induction of toxic stress by PST accumulation may impact on cellular apoptosis process and immune defense. It has been found that PST could enter the cytoplasm and induce apoptosis of immune cells through a caspase-dependent pathway in oyster (Abi-Khalil et al., 2017). Cellular immunological and inflammatory responses were observed after exposure to Alexandrium catenella in Surf clams Mesodesma donacium (Alvarez et al., 2019) and hemocyte aggregation were found show up after exposed to the PST-producing Gymnodinium catenatum in scallop Nodipecten subnodosus (Estrada et al., 2007). Especially, it has been found that CgIAP1 and CgIAP7B were involved in the regulation of hemocyte immune cell apoptosis with toxic diet A. catenella (Medhioub et al., 2013), implying the possible participation of IAP genes in bivalves facing toxic challenge. However, to our best knowledge, systematic studies on bivalve IAPs in coping with PSTs stress have not been reported yet, and relevant research data may help in-depth understanding of their adaptive features to algae derived toxins.

Yesso scallops (Patinopecten yessoensis) are important fishery and aquaculture species in China, and they are also one type of bivalves that possess outstanding capacity to accumulate and tolerate PSTs (Cheng et al., 2016; Xun et al., 2020). According to our previous work, we found the hepatopancreas and kidney in scallops should be the top-ranked toxin-rich or toxin-tolerant organs, with hepatopancreas mostly accumulating the incoming toxins, and the kidney transforming and/or eliminating them (Tian et al., 2010; Li et al., 2017). In the present study, we provided a systematic characterization of IAP genes in P. yessoensis. In the two most toxic organs, hepatopancreas and kidney, their transcriptional responses to the exposure of PST producing algae A. catenella (strain ACDH) were also analyzed. Our findings will provide helpful resources for further researches to elaborate the functions of the bivalve IAPs and assist in better understanding of the involvement of IAPs in the adaptive response to PST tolerance.



MATERIALS AND METHODS


Genome-Wide Identification and Characterization of IAP Genes in P. yessoensis

The genome and transcriptome sequences of P. yessoensis (Wang et al., 2017) were searched against the available IAP sequences from representative species, including Homo sapiens, Xenopus laevis, Gallus gallus, Danio rerio, Mus musculus, Lottia gigantean, Octopus bimaculoides. We downloaded the orthologous IAP sequences of these representative species from NCBI1 and Uniprot2 databases (Supplementary Table 1 shown the accession numbers), and used these sequences as queries to perform whole-genome and transcriptome-based blast with the e-value threshold of 1E-05. To ensure the completeness of IAP genes, TBLASTN with the domain sequences of all known IAP proteins were used as queries for additional similarity searches against genomes. Then, BIR HMM searching method was used for sequence analysis to confirm the completeness of IAPs, and the number of conserved BIR Pfam domain (PF00653) (Finn et al., 2016) was summarized for P. yessoensis IAPs in Supplementary Table 2. Next, we used open reading frame (ORF) finder program3 to translate candidate PyIAPs into amino acid (aa) sequences. The translated sequences were submitted to the SMART program4 to verify the presence of the BIR domain and confirm the accuracy of the sequence. The information of isoelectric point (PI) and molecular weight were predicted through Compute PI/Mw tools5. The genetic structure of all the identified PyIAPs and their protein structures were drawn with GSDS2.06 and IBS1.0.3 software (Liu et al., 2015), respectively, and the genomic distribution of PyIAPs were also confirmed.



Phylogenetic Analysis

The whole amino acid sequences of IAP genes from zebrafish (Danio rerio), frog (Xenopus laevis), original chicken (Gallus gallus), human (Homo sapiens), mouse (Mus musculus), lizard (Lottia gigantean), octopus (Octopus bimaculoides) were downloaded from the NCBI (Supplementary Table 1). Multi-sequence alignment for the BIR domains was performed using ClustalW (Larkin et al., 2007) as well as Genedoc software (Nicholas et al., 1997). The phylogenetic analysis was generated through MEGA6 (Tamura et al., 2013), and a neighbor-joining (NJ) tree was constructed using the p-distance method and maximum likelihood (ML) method. The gaps and missing data in positions were eliminated, and we tested the robustness of phylogeny with a bootstrap of 1000 replicates. The resulting phylogenetic tree was output in Newick format, and the online software iTOL7 converted the percentage value to 0-1, and scores below 0.60 were not displayed. Totally, this phylogenetic analysis involved 94 amino acids across 8 animals.



Test of Variable dN/dS Ratios

To detect selective constraints and positive selection for the three expanded PyIAP sub-families (BIRC1, BIRC4, and BIRC5), we used a codon-based models of the CodeML application from the PAML 4.9 package (Yang, 2007) with a maximum likelihood ratio test (LRT). First, The PAML format alignment sequence and Newick format evolution tree file of the three sub-families were loaded, with Num of Threads set to 2, and the consistency of the category name and the alignment sequence name in the evolution tree file were checked through the “Check” button. Then, we used various site models that allow the ω ratio to vary among sites of the expanded IAP subfamilies to estimate Non-synonymous (dN) and Synonymous (dS) substitution ratios (dN/dS or ω) and to measure the selective pressure at the protein level, in which a ω of 1, < 1, or > 1 represents neutral evolution, purifying selection/negative selection, or positive selection, respectively. In the site-specific selection analyses, three pairs of codon substitution models (M0 vs. M3, M1a vs. M2a, M7 vs. M8) were conducted (Cheng et al., 2016; Ahmad et al., 2019, 2020; Xun et al., 2020). The model M0 (one ratio) assumes that all sites have the same value, whereas model M3 (discrete) assumes that the ω values of all sites show a simple discrete distribution trend. The model M1a (neutral), allows two classes of codon sites for ω (0 < ω < 1 and ω = 1) and estimates the ratio and ω value of these two types of sites, whereas the model M2a (positive selection), allows one additional site class with ω > 1 and estimates the ratio and ω-value of these three types of sites. The M7 (beta) model assumes that ω (0 < ω < 1) fits a beta distribution, whereas the model M8 (beta and ω) has an extra category with ω > 1. Comparisons between the paired nested site models were performed to evaluate the variation in ω (M0 vs. M3) and to determine the presence of a positively selected class of sites (M1a vs. M2a and M7 vs. M8). After the sites under positive selection were estimated, we applied a Bayes Empirical Bayes (BEB) approach as implemented in PAML 4.9 package to identify the class of sites.



Expression Profiling of PyIAPs After A. catenella Exposure

We choose 2-year-old adult Yesso scallops to perform the toxic diet exposure experiment. These scallops were reared and aerated in filtered seawater at 12–13°C for one week to adapt to the laboratory environment. The A. catenella (ACDH strain) cells were cultivated (Navarro et al., 2006) and collected at the late exponential growth phase (Garcia-Lagunas et al., 2013) by centrifugation (2500 g/10 min). A total of 3 L of A. catenella cells were fed to each scallop once a day, with a final density of 2500 cells/ml. This preliminary experiment of the feeding doses was conducted by setting different cell densities to feed Yesso scallops in order to determine the reasonable food intake. When all 3 L of dinoflagellate cells were eaten up by the exposed scallop in one day, without leftovers in the sea water, the most reasonable cell density was 2500 cells/ml (Hu et al., 2019). In the present study, Yesso scallops were fed continuously, with 3 L dinoflagellate cells each day till their tissues were taken at 0 (control), 1, 3, 5, 10, and 15 days from three scallops for each time point. The hepatopancreases and kidney tissues were collected, rinsed with PBS (1x), immediately frozen with liquid nitrogen, and stored in the refrigerator at −80°C till RNA extraction.

Total RNA was isolated from the sampled hepatopancreas and kidney tissues using phenol- chloroform method. After exposure to toxic ACDH strain, we used RNA-seq data obtained from these tissues to analyze the expression profiles of PyIAP genes (Hu et al., 2019). Briefly, we followed the manufacturer’s instructions of NEB Next mRNA Library Prep Kit to construct the RNA-seq libraries, and these libraries were arranged to PE125 sequencing on the Illumina HiSeq 2000 platform. Then, we mapped RNA-seq reads to the P. yessoensis genome with the help of Tophat 2.0.9, and the expression of all PyIAP genes was normalized and represented in the form of reads per kilobase of exon model per million mapped reads (RPKM). We calculated Fold Change (FC) for each test time point as log2FC among the experimental group (toxin-exposed) with control groups (Supplementary Table 3). The edgeR software (Robinson et al., 2010) was used to analyze the difference of transcriptome data in expression profiles between the experimental group and the control group. For genes screening with significant expression differences, p < 0.05 and—log2FC— ≥ 1 was used as the criterion (Wang et al., 2019). Finally, MeV 4.90 software8 was used to draw a heat map with the log2FC values.



RESULTS AND DISCUSSION


PyIAP Genes Identification and Their Genomic Distribution

A total of 47 IAP genes were identified from the whole genome of P. yessoensis and they were classified into the five sub-families, including BIRC1, BIRC4, BIRC5, BIRC6 and BIRC7 (Table 1). Specifically, more than half of the identified PyIAP genes (29 members) belong to the BIRC5 sub-family. Six BIRC1 members and nine BIRC4 members were identified for PyIAPs, with the rest three classified into BIRC6 and BIRC7 sub-families, respectively. In comparison with human, from which eight single-copy IAP genes known as BIRC1-8 were identified (Salvesen and Duckett, 2002; Vucic, 2008), the PyIAPs from BIRC1, BIRC4, and BIRC5 sub-families showed clearly gene expansion, whereas the members from sub-family BIRC2, BIRC3 and BIRC8 are found to be absent in the P. yessoensis genome.


TABLE 1. Copy numbers of IAP sub-families among selected vertebrate and mollusk genomes.
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The basic information of PyIAPs including gene ID, GeneBank accession number, gene subfamily, genome position, exon number, CDS length, protein length, BIR domain number, PI value as well as molecular weight were summarized in Supplementary Table 2. The ORF of PyIAPs varied from 411 to 14808 bp in length and the protein length ranged from 136 to 4935 amino acids. The exon number of most PyIAPs varied from 2 to 25, except for the shortest PyBIRC5 member (PY.8149.5) with a single exon and for the longest PyBIRC6 member (PY.8833.5) that are comprised with 59 exons.

The 47 PyIAP genes were found to distribute across 27 scaffolds, and a total of 20 PyIAP genes (43%) were found located as gene clusters in form of two or more neighboring members. For example, seven and six PyIAPs were found to locate on scaffold9385 and scaffold383, respectively, showing high distribution density. Besides, among eight chromosomes which PyIAPs located, chromosome NO.3 and NO.7 were found to be the main chromosomes they distributed, with 28 PyIAP genes and seven PyIAP genes, respectively. Of note, the PyIAPs from high density region were usually from the expanded BIRC4 and BIRC5 subfamily. Taken together, we inferred that the expansion of PyIAP genes could be attributed to lineage-specific multiple tandem duplication events. Similar phenomenon has been revealed for PyHsp70s (Cheng et al., 2016; Hu et al., 2019), suggesting the involvement of tandem gene duplication in Yesso scallop’s adaptation to the fluctuating and stressful marine environments.



Conserved Protein Signatures and Phylogenetic Analysis

The IAP proteins are characterized by the presence of Baculovirus IAP Repeat (BIR) at the N-terminal end (Mohamed et al., 2017). According to the analysis of protein structure characteristics (Figure 1), all 47 PyIAP proteins possess one or more repeats of BIR domain. According to the multiple sequence alignment, it showed that the PyBIR domains were composed of about 68–79 amino acid residues, containing conservative cysteine/histidine sequences (Figure 2). This was consistent with the previous findings that BIRs possessed a great quantity of constant amino acid residues, especially including three conserved cysteines and one histidine that coordinated a zinc ion, which was required to stabilize the BIR fold (Silke and Meier, 2013). Besides BIR domains, 27 PyIAPs were found to contain a ring domain at the C-terminus, whereas the longest PyBIRC6 member (PY.8833.5) that mentioned above contain a PFAM as well as a UBCc domain at the C-terminus. Compared with the protein structure of IAPs from various species, including viral, yeast, nematode, fly, and several mammalians (Deveraux and Reed, 1999), previous studies found that the number of BIR domains are usually less than three. Three subtypes of BIR domain (BIR1, BIR2, and BIR3) have been identified so far (Mohamed et al., 2017). In P. yessoensis we found 2 members of PyBIRC4 sub-family containing quadruple BIR domains, and previous study had also shown that the BIR domain expanded in the Crassostrea gigas (Zhang et al., 2011). It has been reported that although the family defining BIR domain is highly conserved, distinct BIR domains may have different functions (Wang and Lin, 2013). Structure of IAPs is closely related to their antiapoptotic ability. The antiapoptotic function of IAPs was affected by interplay among the BIR domains with caspases (Wang and Lin, 2013). For instance, the BIR3 domain of XIAP in human directly binds to the small subunit of caspase-9, but the BIR2 domain interacts with the active-site substrate binding pocket of caspases-3 and -7 (Takahashi et al., 1998). Thus, the various BIR domain changes in PyIAPs, such as the specific quadruple-BIR structure, may contribute to their adaptive functional differentiation in the life activities of scallops which needs to be further studied.
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FIGURE 1. The structure of IAP proteins in Patinopecten yessoensis. The blue boxes indicate the conserved BIR domains. The green boxes indicate RING domains. The orange box indicates PFAM domain and the purple box indicates UBCc domain. Amino acid length is indicated to the right of each protein (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).



[image: image]

FIGURE 2. Alignment of Patinopecten yessoensis BIR domain sequences. Black indicates that all sequences have the same amino acid at the same site, gray indicates that most sequences have the same amino acid at the same site (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).


Inhibitors of apoptosis proteins from eight selected animal species were used to conduct phylogenetic analysis based on NJ method with 1000 bootstrap pseudo-replicates. As shown in Figure 3, all IAP proteins could be subdivided into eight proposed IAP sub-families, including BIRC 1–8 sub-families. The NJ tree clearly showed three distinct cluster of BIRC1, BIRC4, and BIRC5 sub-families (labeled as purple, navy blue, and red, respectively), which were composed of more than half of IAP members from P. yessoensis. The orthologous IAPs of BIRC6 sub-family were clustered together firstly near the phylogenetic root (black labeled clusters), indicating their ancestor state. Two P. yessoensis BIRC7 members together with homologues from other species were first clustered together (light blue), then grouped with the vertebrate BIRC2 (green) and BIRC3 (orange) clusters, implying their closer relationship that may share a same ancestor. Besides, we noticed that, across the species we investigated, there is only one BIRC8 member from human (yellow branch), and it is clustered into BIRC4 sub-family. Previously, it was reported that, within the specific taxonomic lineages, the gene families involved in lineage specific responses to environmental change or microbial attack are usually expanded (Kulmuni et al., 2013; Ellegren, 2014; Zhang et al., 2015). It reminds us that, the obvious gene expansion phenomenon in bivalve IAP gene family, especially in the BIRC1, BIRC4, and BIRC5 sub-families, may indicate the existence of an IAPs-relevant anti-apoptotic system and making IAPs to be good candidates for gene replication and functional diversity research.
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FIGURE 3. Phylogenetic tree of selected organisms’ IAP amino acid sequences. The trees were constructed using NJ method with bootstrapping of 1000 pseudo replicates, the percentage values were converted to 0-1, and scores below 0.60 were not shown (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). Species abbreviations: Hs, Homo sapiens; Mm, Mus musculus; GG, Gallus gallus; Xl, Xenopus laevis; Dr, Danio rerio; Lg, Lottia gigantean; Ob, Octopus bimaculoides; PY, Patinopecten yessoensis.




Selective Pressure Analysis of the Expanded PyIAPs Sub-Families

Previous study pointed that, through combination of acquisition of new genes and modification of existing genes driven by positive selection, gene replication and expansion could provide support for the emergence of new functional genes (Kulmuni et al., 2013). These new emerged genes could possibly help organisms adapt to complex living conditions (Zhang et al., 2012; Ellegren, 2014). Here, the three expanded sub-families of PyIAPs (BIRC1, BIRC4 and BIRC5) in Yesso scallops were analyzed for the selective pressure at protein level, using the Non-synonymous/Synonymous ratio (dN/dS or ω) as an important indicator. As the results of Table 2 showed, variable selection pressure was detected to distribute among codons between PyBIRC4 and PyBIRC5 sub-family (p < 0.05). In comparison between the M0 and M3 models, the p-values of the BIRC1, BIRC4 and BIRC5 sub-families are all 0 (less than 0.05), rejecting the M0 model (single ratio) and supporting the M3 model (discrete), demonstrating that it allows for the three sub-families with different ω ratios. Comparisons of M7 (beta) vs. M8 (beta and ω) revealed statistically significance of permitting positive selection for M8 in PyBIRC4 and PyBIRC5 sub-families (p < 0.05), suggesting that it provided consistent evidence for the presence of a small proportion of positively selected sites in the PyBIRC4s and PyBIRC5s. Then, we used the Bayes Empirical Bayes (BEB) approach in PAML to calculate posterior probabilities in order to confirm sites under positive selection (ω > 1) in the M8 model. As shown in Table 2, We have identified six positively selected sites in PyBIRC4 sub-family (p < 0.05) with posterior probability > 95%, suggesting the existence of purifying selection. Scallops are living in highly dynamic marine environment, in order to cope with diverse biotic and abiotic stressors, the scallop’s defense system is expected to change quickly and requires constant adaptive innovations. Gene expansion is a potential source of such innovation (Ellegren, 2014), and the significant expansion of the IAP genes in P. yessoensis may reflect that the requirement of a certain selection pressure for such genes as a strategy of molecular sequence evolution.


TABLE 2. Site model analysis for the expanded PyIAP subfamilies.
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Expression Profiles of PyIAP Genes After A. catenella Exposure

As filter feeding species, scallops can accumulate and transform paralytic shellfish toxins (PSTs) from microalgae. Previous reports have shown that, among all organs, hepatopancreas and kidney are the top-ranked tissues with highest accumulation of PST (Tian et al., 2010; Li et al., 2017). In P. yessoensis, compared with hepatopancreas and kidney (∼204 nmol/g), the PSTs accumulation was found far more less in other soft tissues (∼2.8 nmol/g), such as in mantle, gill and muscle, and our preliminary investigation results showed no obvious express change in other soft tissues. Herein, we decided to focus on the responses of PyIAPs in hepatopancreas and kidney. It is reported that hepatopancreas in scallop is the organ mainly to accumulate the incoming toxins directly, while in kidney PSTs can change into higher toxic analogs, such as saxitoxin (STX) and neosaxitoxin (NeoSTX), probably as deterrence against predation (Hu et al., 2019). In order to systematically assess the transcriptional responses of PyIAPs exposed to toxic dinoflagellates, PST-producing A. catenella (strain ACDH) were used as feeding diet and the expression profiling of PyIAPs in both hepatopancreas and kidney was analyzed (Figure 4). After exposure, fourteen PyIAPs showed significant responses in hepatopancreas and kidney, and all of which were from the expanded subfamilies BIRC1, BIRC4 and BIRC5 (two, three and nine members, respectively). The significant regulation pattern of PyIAPs was similar between two tissues, with more than half exhibit expression suppression within three days. Besides, three PyIAPs of BIRC5, one member of BIRC1 and one member of BIRC4 showed significant up-regulation with toxic diet. In contrast to hepatopancreas, more acute responses of PyIAPs to the toxic stress could be detected in kidney, with seventy percent showed acute down-regulation within one day exposure, implying the possible involvement of these PyIAPs in tissue-specific PST tolerance.
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FIGURE 4. Heatmap of IAPs expression in hepatopancreas and kidney of Patinopecten yessoensis after ACDH exposure at different time points. * indicated significantly up- and down-regulated IAPs from different subfamilies with —log2FC— ≥ 1 and p-value < 0.05 at each test time point (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).


In hepatopancreas, the main organ for PST absorption, 46 PyIAPs exhibited detectable expression after ACDH exposure, and seven and four PyIAPs were significantly down- and up-regulated at least at one test time point, respectively (Figure 4, Table 3 and Supplementary Table 3). Among these 11 PyIAPs with significant regulation (| log2FC| ≥ 1, p-value < 0.05), there are eight members from the most expanded BIRC5 subfamily, with six of them showed acute responses within three days. Of note, two members of them (PY.4411.4 and PY.383.14) were rapidly down regulated on day1 and showed continuous suppression till day15, and specially PY.383.14 also showed the highest log2FC changes (| log2FC| reach to 5.91), suggesting their important roles facing toxin accumulation. Besides, three PyBIRC5s were significantly induced, with two members (PY.6135.2, PY.11073.38) being up-regulated on day1 and one member (PY.36191464.1) chronically up-regulated on day15. Other than the BIRC5 subfamily, there were one member of BIRC1 and two members of BIRC4 presented chronic responses, being down-regulated after 5 days exposure or up-regulated on day15.


TABLE 3. Summary of PyIAPs expression in hepatopancreas and kidney after exposure to toxic dinoflagellate ACDH.
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In kidney, where PSTs could be transformed to derivatives with higher toxicity, also there were 46 PyIAPs expressed after ACDH exposure, and eight and three PyIAPs were significantly down-regulated and up-regulated at least at one test time point, respectively (Figure 4, Table 3 and Supplementary Table 3). Notably, in comparison with hepatopancreas, more acute down regulations of PyIAPs in kidney could be detected. Seven PyIAPs, including four PyBIRC5s, two PyBIRC4s and one PyBIRC1, reduced their expression significantly within one day exposure and four of them showed continuous suppression till day15, reflecting the sensitive and intensive responses to toxic effects. Especially, PY.383.14 again showed quite high log2FC changes (| log2FC| reach to 5.19), just like it’s performance in hepatopancreas, reinforcing evidence linking its participation during toxic adaption. Besides, three members including PyBIRC1 (PY.8745.31), PyBIRC4 (PY.9385.7.1) and PyBIRC5 (PY.11073.38) were found significantly induced in kidney after five days exposure.

After ACDH exposure, in the two major toxic organs of P. yessoensis, most of the IAP genes with significant altered expression levels were from the expanded BIRC5 and BIRC4 subfamily. Out of the nine significantly down-regulated PyIAPs with toxic diet, four genes are located on scaffold383 and three genes located on scaffold9385. Interestingly, on both of these two scaffolds, a pair of PyIAPs (PY.383.10/383.11 and PY.9385.35/9385.36) that possess the adjacent position could be found, suggesting the IAP genes duplication and expansion in P. yessoensis could have important effects on scallop’s toxin resistance.



CONCLUSION

In this study, a comprehensive identification and characterization of IAP genes were performed for the first time in Yesso scallop P. yessoensis. Forty-seven PyIAPs from five subfamilies were identified, and significant expansion of subfamilies BIRC4, BIRC5 that under the pressure of purifying selection were revealed. After exposure to PST-producing dinoflagellates, A. catenella, fourteen PyIAPs showed significant responses in hepatopancreas and kidney, and two, three and nine members were from the expanded subfamilies BIRC1, BIRC4 and BIRC5, respectively. Significant regulation pattern of PyIAPs was similar between two tissues, with more than half exhibit expression suppression within three days, and most of which are usually located as gene clusters that distributed on the same scaffold, suggesting the PyIAPs duplication and expansion could have important effects on scallop’s toxin resistant. Besides, in comparison with hepatopancreas, more acute responses of PyIAPs to the toxic stress could be detected in kidney, implying the possible involvement of these PyIAPs in tissue-specific PST tolerance. These findings could assist in a better understanding of the adaptive expansion of bivalve IAP genes to the marine environments with algae derived biotoxins, and providing good candidate members of IAP genes for their further functional study in marine bivalves.
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Beyond its role as an oxygen transport protein, the homodimer hemoglobin of blood clam Tegillarca granosa (Tg-HbI) has been found to possess antibacterial activity. However, the mechanism of antibacterial activity of Tg-HbI remain to be investigated. In this study, we investigated the effects of Cu2+ on the structure, peroxidase activity, and antibacterial ability of Tg-HbI. Tg-HbI was significantly inactivated by Cu2+ in a non-competitive inhibition manner, following first-order reaction kinetics. The Spectroscopy results showed that Cu2+ changed the iron porphyrin ring and the coordination of heme with proximal histidine of Tg-HbI, and increased the hydrophobicity of heme pocket. We found that proline could stabilize the heme pocket structure of Tg-HbI, hence, protect peroxidase activity and antimicrobial activity of Tg-HbI against damage by Cu2+. Our results suggest that Cu2+ inhibits the peroxidase and antibacterial activity of Tg-HbI by destroying its heme pocket structure and Tg-HbI probably plays an antibacterial role through its peroxidase activity. This result could provide insights into the antibacterial mechanism of Tg-HbI.

Keywords: tegillarca granosa, homodimer hemoglobin, Cu2+, structure, peroxidase activity, antibacterial activity


INTRODUCTION

The blood clam (Tegillarca granosa), a marine invertebrate of important economic value, inhabits the sandy muds of the intertidal zone in the east coast of China and Southeast Asia. T. granosa belongs to the family Arcidae of the class Bivalvia (phylum Mollusca), one of a few invertebrate groups that have hemoglobin-containing red hemocytes in the hemolymph (Bao et al., 2011a,b). So far, two kinds of hemoglobin (Hb), Tg-HbI (homodimer), and Tg-HbII (tetramer), have been purified from T. granosa hemocytes. Tg-HbI is made up of a single type of polypeptide chain, which differs from two chains of heterotetramer in molecular weight and isoelectric point (Bao et al., 2013, 2016; Wang et al., 2014). Homodimer Hb exists in only a few invertebrates (Weber and Vinogradov, 2001), unlike tetramer Hb, which exists in both vertebrates, and invertebrates.

Several studies have shown that Hb from more than one species, such as human, snake, mouse, horse, not only transports oxygen and carbon dioxide, but also has antibacterial effects (Hodson and Hirsch, 1958; Parish et al., 2001; Jiang et al., 2007; Du et al., 2010). In recent years, the antibacterial activity of Hb has been reported in Arcidae like T. granosa and Scapharca subcrenata (Wang et al., 2014, 2017; Xu et al., 2015; Bao et al., 2016). The mechanisms underlying the antibacterial activity of Hb still remain poorly perceived.

The peroxidase activity of hemoglobin also has been detected in several species, such as human, bacteria Vitreoscilla, and the invertebrate T. granosa (Kawano et al., 2002; Kvist et al., 2007; Wang et al., 2017). Why the hemoglobin possess peroxidase activity remains to be investigated. In addition, some researchers have hypothesized that this peroxidase activity is essential for Hb's antimicrobial activity (Jiang et al., 2007; Du et al., 2010), however, in-depth research has not been carried out in this area.

Preliminary research done by us showed that Tg-HbI has stronger peroxidase activity and antibacterial ability than Tg-HbII (Wang et al., 2014). It is plausible to speculate that Tg-HbI may play an important role in immune defense through peroxidase activity. It is of great significance to study the antibacterial mechanism of Tg-HbI, given that homodimer Hb only exist in invertebrates.

Moreover, in preliminary research we found that Cu2+ can inhibit peroxidase activity of Tg-HbI (Wang et al., 2017). The aim of the current work was to study the effects of Cu2+ on Tg-HbI with respect to changes in structure and antibacterial activity, which would be helpful in exploring the association of structure, peroxidase activity, and antibacterial activity, and could provide useful avenues for further research on the antibacterial mechanism of Tg-HbI.



MATERIALS AND METHODS


Peroxidase Activity Assay of Tg-HbI

Tg-HbI, which produces a single band on dodecyl sulfate sodium salt polyacrylamide gel electrophoresis(SDS-PAGE), was purified from T. granosa with phosphate buffered saline (PBS) buffer using a method that has been reported in our earlier work (Wang et al., 2014). Peroxidase activity was measured spectrophotometrically, as reported previously (Wang et al., 2017); the substrate buffer used was 50 mM acetate buffer (pH 5.0) and the detection time was 0.5 min. The activity was measured with ultraviolet-visible spectrophotometer (UV-1800, Shimadzu, Japan) connected with a recorder. The final concentration of Tg-HbI in the peroxidase activity measurement system was 30 μg/mL.

Cu2+ dissolved in 50 mM acetic acid buffer (pH 5.0) at different concentrations were incubated with purified Tg-HbI for 2 h at 25°C, and then peroxidase activity was measured. To test the protection from proline (Pro) to Tg-HbI, the Tg-HbI was incubated with 0.2 mM Cu2+ and different concentrations of Pro for 2 h at 25°C, and then the activity was measured. All measurements were done in triplicate.



Spectroscopy Assay of Tg-HbI

Tg-HbI was incubated in 50 mM acetic acid buffer (pH 5.0) with various concentrations of Cu2+ and Pro for 2 h at 25°C. The final concentration of Tg-HbI was 300 μg/mL. The structure changes of Tg-HbI were detected by UV-visible spectra, intrinsic fluorescence emission spectra and 1, 8-anilinonaphthalenesulfonate (ANS)-binding fluorescence spectra.

The conformational change of Tg-HbI was determined with UV-visible spectrophotometer (UV-1800, Shimadzu, Japan) at 200–700 nm. The change in the microenvironment around tryptophan (Trp) was detected with spectrofluorometer (F-2500, Hitach, Japan), and the excitation and emission wavelengths were 280 nm and 300–400 nm, respectively. ANS dye can bind to hydrophobic amino acid residues and use for probing the hydrophobic surface. Fluorescence was measured after incubation of 40 μM ANS with the samples for 40 min in the dark, and the excitation and emission wavelengths were 390 nm and 420–600 nm, respectively.



Antibacterial Ability Assay of Tg-HbI

The agarose diffusion method was used to explore the effect of Cu2+ on the antibacterial ability of Tg-HbI (Wang et al., 2014). Tg-HbI in group A was mixed with 50 mM PBS (pH 7.2). Tg-HbI in group B was mixed with 50 mM PBS (pH 7.2) containing Cu2+. Tg-HbI in group C was mixed with 50 mM PBS (pH 7.2) containing Cu2+ and Pro. The inhibition circle size reflects the antibacterial ability.




RESULTS


The Effect of Cu2+ on the Peroxidase Activity of Tg-HbI

Pure Tg-HbI was assayed after incubation with different concentrations of Cu2+ for 2 h at 25°C. Tg-HbI was inactivated by Cu2+ in a dose-dependent manner. When the Cu2+ concentration was higher than 0.5 mM, Tg-HbI activity was completely abolished. The IC50 (half maximal inhibitory concentration) value was measured as 0.103±0.007 mM (n = 3) (Figure 1A). A Lineweaver-Burk plot analysis was performed to evaluate the mode of inhibition. The apparent Vmax (velocity maximum) changed while the Km (michaelis constant) did not, indicating that Cu2+ induced non-competitive inhibition for guaiacol (Figure 1B). To evaluate the inactivation kinetics, time interval measurements were performed. The different time courses of Tg-HbI in the presence of 0.02, 0.05, 0.1, 0.15, 0.2, and 0.25 mM Cu2+, were recorded (Figure 1C). The results indicated that catalytic activity changed detectably with time from the lowest (0.02 mM) to the highest (0.25 mM) Cu2+ concentration. The enzyme activity gradually decreased in a time-dependent manner with first-order reaction kinetics.


[image: Figure 1]
FIGURE 1. The inactivation of Tg-HbI induced by Cu2+. (A) The effect of Cu2+ on the peroxidase activity of Tg-HbI. Tg-HbI was assayed after incubation with different concentrations of Cu2+ in 50 mM acetate buffer (pH 5.0) for 2 h at 25°C. The data are presented as means (n = 3) with standard deviations. (B) Lineweaver-Burk plot for Tg-HbI in the presence of Cu2+.The concentration of Cu2+ from top to bottom is 0.3, 0.2, 0.1, 0.05, 0 mM. (C) Time interval kinetic measurements of Tg-HbI inactivation. Cu2+ concentration is 0.02 (■), 0.05 (•), 0.1 (▴), 0.15 (▾), 0.2 (◂), 0.25 (▸) mM. (D) The peroxidase activity of Tg-HbI after adding proline. The Tg-HbI was incubated with 0.2 mM Cu2+ and different concentrations of proline at 25°C for 2 h and then the activity was measured. The final concentration of Tg-HbI incubating with Cu2+ was 300 μg/mL.


After Tg-HbI was incubated with 0.2 mM Cu2+ and different concentrations of Pro for 2 h at 25°C, the peroxidase activity of Tg-HbI was measured. The peroxidase activity of Tg-HbI was significantly protected with increasing Pro concentrations. When the concentration of Pro was higher than 30 mM, more than 70% of the activity of Tg-HbI remained (Figure 1D). These results indicate that Pro could prevent Tg-HbI from inactivation by Cu2+.



The Change in Tertiary Structure of Tg-HbI Induced by Cu2+

Ultraviolet-visible absorption spectroscopy was used to investigate the conformational changes in Tg-HbI. The Soret band near 420 nm is formed by the coordination of heme and histidine, and is often used to characterize the changes between the porphyrin ring and conformation of protein, whereas the Q band, two weak absorption peaks appearing in the range of 500–600 nm, is the characteristic peak of iron porphyrin (Basak et al., 2015). The results showed that the Soret band of Tg-HbI had a blue shift, and the Q band of Tg-HbI gradually disappeared, with an increase in Cu2+ concentration, thereby indicating that the iron porphyrin ring of Tg-HbI and the coordination of heme and histidine had changed (Figures 2A,B).


[image: Figure 2]
FIGURE 2. The change of tertiary structure of Tg-HbI induced by Cu2+. (A) UV absorption spectrum of Tg-HbI. The concentration of Cu2+ from bottom to top is 0, 0.02, 0.05, 0.1, 0.2 mM. (B) Plot of maximum peak wavelength vs. [Cu2+]. The data were obtained from (A). (C) Intrinsic fluorescence changes of Tg-HbI. The concentration of Cu2+ from top to bottom is 0, 0.02, 0.05, 0.1, 0.15, 0.2 mM. (D) Plot of maximum fluorescence peak wavelength vs. [Cu2+]. The data were obtained from (C). (E) ANS-binding fluorescence changes of Tg-HbI. The concentration of Cu2+ from bottom to top is 0.2, 0.15, 0.1, 0.05, 0.02, 0.0 mM. (F) Plot of maximum fluorescence intensity vs. [Cu2+]. The data were obtained from (E). The final concentration of Tg-HbI was 300 μg/mL.


Trp has intrinsic fluorescence and is usually used as a probe to detect the conformation change of protein. The results showed that not only fluorescence intensity increased with increase in Cu2+ concentration in linear mode, but also the maximum emission wavelength showed a blue shift (Figures 2C,D). This indicated that Cu2+ caused an increase in non-polarity in the microenvironment around it. The ANS fluorescence was used to monitor the tertiary structural changes of Tg-HbI. The results showed that the ANS fluorescence intensity of Tg-HbI reduced with increase in Cu2+ concentration in a concentration-dependent manner (Figures 2E,F). This indicated that Cu2+ reduced the hydrophobic surfaces of Tg-HbI.

The change in tertiary structure of Tg-HbI were detected after Tg-HbI was incubated with 0.2 mM Cu2+ and different concentrations of Pro for 2 h at 25°C, correspondingly. The results of UV-visible absorption spectroscopy showed that Soret band of Tg-HbI had a red shift and Q band gradually manifested with increase in Pro (Figures 3A,B). It is evident that the addition of Pro protects the structure of the iron porphyrin ring and heme pocket structure of Tg-HbI from damage by Cu2+.


[image: Figure 3]
FIGURE 3. The protection of Pro to the tertiary structure of Tg-HbI. (A) UV absorption spectrum of Tg-HbI in the presence of proline. The concentration of Pro from top to bottom is 0, 10, 20, 40, 60, 80 mM. (B) Plot of maximum peak wavelength vs. [Pro]. The data were obtained from (A). (C) Intrinsic fluorescence changes of Tg-HbI in the presence of Pro. The concentration of Pro from bottom to top is 80, 0, 60, 10, 20, 40 mM. (D) Plot of maximum peak wavelength vs. [Pro].The data were obtained from (C). (E) ANS-binding fluorescence changes of Tg-HbI in the presence of proline. The concentration of Pro from bottom to top is 0, 10, 20, 40, 60, 80 mM. (F) Plot of maximum fluorescence intensity vs. [Pro]. The data were obtained from (E). The final concentrations of Tg-HbI and Cu2+ were 300 μg/mL and 0.2 mM, respectively.


The intrinsic fluorescence intensity decreased with increase in Pro until Pro concentration reached 30 mM, and the maximum emission wavelength showed a red shift with increase in Pro concentration, ranging from 0 to 80 mM (Figures 3C,D). These results showed that Pro can stabilize the polar microenvironment around Trp. The intrinsic fluorescence intensity increased with increase in Pro, when Pro concentration was higher than 30 mM. The reason was possibly because Pro is a non-polar amino acid, causing an increase in non-polarity when its concentration was high.

Pro reduced the effect of hydrophobic structure inside the Tg-HbI induced by 0.2 mM Cu2+ in a dose-dependent manner, as measured by ANS binding fluorescence (Figures 3E,F). Similar to the protection of peroxidase activity shown in Figure 1D, Pro acted as a stabilizer for protecting the tertiary structure of Tg-HbI.



The Effect of Cu2+ on the Antibacterial Activity of Tg-HbI

The size of the antibacterial circle outside the Oxford cup can reflect antibacterial ability. The results showed that the antibacterial ability of Tg-HbI disappeared in the presence of 0.2 mM Cu2+ and was restored when 80 mM Pro was added (Figure 4). This was consistent with the fact that Cu2+ could destroy the structure and peroxidase activity of Tg-HbI and Pro could protect the structure and peroxidase activity from being destroyed by Cu2+.


[image: Figure 4]
FIGURE 4. The antibacterial activity of Tg-HbI. (A) Tg-HbI; (B) Tg-HbI mixing with Cu2+; (C) Tg-HbI mixing with Cu2+ and proline. The final concentrations of Tg-HbI, Cu2+, and proline were 1 mg/ml, 0.2 mM, and 80 Mm, respectively.





DISCUSSION

In this study, Cu2+ induced a non-competitive inhibition for guaiacol and inhibited the peroxidase activity of Tg-HbI in a dose-dependent manner. The enzyme activity gradually decreased in a time-dependent manner with first-order reaction kinetics, and inactivation of Tg-HbI accelerated with increase in Cu2+ concentration.

During protein unfolding, hydrophobic amino acids embedded deep in the protein are gradually exposed, resulting in the increase of hydrophobic surface of protein and the enhancement of ANS fluorescence intensity. Try is usually used as an intrinsic fluorescence probe to detect the conformation change of protein due to its high quantum yield, relatively sensitive to environmental changes and low content in protein molecule. The exposure of Try to the aqueous solution will result in decreased fluorescence intensity and red shift of the maximum emission wavelength. There are two Trys in one heme pocket of Tg-HbI. In this study, the intrinsic fluorescence results showed that Cu2+ increased the intrinsic fluorescence intensity of Tg-HbI and caused blue shift of the maximum emission wavelength. This indicated that Cu2+ didn′t unfold Tg-HbI, and even enhanced the hydrophobicity around Try, which was further verified by the result that Cu2+ reduced the hydrophobic surface of Tg-HbI. UV absorption spectroscopy showed that Cu2+ changed the iron porphyrin ring and the coordination of heme and histidine of Tg-HbI.

It has been reported that Cu2+ was located within 10Å of the heme iron of the β subunit in human hemoglobin, coordinating with the imidazole nitrogen of proximal histidine in heme pocket and forming a copper-imidazole-iron configuration (Antholine et al., 1984, 1985). The heme pocket, containing heme, proximal histidine and distal histidine, is the key structures needed for peroxidase activity (Wang et al., 2017). The proximal histidine formed coordination adducts with the heme iron atom, whereas the corresponding distal coordination site above the plane of the heme was vacant. The cavity can bind H2O2, the substrate of peroxidase (Mika et al., 2008; Wang et al., 2017). Therefore, we speculated that Cu2+ changed the microenvironment of the cavity and increased the hydrophobicity of Tg-HbI heme pocket through forming a copper-imidazole-iron configuration. This was not conducive to H2O2 bonding with heme, and thereby inhibited the peroxidase activity of Tg-HbI. This was further verified by the result that the inactivation of peroxidase activity was synchronized with the conformational change of Tg-HbI.

The protective effects of Pro on the structure and activity of some proteins have been reported, but the exact mechanism is unknown (Ignatova and Gierasch, 2006; Lü et al., 2009; Wang et al., 2013). In this study, Tg-HbI retained its peroxidase activity when Pro stabilized of heme pocket in prensence of Cu2+. Pro maybe prevent Cu2+ from forming a copper-imidazole-iron configuration with Tg-HbI or maintain the microenvironment of heme pocket even after forming a copper-imidazole-iron configuration, however, the specific mechanism remains to be further studied. The protective effect of glycine on the structure and activity of Tg-HbI was similar to that of Pro (not shown).

Tg-HbI lost its antimicrobial activity when it lost its peroxidase activity on account of damage to the active site by Cu2+, whereas Tg-HbI retained its antimicrobial activity when Pro was used to protect its peroxidase activity. So, we speculated that Tg-HbI played an antibacterial role by virtue of its peroxidase activity. In fact, it is widely reported that some peroxidases have antimicrobial activity (Edwin and Thomas, 1978; Borelli et al., 2003; Wojciechowski et al., 2005; Almagro et al., 2009). Myeloperoxidase plays an important role in microbicidal action of phagocytes by oxidizing Cl− to form HOCl (Klebanoff, 1999, 2005; Malle et al., 2007), and lactoperoxidase is responsible for antimicrobial properties of bovine milk (Boots and Floris, 2006; Bafort et al., 2015). The peroxidase in Arabidopsis is a major component of pattern-triggered immunity (Daudia et al., 2012). Jiang et al. (2007) and Du et al. (2010) have also proposed that human hemoglobin can generate microbicidal free radicals by its peroxidase activity. It is reasonable, therefore, to conclude that Tg-HbI plays an antimicrobial role through its intrinsic peroxidase activity, similar to some peroxidases.

In conclusion, Tg-HbI lost peroxidase activity and antibacterial ability in presence of Cu2+, because Cu2+ changed the iron porphyrin ring and microenvironment of the heme pocket of Tg-HbI. Pro could stabilize the heme pocket of Tg-HbI, and protect peroxidase and antimicrobial activity of Tg-HbI against damage by Cu2+, accordingly. Our results indicate that Cu2+ inhibits the peroxidase and antibacterial activity of Tg-HbI by destroying its heme pocket structure, and Tg-HbI perhaps play an antibacterial role through its peroxidase activity. It is worth further evaluating the antibacterial activity in vivo and antibacterial mechanism of Tg-HbI in future studies.
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The giant triton snail (Charonia tritonis), an endangered gastropod species of ecological and economic importance, is widely distributed in coral reef ecosystems of the Indo-West Pacific region and the tropical waters of the South China Sea. Limited research on molecular mechanisms can be conducted because the complete genomic information on this species is unavailable. Hence, we performed transcriptome sequencing of the C. tritonis foot muscle and mantle using the Illumina HiSeq sequencing platform. In 109,722 unigenes, we detected 7,994 (3,196 up-regulated and 4,798 down-regulated) differentially expressed genes (DEGs) from the C. tritonis foot muscle and mantle transcriptomes. These DEGs will provide valuable resources to improve the understanding of molecular mechanisms involved in biomineralization of C. tritonis. In the Gene Ontology (GO) database, DEGs were clustered into three main categories (biological processes, molecular functions, and cellular components) and were involved in 50 functional subcategories. The top 20 GO terms in the molecular function category included sulfotransferase activity, transferring sulfur-containing groups, and calcium ion binding, which are terms considered to be related to biomineralization. In KEGG classifications, transcriptomic DEGs were mainly enriched in glycosaminoglycan biosynthesis-chondroitin sulfate/dermatan sulfate, and sulfur metabolism pathway, which may be related to biomineralization. The results of qPCR showed that three of the eight genes examined were significantly up-regulated in the mantle. The phylogenetic tree of BMP1 suggested a significant divergence between homologous genes in C. tritonis. Our results improve the understanding of biomineralization in C. tritonis and provide fundamental transcriptome information to study other molecular mechanisms such as reproduction.
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INTRODUCTION

The giant triton snail (Charonia tritonis) is an ecologically and commercially important species that belongs to Mollusca, Gastropoda, Ranellidae, and mainly inhabits in the sandy bottom of coral reefs in the Indo-West Pacific region, as well as the tropical waters of the South China Sea (Beu, 1970; Aungtonya, 1994). C. tritonis preys on echinoderms especially the crown-of-thorns starfish (COTS, Acanthaster planci), which is considered to have importantly potential outcome on the biodiversity of coral reefs and their biological communities (Morton, 2012; Doxa et al., 2013a,b; Kang et al., 2016). As this mollusk is highly valued for its decorative shell, overfishing has driven this organism near to extinction in most of its area of habitats (Zhang et al., 2013). Despite the important ecological value of C. tritonis, basic information on this organism is very limited (Hall et al., 2017).

Some preliminary studies of C. tritonis have been proceeded in connection with the growth, reproduction processes and egg-laying patterns, as well as analysis in development and morphological of early life history stages, feeding behavior in captivity, and the important to limit population outbreaks of COTS in environments (Zhang et al., 2013). The next-generation transcriptome sequencing and in silico protein analysis of salivary glands were firstly reported by Bose et al. (2017b), and identified numerous secreted proteins including putative toxin- and feeding- related protein families (Bose et al., 2017a). And a cerebral ganglia transcriptome of C. tritonis were sequenced using Illumina HiSeq 2500 sequencing platform, with an emphasis on the bioinformatic analysis of neuropeptide genes with mollusk reproduction (Bose et al., 2017b). However, to date, no studies on biomineralization genes and pathways have been reported in C. tritonis. Mollusk shells are an exoskeleton mainly constituted of a large set of calcium carbonate and organic macromolecules, including proteins, glycoproteins, polysaccharides and sometimes lipids, which are secreted by mantle tissue during the biomineralization process. Numerous biomineralizing genes were found to be responsible for shell formation in various molluscan species, such as genome and multi-omic analysis of biomineralization in Pinctada fucata martensii, genomic databases and proteomic in-depth analysis of shell matrix construction-related genes in the limpet Lottia gigantea, transcriptome analysis for potential biomineralization-related genes in Tectus pyramis. The next-generation sequencing technology has been significantly applied to non-model organisms because it is efficient and cost-effective, which provided an efficient way to identify putatively functional genes and explain molecular mechanisms involved in the processes of biomineralization in mollusks (Moreira et al., 2015; Shi et al., 2018, 2019).

In this study, we first performed de novo transcriptome sequencing of the foot muscle and mantle tissues of C. tritonis using the Illumina sequence platform, which will provide transcriptome resources for this mollusk. Additionally, the comparison with foot muscle and mantle tissue transcription in C. tritonis allows to investigate and identify the biomineralization-related genes and pathway at molecular level, so as to provide further insight into molecular mechanisms involved in biomineralization for mollusk.



MATERIALS AND METHODS


Sample Collection

The adult C. tritonis were obtained from Nansha archipelagic waters of the South China Sea. Tissue samples (foot muscle and mantle) were separated and quickly frozen in liquid nitrogen for 24 h, and then stored at −80°C until total RNA extraction.



Total RNA Extraction, Illumina Sequencing, and Library Construction

Total RNA was isolated from each sample of C. tritonis using a Mollusk RNA kit (Omega, Atlanta, GA, United States) according to the manufacturer’s instructions. RNA integrity was detected by 1% agarose gel and the purity of the RNA was identified by using NanoDrop (Thermo Fisher Scientific, Waltham, MA, United States). Then, the total RNA concentration, the RNA integrity number (RIN), 28S/18S, and the fragment length distribution were measured using Agilent 2100 Bioanalyzer and Agilent RNA 6000 Nano Kit, (Agilent Technologies, CA, United States). The sample mRNA was enriched from total RNA using the oligo (dT) method and fragmented using a suitable reagent under high temperature. First-strand cDNA was synthesized using fragmented mRNA as a template. The reaction system was then configured to synthesize two-strand cDNA. The cDNA fragments were purified using purification kits and resolved with elution buffer for end reparation and single nucleotide A (adenine) addition. The cDNA fragments were connected to adapters and those of a suitable size were selected as templates for PCR amplification. The quality of the library constructed with PCR products was assessed by an Agilent 2100 Technologies Bioanalyzer (Santa Clara, CA, United States) and the ABI StepOnePlus Real-Time PCR System (Foster City, CA, United States). High-throughput sequencing was performed using Illumina HiSeq 2000 Technology at BGI Shenzhen (Shenzhen, China).



De novo Assembly and Functional Annotation

Clean reads were obtained from raw reads by removing adaptor-polluted reads, reads with unknown bases (N) at more than 5%, and low-quality reads. High-quality clean reads were de novo assembled to transcripts using Trinity software (v2.0.6). Transcripts were clustered to unigenes with Tgicl software (v2.0.6). Unigenes obtained from each sample were clustered again using Tgicl, and the final unigenes for downstream analysis were named “All-Unigenes.” Unigenes were aligned to the NCBI non-redundant protein (NR), NCBI nucleotide (NT), Clusters euKaryotic Ortholog Groups (KOG), Kyoto Encyclopedia of Genes and Genomes (KEGG), and SwissProt databases to conduct functional annotation using BLAST1 (E-value ≤ 1e–5). InterProScan5 (v5.11-51.0) was used to obtain InterPro annotations. Unigenes with NR annotations were further analyzed with Blast2GO (v2.5.0) to obtain their Gene Ontology (GO) annotations.



Analysis of Functional Enrichment of Differentially Expressed Genes

The clean reads of each sample were mapped to unigenes with Bowtie2 software (v2.2.5) and the gene expression levels were calculated using RSEM (v1.2.12). Fragments per kilobase of transcript per million (FPKM) mapped reads were used to evaluate the expression level of unigenes based on read counts and transcript lengths. Differentially expressed genes (DEGs) were detected by the PossionDis algorithm based on comparing the FPKM mapped reads between samples with thresholds of | log2FC| ≥ 2 and false discovery rate (FDR) ≤ 0.001. All identified DEGs were mapped to GO and KEGG annotations to classify. GO and KEGG enrichment analyses were performed with the phyper package in R. The p-value was calculated in a hypergeometric test and then the p-value results were adjusted based on the FDR. p < 0.05 was considered significant (∗), and p < 0.01 was considered highly significant (∗∗).



Screening of Transcripts Involved in Biomineralization

Based on the functional annotation of DEGs in the mantle transcriptome of C. tritonis and the representative biomineralization genes in the mantle of mollusks published in the database, a total of 24 putative biomineralization-related transcripts were screened by searching BLASTx.



Validation of DEGs by Quantitative Real-Time PCR

Quantitative real-time RT-PCR (qRT-PCR) was performed using 24 DEGs annotated as biomineralization-related genes in the mantle and foot muscle tissues from three C. tritonis. Tissues were ground in a homogenizer (IKA, Staufen, Germany). Total RNA was extracted from the foot muscles and mantles of mature C. tritonis (three individuals from each tissue) using the TRIzol reagent (Invitrogen, Carlsbad, CA, United States), after which the quality was checked as described above and then a ReverTra Ace qPCR RT master mix was used with a gDNA Remover kit (Toyobo, Japan) to synthesize cDNA template. The primers were designed by the software Primer Premier version 6.02. Primers for amplification of target genes and the 18SrRNA internal reference gene are listed in Supplementary Table 1. The qRT-PCR analysis was conducted by using a Roche LightCycler 480 Real-time PCR System (Roche, Switzerland) with SYBR Green Real-time PCR Mix (Toyobo, Japan) according to the manufacturer’s protocols and using the following reaction conditions: 95°C for 10 s, followed by 50 cycles of 95°C for 10 s, 57°C for 15 s, and 72°C for 15 s. At the end of the reaction, a melting curve was generated to confirm an accurate amplification of the target and the reference gene 18S amplicon. Crossing point (Cp) was recorded to calculate the relative expression of target genes using the 2–ΔΔCt transformation. All results are expressed as the mean ± SD. The SPSS 23.0 (SPSS, Chicago, IL, United States) was used for statistical analysis. A p-value of <0.05 indicated a significant difference and p < 0.01 indicated a highly significant difference.



RESULTS


Illumina Sequencing and de novo Assembly

A total of 13.23 Gb raw sequencing data were generated through the Illumina HiSeq 2000 platform. After filtering, 44.07 M clean reads with a total of 6.61 Gb clean bases were acquired with 92.83% Q30 bases from C. tritonis foot muscle, and the 44.12 M clean reads with a total of 6.62 Gb clean bases were acquired with 92.79% Q30 bases for C. tritonis mantle (Table 1).


TABLE 1. Clean read quality metrics.
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Based on high-quality clean reads, 183,823 transcripts were assembled with an average length of 419 bp from the C. tritonis foot muscle data, and 168,326 transcripts were assembled with an average length of 430 bp from the C. tritonis mantle data. After clustering, 87,443 unigenes with a mean length of 419 bp and an N50 of 476 bp were generated from the foot muscle. A total of 81,100 unigenes were assembled from the mantle, with a mean length of 597 bp and N50 of 843 bp. The GC percentage of the unigenes was 43.26% in the foot muscle and 43.78% in the mantle. The unigenes of these two tissues were clustered using Tgicl and the final unigenes for downstream analyses were named “All-Unigenes.” The length distribution of All-Unigenes is shown in (Supplementary Figure 1). The above results show that the quality of transcriptome sequencing and assembly was credible to subsequent analysis.



Functional Annotation

Out of 109,722 unigenes, 46,239 (42.14%) obtained annotations in at least one public database, which included NR, NT, SwissProt, KEGG, KOG, InterPro, and GO, using BLAST (E-value ≤ 1 × 10–5). The most unigenes were annotated in the NT database (27,059, 24.66%), followed by NR (26,050, 23.74%), KEGG (18,705, 17.05%), InterPro (17,617, 16.06%), Swiss-Prot (16,944, 15.44%), KOG (15,319, 13.96%), and GO (9,788, 8.92%). Based on the NR database function annotation results, the best match of the species distribution for each sequence is shown in Figure 1. Among these annotated species, the largest number of unigenes matched with Aplysia californica (26.16%), followed by Biomphalaria glabrata (11.97%), Lottia gigantean (11.51%), and Mizuhopecten yessoensis (9.32%). In addition, 41.04% unigene sequences could not be matched to known genes (Figure 1).
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FIGURE 1. Distribution of NR annotated species.


According to GO annotation, 9,788 unigenes were categorized into 58 GO terms in the biological process, cellular component, and molecular function ontologies. In the biological process category, most of the unigenes were clustered into 26 classifications. The categories that contained the most annotated genes were “cellular process” (3,682, 27.88%), “metabolic process” (2,613, 19.79%), and “biological regulation” (1,358, 10.28%). The most represented categories among the cellular component category were “cell” (3,371, 18.03%), “cell part” (3,314, 17.72%), and “membrane” (3,313, 17.72%). In the molecular function category, the matched sequences were clustered into 12 classifications, and a majority of unigenes were divided into three subcategories “binding” (4,669, 45%), “catalytic activity” (3,830, 36.89%), and “transporter activity” (565, 5.44%). A total of 15,319 unigenes were divided into 25 functional classifications in the KOG database. The categories with the highest proportion of unigenes were “general function prediction only” (3,528, 23.03%) and “signal transduction mechanisms” (3,273, 21.37%). There were 18,705 unigenes significantly matched in the KEGG database and were assigned to 336 KEGG pathways involving six categories (cellular processes, environmental information processing, genetic information processing, human diseases, metabolism, and organismal systems). Among these pathways, the most enriched unigenes were “metabolic pathways” (2,516, 13.45%; ko01100), “pathways in cancer” (993, 5.31%; ko05200), and the “calcium signaling pathway” (782, 4.18%; ko04020). The KEGG classifications of unigenes are listed in Supplementary Figure 2.



Functional Annotation of DEGs

Based on sequence similarities, a total of 44,353 unigenes were found to be conserved between the foot muscle and mantle transcriptomes (Figure 2A); 19,502 unigenes for foot muscle and 16,239 unigenes for mantle, specifically. Some of the differentially expressed unigenes may be responsible for the unique features of each of these species. A total of 7,994 DEGs (3,196 up-regulated and 4,798 down-regulated) were detected in C. tritonis foot muscle compared with mantle tissue (Figure 2B). The top 20 most highly expressed genes of the foot muscle and mantle are similar, as shown in Tables 2A,B, respectively. It is noteworthy that highly expressed unique sequences in the mantle were annotated as ferritin, which was probably involved in biomineralization.
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FIGURE 2. (A) Venn diagrams for number of comparisons of transcripts among foot muscle and mantle tissue. (B) Volcano plot of differentially expressed genes (DEGs) in foot muscle and mantle from C. tritonis.



TABLE 2a. (A) Most highly expressed genes in the foot muscle transcriptome.

[image: Table 2]

TABLE 2b. (B) Most highly expressed genes in the mantle transcriptome.

[image: Table 4]
Based on the gene expression level, GO enrichment analysis was performed to understand the functions of the exclusive DEGs in tissues and to search significantly enriched GO terms. All the DEGs were divided into three clusters categories (i.e., molecular biological function, cellular component, and biological process.). The vast majority of genes were involved in binding (623, 43.44%) and catalytic activity functions (522, 36.40%) in the molecular function category. In the cellular component class, most of the genes in the two tissues were related to the membrane (544, 22.25%), membrane part (501, 20.50%), and cell (378, 15.46%). In the biological process class, most genes were categorized as being related to cellular processes (423, 27.67%), metabolic processes (321, 21%), and biological regulation (155, 10.14%) (Supplementary Table 2). To investigate this further, GO-term enrichment was performed to gain insight into the potential functions of orthogroups shared exclusively between the two tissues using DEGs (Up-regulated and down-regulated genes) separately. The main functional classes of the listed up-regulated genes were consistent with the functional classification from down-regulated genes in GO categories (Figures 3A,B). Although similar compositions were observed for both tissues in the three major categories using GO assignments, there were some categories of biological processes that were differentially expressed between foot muscle and mantle, including GO terms linked to cell killing, detoxification, and molecular carrier activity. This finding indicates that some of the genes may be related to tissue-specific roles.
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FIGURE 3. (A) Statistically common enriched Gene Ontology (GO) terms between foot muscle and mantle tissues for the up-regulated unigenes. (B) Statistically common enriched Gene Ontology (GO) terms between foot muscle and mantle tissues for the down-regulated unigenes.


The top 20 enriched GO terms related to DEGs in the molecular function category are listed in Figure 4A. The results revealed that some DEGs that were significantly enriched (FDR ≤ 0.01) in GO terms, including sulfotransferase activity, transferase activity, transferring sulfur-containing groups, and calcium ion binding, may be correlated with biomineralization. The up-regulated unigenes in the mantle were again mapped to reference pathways in the KEGG database based on function. KEGG pathway analysis indicated that DEGs significantly enriched in glycosaminoglycan biosynthesis-chondroitin sulfate/dermatan sulfate (ko00532, p = 0.000034), and sulfur metabolism (ko00920, p = 0.009006) may be related to biomineralization (Figure 4B).
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FIGURE 4. Top 20 enriched GO terms (A) and top 20 enriched KEGG pathways (B).




qPCR Validation of Genes Related to Biomineralization

Twenty-four candidate sequences encoding members of the bone morphogenetic family, carbonic anhydrase, and chitinase were found in the transcriptome of C. tritonis as potentially involved in biomineralization. The biomineralization-related genes were examined by qPCR in the foot muscle and mantle (Table 3). Overall, bone morphogenetic protein 1 (Unigene82003_All), bone morphogenetic protein 1 homolog OS (Unigene30394_All), and carbonic anhydrase 2 OS (Unigene9268_All) were highly expressed in mantle tissue, whereas bone morphogenetic protein 1 (Unigene89374_All) was extremely significantly down-regulated in mantle according to qRT-PCR results, but a higher expression was found in transcriptome sequencing. Chitinase-3-like protein 1 (Unigene71970_All) was up-regulated in the mantle, while the other Chitinase-like lectin (CL484.Contig1_All, Unigene4844_All) showed lower expression in the mantle according to transcriptome sequencing qRT-PCR (Figure 5).


TABLE 3. Biomineralization-related DEGs examined by qPCR in mantle and foot muscle tissue.
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FIGURE 5. Relative mRNA expression profiles of eight selected biomineralization-related genes from mantle and foot muscle tissues of C. tritonis. [A p-value < 0.05 was considered significant (*), and p < 0.01 was considered highly significant (**)].




Phylogenetic Tree of Bone Morphogenetic Protein Gene Families

A phylogenetic tree was constructed to identify the evolutionary history of C. tritonis bone morphogenetic proteins (BMP) based on deduced amino acid sequences of BMP from C. tritonis and other species (Supplementary Table 3). The results showed that three sequences of C. tritonis BMP (BMP1-1, BMP1-2, and BMP1-3) and BMP1 from other species were clustered into one branch, implying that C. tritonis BMP may be a category of the BMP1 subfamily. At the same time, BMP1-1 (Unigene82003_All) had a close genetic relationship with BMP1-3 (Unigene30394_All), but not with BMP1-2 (Unigene89374_All) in C. tritonis (Figure 6).
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FIGURE 6. Phylogenetic tree of the bone morphogenetic protein (BMP) gene families.




DISCUSSION

In this study, the comparative transcriptome of C. tritonis foot muscle and mantle were generated and assembled using the Illumina HiSeq sequencing platform. A total of 13.23 Gb bases were assembled into 109,722 unigenes (mean length = 640 bp), of which 46,239 were annotated, including 3,196 annotated significantly up-regulated genes and 4,798 significantly down-regulated genes in mantle [| log2(fold change)| ≥ 2 and FDR < 0.001]. Two reasons may explain the low-annotation rate: (1) At present, there is no research report on the genome sequencing of C. tritonis, and there is a lack of available C. tritonis transcriptome information in public databases. (2) The accuracy of next-generation sequencing technology greatly depends on the reference genome (Joubert et al., 2010; Kim et al., 2017; Lavelle et al., 2018).

According to the results of the GO terms enrichment analysis, in the molecular function ontology, most DEGs were enriched in sulfotransferase activity, transferase activity, transferring sulfur-containing groups, and calcium ion binding pathways. It is suggested that sulfotransferase catalyzes the transfer of sulfonic acid groups, which can affect the synthesis of chondroitin sulfate and then regulate biomineralization (Furuhashi et al., 2009; Sun et al., 2015; Zhang et al., 2020). KEGG enrichment analysis of the DEGs revealed major involvement in glycosaminoglycan biosynthesis-chondroitin sulfate/dermatan sulfate (ko00532), which performs biomineralization (Shi et al., 2013; Moreira et al., 2015; Li et al., 2017; Mao et al., 2018). Despite reports of many biomineralization-related genes in gastropods, very little is known about the basis of biomineralization in C. tritonis (Bootsma et al., 1988; Liu et al., 2011). Hence, we analyzed all of the unigenes known to be annotated with biomineralization.

Bone morphogenetic proteins are multi-functional growth factors that belong to the members of the transforming growth factor-beta (TGFβ) superfamily (Steiglitz et al., 2004; Cao and Chen, 2005; Boraldi et al., 2019). As is well known, BMPs are ubiquitous in a broad range of species and fulfill a variety of metabolic roles including osteogenesis. In the BMP family, BMP1 is a metalloprotease that plays an important role in the synthesis of collagen, the core substance of bones, by cleaving and activating lysyl oxidase (LOX) in the extracellular matrix, which promotes collagen cross-linking (Ge et al., 2006; Kokabu et al., 2012). In previous experiments, the knockout of BMP1 resulted in osteogenesis imperfecta in mice (Steiglitz et al., 2004; Maruhashi et al., 2010; Muir et al., 2014; Zhang et al., 2017). A phylogenetic analysis of BMP sequences between C. tritonis and other species was performed, and C. tritonis BMP1 were grouped in BMP1 clusters with other species, which suggested that C. tritonis BMP1 may belong to the BMP1 subfamily. At the same time, our data indicated that C. tritonis BMP1 genes displayed diverse expression patterns in different tissues, BMP1-1 (Unigene82003_All) and BMP1-3 (Unigene30394_All) genes were significantly up-regulated in the mantle compared with the foot muscle, indicating that BMPs play important roles in the shell formation. While BMP1-2 (Unigene89374_All) had a high expression in foot muscle tissue, suggesting a significant divergence between homologous genes in C. tritonis. The BMPs amino acid sequences clustering analysis of C. tritonis versus other species. A phylogenetic analysis revealed that C. tritonis BMP, in this study, created two separate clades: BMP1-1 had a close genetic relationship with BMP1-3, but not with BMP1-2, suggesting that the functions of these genes differentiated during evolution.

Carbonic anhydrase (CA) is believed to play crucial physiological roles in the biomineralization of mollusks due to their catalytic activity (Song et al., 2014; Le Roy et al., 2016; Cardoso et al., 2019; Zebral et al., 2019). In our analysis, CA was significantly up-regulated in the mantle, indicated that CA might participate in the mineralization of C. tritonis. This is the first report of BMPs and CA in C. tritonis, thus further study on BMPs and CA function needs to be undertaken in C. tritonis. Chitinase plays an important role in the metabolism of chitin, which is the major organic matrix protein of the shell, suggesting that chitinase may be involved in the mineralization of mollusks (Proespraiwong et al., 2010; Okada et al., 2013). Unlike in other mollusks, chitinase-related genes were not expressed at a higher level in the mantle. This distinct expression pattern suggested that chitin may play diverse roles in the foot muscle of C. tritonis. In previous studies, it has been revealed that ferritin, a transport protein ubiquitous in many organisms, was expressed exclusively in some tissues, especially the radula of marine mollusks, such as Acanthopleura hirtosa, Patella laticostata, and Mytilus edulis, and was considered to be potentially involved in biomineralization (Saunders et al., 2009; Narayanan et al., 2020). Ferritin was also found exclusively expressed in the mantle of C. tritonis, suggesting that it plays a similar role in biomineralization in C. tritonis. To our knowledge, this is the first time that biomineralization-related genes have been reported in C. tritonis. Overall, our analyses provide further insight into the biomineralization of C. tritonis.

This study is the first to represent transcriptomes of mantle and foot muscle tissues from C. tritonis, which provides transcriptomic resources for future genetic or genomic studies on this mollusk. Transcriptome comparison assists in better understanding of the molecular mechanisms of biomineralization in C. tritonis.
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The protein inhibitor of activated STAT (PIAS) functions in diverse aspects, including immune response, cell apoptosis, cell differentiation, and proliferation. In the present study, the PIAS in the pearl oyster Pinctada fucata martensii was characterized. The sequence features of PmPIAS were similar to that of other PIAS sequences with PIAS typical domains, including SAP, Pro-Ile-Asn-Ile-Thr (PINIT), RLD domain, AD, and S/T-rich region. Homologous analysis showed that PmPIAS protein sequence showed the conserved primary structure compared with other species. Ribbon representation of PIAS protein sequences also showed a conserved structure among species, and the PINIT domain and RLD domain showed the conserved structure compared with the sequence of Homo sapiens. The expression pattern of PmPIAS in different tissues showed significant high expression in the gonad. PmPIAS also exhibited a significantly higher expression in the 1 and 2 days after cold tolerance stress (17°C) and showed its potential in the cold tolerance. The SNP analysis of the exon region of PmPIAS obtained 18 SNPs, and among them, 11 SNPs showed significance among different genotypes and alleles between cold tolerance selection line and base stock, which showed their potential in the breeding for cold tolerance traits.

Keywords: Pinctada fucata martensii, PIAS, cold tolerance, SNPs, expression pattern


INTRODUCTION

In aquaculture, changes in temperature influence the growth, development, reproductive ability, and survival of organisms (Viergutz et al., 2012; Aagesen and Hase, 2014). The fluctuating temperature could compromise and alter the immune function and cause bacteria to proliferate and accumulate in tissues, leading to diseases and stress (Yu et al., 2009). Pearl oysters as warm-water shellfish species were cultured in natural seas and exposed in diverse temperature ranges and their corresponding effects (Adzigbli et al., 2020b). Pinctada fucata martensii, as the main marine pearl called “South China sea pearls” production in China (Yang et al., 2019; Zhang et al., 2021), hold a low enduring capacity to extreme temperatures and just hold an optimal range of 23–28°C (Deng et al., 2010). During pearl culture, the juvenile of pearl oyster is transferred to a culturing site in the sea and thus exposed to various environmental perturbations that affect its survival and growth in the natural sea (Hao et al., 2019; Adzigbli et al., 2020b). The sensitivity of pearl oysters to temperature change has limited their culture area, which in turn affects the pearling industry. Therefore, understanding the response mechanism of the pearl oyster to environmental stress and exploring the genetic mechanism of cold tolerance in pearl oyster are essential for the breeding production.

Recently, multiple researches were performed to explore the mechanism of temperature stress such as Mytilus galloprovincialis, Mytilus trossulus, and Crassostrea gigas, and plenty of genes were identified especially genes like HSPs or HSP-related genes (Ioannou et al., 2009; Fields et al., 2012; Zhu et al., 2016). Through the analysis of high-throughput data, cellular senescence, homeostatic flexibility, inhibition of apoptosis, lysosome protein-encoding genes, and immune-related genes participated in the process of temperature tolerance (Ibarz et al., 2010; Zhu et al., 2016; Wang et al., 2018). Liu et al. (2018) showed that stearoyl-CoA desaturase showed a significantly higher expression in the low temperature tolerance, which showed the potential function of monounsaturated fatty acid in the response of temperature (Liu et al., 2018). Although many genes and related metabolic pathway have been reported to be involved in temperature stress, small genetic markers that are important for breeding were screened.

Pearl oysters rely on their innate immunity in response to diverse stress including cold tolerance and diseases (Adzigbli et al., 2020a). The protein inhibitor of activated signal transducer and activator of transcription (PIAS) is a key small ubiquitin-related modifier protein (SUMO) E3 ligase, which participates not only in cytokines but also in various immune signaling pathways (Shuai and Liu, 2005) and may be involved in diverse immune response to stimuli. In addition, extreme temperatures have been known to influence apoptosis, with PIAS protein performing this function in various organisms. PIAS proteins could modulate the function and localization of many proteins, including many components of two important pathways, the NF-κB and JAK-STAT signaling pathway (Schmidt and Müller, 2002; Shuai and Liu, 2003). Furthermore, diverse functions have been ascribed to PIAS in vertebrates and invertebrates including immune response, cell apoptosis, cell differentiation, and proliferation (Duval et al., 2003; Myllymäki and Rämet, 2014). Duck PIAS2 could interact with duck interferon regulatory factor 7 and inhibits IFN-β promoter activation induced by the duck IRF7 (Zu et al., 2020). Amphioxus PIAS inhibits NF-κB by binding with upstream signaling adaptor TICAM-like and MyD88 (Wang et al., 2017). Although most of the PIAS research has focused on model species like Drosophila and mammals, some information is available for aquatic organisms like shrimp Litopenaeus vannamei (Zhang et al., 2019). In the present study, the E3 SUMO-protein ligase PIAS in the pearl oyster P. f. martensii, a bivalve mollusk, was characterized, and its exon region SNPs related to temperature stress were also investigated to explore its potential in the breeding program for the cold tolerance.



MATERIALS AND METHODS


Experimental Samples

In the present study, P. f. martensii was sampled and acquired from Xuwen, Zhanjiang, Guangdong Province, China (20°250′ N, 109°570′ E). Six individuals about 1.5 years old with shell length ranging from 5 to 6 cm were utilized for tissue expression pattern including adductor muscle (A), gill (GI), hepatopancreas (HE), mantle (M), foot (F), and gonad (GO). For the expression analysis of PmPIAS in cold tolerance, a total of 150 individuals about 1.5 years old with shell length ranging from 5 to 6 cm were collected and cultured. The water temperature was set at 17°C as cold tolerance and 22°C as control group according to the previous research of Liu et al. (2018) and Wang et al. (2018). The salinity was 30‰. During the experiment, the pearl oysters were cultured with the same amounts of single-cell algae. Eight individuals from both groups were randomly obtained at 6 h, 1, 2, 3, 5, 10, and 15 days. GI tissues were collected for further analysis.



Gene Cloning and Sequence Analysis of PmPIAS

A partial sequence of the PIAS gene used for cloning was acquired from P. f. martensii genome data (Du et al., 2017). RACE technology was utilized for the full length of the PmPIAS gene. In order to obtain the template for the nested PCR, the total RNA was extracted with Trizol reagent (Invitrogen). SMARTTM RACE cDNA amplification kit was used to prepare 5′ and 3′ RACE templates that were amplified via nested PCR to acquire the full-length sequence of PmPIAS with primers in Table 1. The PCR product was detected using 1% agarose electrophoresis. The gene fragments with appropriate length were sequenced, jointed with DNAMAN software, and then analyzed with BLAST1. Open reading frame (ORF) was obtained with ORF finder tool2. PIAS protein sequence analysis from different species was performed by Clustal omega3, SMART4, PHYRE25, and Chimera 1.13.1.


TABLE 1. Primers used in the present study.
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PmPIAS Expression Pattern in Tissues, Development, and Cold Tolerance

Real-time quantitative PCR (qRT-PCR) analysis was performed with Thermo Scientific DyNAmo Flash SYBR Green qPCR Kit (Thermo Scientific) in Applied Biosystems 7500/7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, United States) to identify the expression pattern of PmPIAS. Expression analysis of different tissues was performed. The qRT-PCR program was 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s according to the manufacturer’s instructions (Lei et al., 2017). Different stages of development from transcriptomes were collected and analyzed for the expression profiles of PmPIAS (Du et al., 2017). Expression pattern of eight individuals from different time points after cold tolerance was performed. Primers used in the present experiment are shown in Table 1.



SNP Screening of PmPIAS

The pearl oysters utilized for the SNP screening were sampled from the third line selected for resistance to cold tolerance. In September 2013, pearl oysters were sampled from a base stock farm in Leizhou of Zhanjiang, Guangdong. The oysters were transported to Nan’ao Island of Shantou, Guangdong, with a temperature of 2–3°C lower than that in Leizhou of Zhanjiang, Guangdong, and cultured in the natural sea. The pearl oyster stayed over winter at Nan’ao Island of Shantou, and the endured individuals were utilized to culture the first line in April 2014. The procedures for larval, juvenile, and adult rearing were explained by Deng et al. (2010). In November 2015 and April 2017, low-temperature resistant selection lines F2 and F3 were cultivated in accordance with the same route. In November 2018, adductor muscles of samples were obtained from the low-temperature resistant selection line (R) and the base stock (W) (shell length ranging from 5 to 6 cm). DNAs from W and R were extracted for SNP identification in the exon region of PmPIAS with the method of resequencing (Lei et al., 2019; Yang et al., 2020), and the data were deposited in European Variation Archive, accession number PRJEB43188.



Statistical Analysis

Popgene32 software was used to calculate the number of alleles, the expected heterozygosity (He), the allele frequency, the effective number of alleles (Ne), and the observed heterozygosity (Ho). PIC software was used to calculate the polymorphism information content of the SNP loci (Yang et al., 2020). Statistical differences in SNPs between the R and W were obtained using chi-square test on SPSS 16.0 software (Chicago, IL). The expression of PmPIAS at tissues and different time points after cold tolerance was calculated using the 2–Δ Ct method with β-actin gene as the reference gene and then analyzed by SPSS 16.0. P < 0.05 was considered statistically significant.



RESULTS


Cloning and Sequence Analysis of PmPIAS

The full length of PmPIAS was 2,313 bp with 5′UTR of 14 bp and 3′UTR of 337 bp. The ORF of PmPIAS was 1,962 bp, encoding 653 amino acids (Figure 1). The deduced aa sequence of PmPIAS featured a theoretical molecular weight of 70.53 kDa. Domain analysis showed that PmPIAS had typical PIAS domains, including SAP, PINIT, RLD domain, AD, and S/T-rich region. The complete sequence of PmPIAS was deposited in GenBank under the accession number MW326754.
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FIGURE 1. Nucleotide sequence analysis of PmPIAS. 5′UTR and 3′UTR are indicated in small letters. ORF and deduced amino acid sequences are indicated in capital letters. Sequence in yellow, light blue, green, dark green, and purple background represents SAP, PINIT, RLD domain, AD, and S/T-rich region, respectively.




Structural and Homologous Analysis

Homologous analysis was performed with PIAS sequence from Crassostrea virginica (XP_022331287.1), Mizuhopecten yessoensis (XP_021340266.1), Octopus vulgaris (XP_029634642.1), and Lingula anatina (XP_013385044.1) to determine the homology of PmPIAS with other species. The results showed that PmPIAS had the highest identity with C. virginica (75.75%) (Figure 2). The PmPIAS hold the identities of 60.67, 64.38, and 61.43%, compared with M. yessoensis, O. vulgaris, and L. anatine, respectively. The predicted structural organization of PIAS was performed among C. virginica (XP_022331287.1), M. yessoensis (XP_021340266.1), O. vulgaris (XP_029634642.1), and L. anatina (XP_013385044.1). PmPIAS protein sequence showed the conserved primary structure compared with other species (Figure 3).
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FIGURE 2. Multiple-sequence alignment and structural organization of PmPIAS aa sequences. Dark blue background indicates conserved aa, pink background indicates aa with strong similarity, light blue indicates aa with weak similarity, and the numbers on the right show the position of sequence alignment. The frame showed the conserved motif (LXXLL). The accession numbers for sequences used in this alignment and structure analysis are as follows: Crassostrea virginica (XP_022331287.1), Mizuhopecten yessoensis (XP_021340266.1), Octopus vulgaris (XP_029634642.1), and Lingula anatina (XP_013385044.1).
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FIGURE 3. The structural organization analysis of PmPIAS. The frame of yellow, light blue, green, dark blue, and red represents SAP, PINIT, RLD domain, AD, and S/T-rich region, respectively. Accession numbers for sequences used in this alignment and structure analysis are as follows: Crassostrea virginica (XP_022331287.1), Mizuhopecten yessoensis (XP_021340266.1), Octopus vulgaris (XP_029634642.1), and Lingula anatina (XP_013385044.1).




PIAS Advanced Structure Analysis of Different Species

The PIAS protein sequences from P. f. martensii, C. virginica (XP_022331287.1), M. yessoensis (XP_021340266.1), O. vulgaris (XP_029634642.1), L. anatina (XP_013385044.1), and H. sapiens (AAI11061.1) were submitted to Phyre server for homology modeling. Ribbon representation of these protein sequences showed similar structure. Furthermore, the PINIT domain and RLD domain showed the conserved structure compared with the sequence of Homo sapiens (Figure 4).
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FIGURE 4. Ribbon representation of PIAS protein sequences from different species. (A–F) Show the protein sequences from P. f. martensii, Crassostrea virginica (XP_022331287.1), Homo sapiens (AAI11061.1), Lingula anatina (XP_013385044.1), Mizuhopecten yessoensis (XP_021340266.1), and Octopus vulgaris (XP_029634642.1), respectively. The blue and green represented the PINIT and RLD domains, respectively.




Expression Analysis of PmPIAS in Tissues, Development, and Cold Tolerance

qPCR analysis was conducted to ascertain the PmPIAS expression in the various tissues examined (Figure 5A). The result showed that PmPIAS hold the significant high expression in GO compared with other tissues. Analysis of the developmental transcriptome of P. f. martensii indicated that PmPIAS was widely expressed in the development stages and showed high expression in trochophore, followed by fertilized egg and juveniles (Supplementary Figure S1). The temporal expression of PmPIAS under cold tolerance stress was examined via qPCR. The most significant high expressions among the different time points were observed at 1 and 2 days (Figure 5B).
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FIGURE 5. Expression pattern of PmPIAS in tissues and cold tolerance. (A) Presents the expression pattern of PmPIAS in tissues. M, mantle; F, foot; GI, gill; GO, gonad; A, abductor muscle; HE, hepatopancreas. (B) Shows the expression pattern of PmPIAS under cold tolerance stress (17°C). Columns with different letters are significantly different (P < 0.05).




Genetic Polymorphism Analysis of SNPs From PmPIAS Exon Region

Eighteen SNP loci were identified in the exon region of PmPIAS. The polymorphism information of these SNP loci was analyzed, and the results showed that the PIC ranged from 0.1038 to 0.3749. Among them, nine SNPs with low polymorphism (PIC < 0.25) and nine SNPs with moderate polymorphism (0.25 < PIC < 0.5) were found. Ho ranged from 0.1167 to 0.6000. The range of He is 0.1108–0.3749. HWE analysis indicated that 18 SNP did not deviated from HWE (P > 0.05) (Table 2).


TABLE 2. Polymorphism analysis of SNPs in PmPIAS.
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SNP Analysis of Genotype and Allele From PmPIAS Between R and W

A total of 18 SNP sites were detected in the exon region of PIAS, 11 of which significantly differed between W and R (P < 0.05). Among them, the frequencies of genotype TT of g.4900234 was 70% in the R, and 26.7% in the W; the genotype CT of g.4900243 in the two lines were 40 and 3.3%, respectively. The frequencies of genotype GG of g.4903720 in the W and R were 50 and 6.67%, respectively. The frequencies of genotype CT of g.4904822 in the W and R were 56.7 and 10%, respectively (Table 3). These results indicated the potential of the 11 SNPs in cold tolerance selection program.


TABLE 3. Analysis of PmPIAS SNPs in R and W.
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DISCUSSION

As a member of the negative regulators of the JAK/STAT signaling pathway, PIAS participates in the regulation of immune responses, which showed its potential in response to cold tolerance. However, in the bivalve, limited reports have been researched about PIAS proteins. In the present study, a PIAS gene from P. f. martensii was cloned and SNPs in the exon region of PmPIAS were obtained to explore the genetic information for breeding.

Researches have reported that the PIAS protein family exhibit high similarity in conserved domains including the conserved RLD, PINIT motif, C-terminal Ser/Thr amino acids enriched region (S/T), AD, and LXXLL signature motif in the SAP domain (Duval et al., 2003; Suzuki et al., 2009). Among them, SAP domain aids the function of the PIAS gene, which is associated with sequence- or structure-specific DNA binding (Aravind and Koonin, 2000). The LXXLL signature motif was found to mediate the interactions between nuclear receptors and their coregulators (Glass and Rosenfeld, 2000). RLD domain is required for the SUMO-E3-ligase activity of PIAS proteins and may be involved in the interaction with other proteins (Kotaja et al., 2002). Amphioxus PIAS inhibited NF-κB activation by co-localizing and binding with TRAF6, and the interaction relied on the N-terminal SAP and PINIT domains of PIAS (Fu et al., 2020). PIASy binds to MafA through the SAP domain and negatively regulates the insulin gene promoter through a novel SIM1-dependent mechanism (Onishi and Kataoka, 2019). In the present study, the protein sequence feature of PmPIAS also contained all conserved domains and motifs, which were consistent with PIAS proteins from other species like Crassostrea virginica, Mizuhopecten yessoensis, Octopus vulgaris, Scylla paramamosain, and Lingula anatina (Shuai, 2006; Huang et al., 2015). Advanced structure analysis of PIAS proteins from H. sapiens and bivalve also showed the conserved structure of PINIT and RLD domains in the PmPIAS. Therefore, PmPIAS may be a member of the PIAS protein family.

PIAS protein participates in regulating various immune signaling pathways and immune response to stimuli (Shuai and Liu, 2005). In L. vannamei, LvPIAS exhibited an immune response function after bacteria and virus stimulation with a significant expression pattern within 48 h post-stimulation and inhibited the transcriptional activity of LvSTAT, which indicated that there was a feedback loop between LvSTAT and LvPIAS (Zhang et al., 2019). PIAS of Scylla paramamosain was involved in the pathogen-resistant activities of mud scab (Huang et al., 2015). Expression pattern of PmPIAS in the different tissues and developmental stages indicated that this gene may play an important role in the life process of P. f. martensii. Xenopus PIAS plays important roles in mesodermal induction and patterning during early frog development (Burn et al., 2011). After cold tolerance, PmPIAS expressed significantly highly at the early time points to respond to the stress, which indicated its important function in the cold tolerance stress response. In the Arabidopsis, the ectopic expression of IZ1 (a SIZ/PIAS-Type SUMO E3 Ligase) could also improve the cold tolerance (Li et al., 2020). Researches have reported that, after low temperature tolerance, Pm-SCD, Pm-HK, and PmHSP70 genes showed a significantly higher expression at different time points compared with the control group, which means the pearl oysters utilized different biological processes at different times to respond to the low temperature tolerance (Liu et al., 2018, 2019a,b). Temperature tolerance has been reported to induce the immune system, and transcriptome analysis of low water temperature stress showed that several immune-related genes and pathways were presented in response to exposure to low temperatures in pearl oysters (Wang et al., 2018). Immune-related genes were also upregulated after cold exposure of Drosophila melanogaster and suggested that immunomodulation plays an important role in response to cold stress (Zhang et al., 2011; Tusong et al., 2017). Previous studies reported that PIAS could bind to the transcription factor STAT in the cytoplasm and then inhibit the DNA-binding activity with downstream genes especially immune-related genes and pathways in mammals, jawless fishes, and some crustaceans (Kotaja et al., 2002; Niu et al., 2018; Li et al., 2020). Therefore, PmPIAS may participate in the cold tolerance through involvement in the immune activity.

In order to explore the potential of PmPIAS in the breeding program for the cold tolerance selection, exon region SNPs of PmPIAS were identified. Various studies have reported that particular environmental stresses increase SNPs. Different cold tolerances for Nile tilapia strains from Ghana, Egypt, and Ivory Coast suggest the influence of geographic location and natural selection on cold tolerance in tilapia (Sifa et al., 2002). The further the geographic location from the equator, the more cold-tolerant the strain of Nile tilapia. The two sequenced natural populations of bay scallop Argopecten irradians presented a substantial difference in T allele frequency implying that the SNP all-53308-760 T/C may have been subjected to natural selection for temperature adaptation, and the higher frequency of T allele in the southern subspecies is the consequence of local adaptation (Du et al., 2014). In the present study, 11 SNP sites were found in the exon region of PmPIAS, and they demonstrated significant differences between the R and W in genotype and allele. Accumulating evidence suggested that genetic polymorphisms in the coding regions could affect protein activity or effect of translation (Gottler et al., 2008; Frydenberg et al., 2010). The SNPs detected in the present study may provide a potential site for the cold tolerance selection in the future.



CONCLUSION

The full-length characterization of PmPIAS showed its conserved primary and advanced structures in the protein sequence. Expression analysis demonstrated the wide distribution of PmPIAS in pearl oyster and showed a significant increase after cold tolerance. Eighteen SNPs were identified in the exon region of PmPIAS, and 11 SNPs showed the potential in the cold tolerance breeding of pearl oysters. This study provided a potential molecular marker for the selective breeding of cold tolerance of P. f. martensii.
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Fertilized Zhikong scallop (Chlamys farreri) eggs were treated with cytochalasin B (CB 0.5 mg/L) at 14–15 min postfertilization to inhibit first polar body formation. The eggs were then stained with fluorescein isothiocyanate (FITC) -anti-α-tubulin and propidium iodide (PI) to examine their microtubule patterns and chromosome, respectively. Fluorescent microscope observations of treated eggs sampled every 2–3 min during meiotic maturation revealed meiotic apparatus assembly and correlated chromosome segregation. In CB-treated groups, meiosis I proceeded normally and produced two groups of dyads, with 19 in each group. Both dyad groups were retained in the eggs as they entered meiosis II. Two, three, or four asters (centrosome with microtubules around it) in meiosis II rearranged the spindle in several patterns: bipolar [24.0 ± 4.1 μm (long axis) × 18.3 ± 4.1 μm (diameter: metaphase plate)], tripolar (18.6 ± 3.9 μm × 9.9 ± 1.3 μm), separated bipolar (18.3 ± 2.8 μm × 11.2 ± 1.8 μm), and other unclassified spindle patterns. Corresponding chromosome segregation, including bipolar (18.9%), tripolar (38.9%), double bipolar (16.5%), and unclassified (25.6%), was observed during meiosis II in CB-treated eggs. The data indicated that chromosome segregation patterns determined by spindle patterns were critically influenced by the number of centrosomes in meiosis II eggs following inhibition of polar body 1 (PB1) formation with CB.

Keywords: Chlamys farreri, polyploid, meiotic spindle, chromosome segregation, cytochalasin B


INTRODUCTION

Chromosome manipulation of marine bivalves has received considerable research interest. Following inhibition of polar body 1 (PB1) formation, tetraploids have been reported in Manila clam Ruditapes philippenarum (Li et al., 2017), Pacific abalone Haliotis discus hannai (Arai et al., 1986), American oyster Crassostrea virginica (Stanly et al., 1981), Pacific oyster Crassostrea gigas (Stephens and Dowing, 1988; McCombie et al., 2005), Hong Kong oyster Crassostrea hongkongensis (Qin et al., 2018), pearl oyster Pinctada martensii (He et al., 2000), and other mollusk species (Yamamoto and Sugawara, 1988; Guo and Allen, 1994; Yang et al., 2000a; Tan et al., 2017). When PB1 formation was blocked in C. gigas zygotes, observations of chromosome segregation revealed possible mechanisms of different ploidy formation (Guo et al., 1992). Previous studies of the effect of blocking PB1 formation on the subsequent chromosome segregation in fertilized eggs from triploid C. gigas revealed various segregation patterns during meiosis II, including tripolar segregation, united bipolar segregation, and separated bipolar segregation (Que et al., 1997). Yang et al. (2000b) used a hematoxylin staining method to analyze chromosome segregation in fertilized Zhikong scallop (Chlamys farreri) eggs following blocking of PB1 formation by cytochalasin B (CB). They hypothesized that centrosomes and spindles might play an important role in meiosis. However, this hypothesis was not supported by cytological observations based on immunofluorescent staining (Que et al., 1997).

In this study, a new fluorescent staining method for eggs of marine bivalves was established using fluorescein isothiocyanate (FITC)-anti-α-tubulin and propidium iodide (PI); these agents allow for observation of spindles and chromosomes, respectively. Asters, which are the meiotic apparatuses that assemble spindles and coordinate chromosome segregation, were observed in fertilized eggs from normal diploids when PB1 formation was blocked with CB. The probable cytological explanation for the production of tetraploids was documented, and the hypothesis that centrosomes and spindles are the primary factors controlling patterns of chromosome segregation was tested.



MATERIALS AND METHODS


Gametes

In this study, 2-year-old Zhikong scallop breeders were collected from Qingdao, Shandong, China. The scallops were conditioned indoors until the gonads reached maturity. Gametes were obtained from several parent scallops through natural spawning. Eggs were filtered through a 60 μm Nytex screen to remove gonadal tissue and debris, and washed twice in sea water, then re-suspended in 4 L seawater at 20°C, at which time they were ready for fertilization. Sperm were filtered through a 25 μm screen to remove tissue debris. For fertilization, sperm were added to the egg suspension at a final density of 5–7 sperm per egg. All fertilizations and incubations were conducted at 20°C in filtered seawater.



Cytochalasin B Treatment

Two experimental groups were established: In the first group, fertilized eggs were allowed to develop normally, and these served as the control. In the second group, fertilized eggs were treated with 0.5 mg/l CB in 0.05% dimethylsulfoxide (DMSO), and these served as the treated group. In the treated group, CB was added to egg suspensions just before insemination, immediately following PB1 formation, or during the PB1 forming period [14–15 min post-fertilization (PF), at which time PB1 had occurred in the control]. The CB treatment was stopped as soon as PB2 was observed in the control group (33–35 min PF). Zygotes were washed twice and suspended in fresh seawater. The fertilized eggs in the control group were suspended in DMSO at a final concentration of 0.5 g/L. The experiment was repeated twice using different parent scallops.



Immunofluorescent Staining

Fertilized eggs from both the control and CB-treated groups were sampled every 2–3 min during development until 40 min PF. Samples were directly fixed using formaldehyde fixative [4 g polyformaldehyde dissolved in 100 mL 0.2 mol/L phosphate buffered saline (PBS)], which was changed twice, and the samples were stored at 4°C for analysis.

Specimens were permeabilized with 0.5% Triton X-100 for 40 min and then washed twice in PBS and suspended into RNase solution for 60 min at a final concentration of 200 μg/ml. Specimens were incubated in 3% bovine serum albumin (BSA) in PBS for 1 h, followed by 1 h incubation in FITC-anti-α-tubulin (1/50 dilution, Sigma). Specimens were washed twice in PBS, incubated in PI (10 μg in 1 mL PBS, Sigma) for 10 min, rinsed in PBS, and then transferred into a drop of mounting medium (2% DABCO in 90% glycerol in 0.1 mol/L Tris–HCl, pH 7.4) on clean slides. A clean cover glass was placed gently on the sample.

Slides were examined under a Nikon Eclipse 50i fluorescent microscope. Photographs were taken using a CCD system. The length and width of the first and second meiotic spindles were measured for 50 samples. Spindle measurement data are presented as means ± SD.



RESULTS

Initially, normal (i.e., control) cells were observed in the metaphase of meiosis I with chromosomes anchored in the metaphase plate. The long axis of the first meiotic spindle was 27.2 ± 4.4 μm, and its diameter at the metaphase plate measured 14.8 ± 2.5 μm. In all specimens examined, the long axis of the spindle was positioned normal to the egg surface.

In the control group, the chromosomes began to segregate at about 9–10 min PF and then divided into two groups. One group of chromosomes condensed and was released as PB1. This was followed by reorganization of the second group of chromosomes onto the metaphase plate of the spindle in meiosis II. The size of the second meiotic spindle, including both the long axis (19.7 ± 3.7 μm) and diameter (9.4 ± 2.9 μm), was approximately 2/3 that of the first group of chromosomes that produced PB1 during meiosis I.

In the CB-treated group, meiotic apparatuses and chromosome segregation during meiosis I were similar to those in the control group, except PB1 formation was blocked in the majority of fertilized eggs. However, in the metaphase and anaphase of meiosis II, the meiotic apparatuses and chromosome segregation pattern differed greatly from those of the control group. Four typical spindle patterns were observed (bipolar, tripolar, separated bipolar, and unclassified), and they corresponded to four chromosome segregation patterns (bipolar, tripolar, separated bipolar, and unclassified).


Bipolar Segregation

The bipolar spindle (Figure 1A) formed in prophase II and was followed by reorganization of the chromosomes onto the metaphase plate of the spindle. All chromosomes segregated in a bipolar pattern in the anaphase, just like normal meiosis II, and they divided into two groups of chromosomes. One group was released as PB2 after CB treatment. The spindles, especially those along the metaphase plate, were a larger size than those in normal meiosis II (Table 1) and they had more polar microtubules. In all specimens examined, the spindle was positioned near the membrane with the long axis perpendicular to the cell surface.


[image: image]

FIGURE 1. Meiotic apparatuses assembling and correlated chromosome segregation observed in fertilized eggs from triploid Zhikong scallop, following inhibition of polar body I. (A) Bipolar segregation with bipolar spindles. (B,C) Tripolar segregation with tripolar spindles. (D,E) Separated bipolar segregation with two bipolar spindles. (F–L) Unclassified segregation with several types of spindles at low frequency.



TABLE 1. Spindle patterns and corresponding chromosome segregation patterns in meiosis II eggs from C. farreri following inhibition of PB1 with CB.
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Tripolar Segregation

All chromosomes were reorganized onto three metaphase plates of the tripolar spindle in metaphase II (Figure 1B). Chromosomes in each plate segregated in a bipolar pattern in the anaphase and eventually were concentrated at three poles, with a random number of chromosomes at each pole (Figure 1C). The spindle was shaped like an equilateral triangle, with the length of each side approximately equal to the long axis of spindles that formed at metaphase II in untreated eggs (Table 1 and Figures 1B,C).



Separated Bipolar Segregation

For separated bipolar segregation, two spindles were present near the surface of the zygote in metaphase II, with two groups of chromosomes in two metaphase plates, respectively. The chromosomes were segregated in a normal bipolar pattern in anaphase II (Figures 1D,E). The size and shape of the two spindles in a given egg were similar. However, the length was appreciably smaller and the diameter at the metaphase plate was appreciably larger than those of spindles that formed at metaphase II in untreated eggs (Table 1).



Unclassified

In addition to the above segregation patterns, other unclassified patterns were observed, but these segregation patterns were not in disorder. Spindles observed in these eggs were present in special structures and were not similar (Figures 1F–L). Examples include three spindles joined together by two communal centrosomes (Figure 1F); three spindles joined together by only one communal centrosome (Figure 1F); two spindles of different sizes joined together by one communal centrosome (Figures 1I,L); and tetrapolar spindles with four centrosomes in the shape of a square (Figure 1J). Generally, dissociative asters were observed in several zygotes except for zygotes in which the spindle inside had four poles (Figure 1K). Some dissociative asters organized chromosomes onto the asteral microtubules.

The frequencies of the three segregation patterns in meiosis II were calculated based on observations of the meiotic apparatuses of fertilized eggs for which PB1 had been blocked (Table 1). Table 1 also shows the spindle measurements from meiosis II.



Asters

Aster number was counted when chromosome segregation in eggs treated with CB was examined. Zygotes of treated groups had two, three, or four asters (Table 2), and several zygotes (2–3%) contained dissociative asters.


TABLE 2. Percentage of fertilized C. farreri eggs with a specific number of asters in meiosis II following inhibition of PB1 with CB.
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DISCUSSION


Double Staining Method

Immunofluorescence is used to study microtubule skeletal structure, spindles, and centrosomes in the fertilized eggs of many animals (Zhu et al., 2008). We developed a new modified immunofluorescent double staining method using FITC-anti-α-tubulin and PI to observe the assembly of meiotic apparatuses and the correlated chromosome segregation in fertilized C. farreri eggs. This method proved to be effective for simultaneous observation of spindles and chromosomes in C. farreri eggs and should be applicable to other marine bivalves. It offers both simplicity in slide preparation and high imaging definition (Li et al., 2009).

In a study of morphogenesis of maternal and paternal genomes in Pacific oyster eggs, Longo et al. (1993) used 7-aminoactinomycia D (7-AAD) and anti-β-tubulin to examine DNA; however, it is difficult to examine spindle formation and chromosome segregation patterns in one zygote because of unsynchronous spindles. Komaru et al. (1990) and Aya et al. (2017) used 4′6-diamidino-2-phenylindole (DAPI) to study chromosomes of pearl oysters. PI used in this study produced high luminance but poor contrast. Consequently, we used BSA and RNase solution to decompose RNA and enhance contrast. Compared with staining methods using orcein or hematoxylin, our new staining method allows observation of meiotic apparatuses, including spindles and chromosomes, but it is difficult to count the number of chromosomes due to low definition.



Spindles and Chromosome Segregation

Fan et al. (2002) reported that the meiotic cell cycle progression of rat oocytes is accompanied by extensive rearrangement of the microtubule network of the cell. The fertilized oocyte of C. elegans assembles two consecutive acentrosomal meiotic spindles that function to reduce the replicated maternal diploid set of chromosomes to a single-copy haploid set (Muller-Reichert et al., 2010). Our observations of meiotic apparatuses in Zhikong scallop zygotes with PB1 blocked illustrated that chromosome segregation patterns were determined by spindle patterns. Spindles with a given shape organized chromosomes according to their specific character. For example, when a tripolar spindle was present, all chromosomes were reorganized onto three metaphase plates during the metaphase and separated into six groups during anaphase II (Figures 1B,C). In the case of a separated bipolar spindle, two groups of chromosomes reorganized onto two metaphase plates of two separate spindles and separated into four groups during anaphase II (Figures 1D,E). In eggs from both Zhikong scallop and American oyster C. virginica (Hotta et al., 2017), the percentage of each chromosome segregation pattern calculated based on spindle type was approximately equal to that based on chromosome distribution.

Among the three main types of meiosis II spindles in C. farreri eggs with PB1 blocked by CB treatment, the bipolar spindle was the largest; it even had a greater diameter than that of normal meiosis I spindles at the metaphase plate. The number of chromosomes on the bipolar spindle was twice that of a normal bipolar spindle during meiosis II. Accordingly, it also was nearly twice the diameter at the metaphase plate. In contrast, the tripolar spindle, separated bipolar spindle, and normal spindle were similar in length and diameter at the metaphase plate during meiosis II (Table 1). However, the diameter at the metaphase plate of separated bipolar spindles was appreciably larger than that of bipolar spindles. We conclude that (1) the long axis in meiosis II was shorter than that in meiosis I regardless of the separation pattern.

Previous studies of the effect of blocking PB1 on subsequent chromosome segregation in diploid eggs using the squashing method revealed an unsynchronized segregation pattern. One group of dyads from meiosis I remained as sister chromatids, whereas the other group of dyads was divided and moved toward opposite poles (Yang et al., 2000a). In this study, we observed dissociative asters in several zygotes (1%–2%), and some dissociative asters organized chromosomes onto the asteral microtubules (Figure 1K). The method used in this study failed to reveal if the chromosomes fixed on dissociative asters were dyads.



Centrioles and Spindles

Centrioles are intimately involved in the formation of meiotic spindles in Mytilus edulis (Longo and Anderson, 1969), Spisula solidissima (Longo and Anderson, 1970), and mouse oocytes (Bennabi et al., 2018). The role of centrioles in establishing tripolar meiotic apparatuses was also suggested in a recent investigation of the effect of CB during meiotic maturation of diploid eggs from C. gigas (Longo et al., 1993). In mammals, centrioles in PB1 can divide normally under appropriate conditions (Fan, 1999). In addition, centrioles and associated proteins may regulate microtubule organization and spindle pole integrity in mouse oocytes (Yuan et al., 2009).

This study illustrated that the behavior of centrioles was ultimately responsible for the observed spindle and chromosome segregation patterns. Normally, the centrosome from sperm does not participate in meiosis (Sluder et al., 1993). With PB1 blocked in eggs, we observed that aster number ranged from two to four (Table 2) depending on whether the centrosomes replicated. Two asters resulted in bipolar spindles (Figure 1A); three asters resulted in tripolar spindles and some of the unclassified spindle patterns (Figures 1B,C,I,L), and four asters resulted in separated bipolar spindles and some of the unclassified spindle patterns (Figures 1D–H,J,K).
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Environmental microbiota plays a vital role in the intestinal microbiota of aquatic organisms. However, data concerning the association between the intestinal microbiota of pearl oyster Pinctada fucata martensii and the surrounding seawater are limited. The existing bacterial communities in pearl oyster intestine and surrounding water from two sites (D and H, within Liusha Bay in Guangdong, China) were investigated using 16S rRNA-based sequencing to explore the relationship among the two. D located in the inner bay, and H located in the open sea area outside bay. Results revealed the richness and diversity of pearl oyster intestinal microbiota to be less than those of the surrounding water, with 38 phyla and 272 genera observed as a result of the classifiable sequence. The microbiota compositions in the intestine and the surrounding water were diversified at the phylum and genus levels, with the sequencing data being statistically significant. However, the functional prediction of microbiota emphasized the overall similarity in the functional profile of the surrounding seawater and intestinal microbiomes. This profile was associated with metabolism of cofactors and vitamin, carbohydrates metabolism, amino acids metabolism, metabolism of terpenoids, and polyketides, metabolism of other amino acids, lipids metabolism, and energy metabolism. Seven common operational taxonomic units (OTUs), which belonged to phyla Tenericutes, Cyanobacteria, and Planctomycetes, were noted in the intestines of pearl oysters from two different sites. These OTUs may be affiliates to the core microbiome of pearl oyster. Significantly different bacterial taxa in the intestines of pearl oysters from two different sites were found at the phylum and genus levels. This finding suggested that the bacterial communities in pearl oyster intestines may exhibit some plasticity to adapt to changes in the surrounding water-cultured environment. This study generally offers constructive discoveries associated with pearl oyster intestinal microbiota and provides guidance for sustainable aquaculture.

Keywords: Pinctada fucata martensii, bacterial community, intestine, environmental microbiota, 16S rRNA-based sequencing


INTRODUCTION

Symbiotic associations observed between macroorganisms and bacteria (among other microbes) are ubiquitous and extensively researched. These microbial symbionts provide a number of probiotic functions (i.e., immunological regulation, defense against pathogens, and enhanced nutritional efficiency) to the host aiding homeostasis and health (O’Brien et al., 2019; Rausch et al., 2019; Simon et al., 2019). Therefore, microbiota is considered a vital part of the host physiology, and balanced intestinal microbiota is critical to the health of the host (Belkaid and Hand, 2014; Fan and Li, 2019). Previous studies revealed that the composition of the microbial community associated with the host is not random nor probabilistic but usually determined by the host phylogeny and living environment (Cárdenas et al., 2014; Brooks et al., 2016; Carrier and Reitzel, 2018). Swift progresses in sequencing technology and a reduction in its associated cost has prompted an upsurge in microbiome research, aiming at multiple organisms and environments (Caporaso et al., 2011). Aquatic animals, such as sponges (Fan et al., 2013), oysters (Laroche et al., 2018), crustaceans (Zhang et al., 2016; Gao et al., 2019), and fish (Shi et al., 2019), have been extensively investigated in recent years. Unlike terrestrial organisms, aquatic organisms are directly prone to water-cultured environment, wherein microorganisms are the vital constituents of nutrient cycling, productivity, and water quality and play an imperative function in defining the fitness of aquaculture organisms (Blancheton et al., 2013; Carbone and Faggio, 2016; Li et al., 2017). Therefore, establishing effective microbial and ecological strategies is essential for a sustainable aquaculture production and an in-depth and complete understanding of the characteristics of microflora in aquatic environments (Xiong et al., 2016). Numerous studies have examined microbial community variations that resulted from cultured environment variances (Zurel et al., 2011; King et al., 2012; Trabal et al., 2012; Fernández et al., 2014).

As a usual filter-feeder, bivalves ingest water-suspended particles, such as organic debris, bacteria, microzooplankton, and microalgae, as food sources (Yang et al., 2019b), and numerous bacteria predominant in seawater are first harbored in the algal culture. Thus, the bivalve larval microbiota comprise bacteria growing in seawater (Asmani et al., 2016), but some could come from the broodstock. Thus, understanding the relationship between the intestinal microbiota of bivalves and their cultured environment is crucial in determining the formation of intestinal microbial community and the adaptation of microorganisms in the intestine of the host to the environment. Although the relationships of bacterial communities in bivalve intestine and its aquaculture environment have been considered (Asmani et al., 2016; Lokmer et al., 2016; Laroche et al., 2018; Sun et al., 2019; Musella et al., 2020), those of pearl oyster intestine and its aquaculture environment have not been discussed. Pearl oyster (Pinctada fucata martensii) is a well-known filter feeder worldwide due to its capability to produce high-quality pearls (Yang et al., 2019a; Zhang et al., 2021). This species of oyster produces valuable pearls through biomineralization, succeeding the insertion of a mantle graft from a donor into the gonad of a recipient oyster together with a nucleus (He et al., 2020). Meanwhile, current studies have explored the genome (Du et al., 2017) and transcriptome (Hao et al., 2019; Zheng et al., 2019) to ascertain possible links to cultured pearl quality traits in P. f. martensii. However, data related to the peal oyster microbiome are currently unavailable. Therefore, characterizing the microbial composition of symbiont assemblages in P. f. martensii is critical because these microbial communities offer an important function in sustaining oyster fitness (Lokmer et al., 2016). This fitness, by extension, may consequently influence pearl quality (Cuif et al., 2018).

To address these issues, bacterial communities in pearl oyster P. f. martensii intestine and its aquaculture environment were investigated and analyzed in this study. The present work could also help accumulate basic data for the development of healthy breeding, disease prevention and control, and micro-ecological preparations and the optimization of feed formulations.



MATERIALS AND METHODS


Sample Collection

In September 2017, samples, including pearl oysters which were selected from our breed of the black shell-colored line, and surrounding water, were collected from two commercial farms H (20°48′N, 109°53′E) and D (20°25′N, 109°57′E) within the Liusha Bay (Supplementary Figure 1) in Guangdong, China. Liusha Bay is a semi-closed bay with a gourd shape, which is the largest marine pearl breeding base in China. D commercial farm located in the inner bay, the wind and waves are small, the water flow is gentle. H commercial farm located in the open sea area outside bay, the current is fast, the water is exchanged well. Forty healthy 2 year-old pearl oysters (P) with total weight of 42.91 ± 7.81 g were randomly selected from D and H. The intestines were dissected and rinsed with sterilized seawater. Each replicate included four intestines, and was put into a 2.0 mL sterile centrifuge tube, froze in liquid nitrogen and immediately stored at −80°C. Five water samples (W) were simultaneously selected from the two farms, 2 L seawater was prefiltered to remove large particles, then refiltered using a polycarbonate membrane with a pore size of 0.22 μm. Following filtration, the membrane was placed in a 2.0 mL sterile centrifuge tube, froze in liquid nitrogen and then stored at −80°C. In accordance with the grouping, the samples obtained from different locations were recorded as DP, DW, HP, and HW.



DNA Extraction, PCR Amplification, and Illumina MiSeq Sequencing

The total DNA of the intestinal and water samples was extracted using the OMEGA Stool DNA Kit (D4015-01). The quality of the DNA was verified via electrophoresis on 1.0% agarose gels and ethidium bromide staining. The purity and concentration of the extracted DNA was detected using NanoDrop, and it was stored at -20°C until further use. The extracted DNA from the individual samples was diluted to 2 ng/μL as a PCR amplification DNA template. Each sample DNA template was amplified using a bacterial 16S rDNA V4 region primer. The PCR reaction system and amplification conditions were conducted following Zhao et al. (2016).

Extracted amplicons from 2% agarose gels were purified with AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) in accordance with the manufacturer’s instructions and quantified using QuantiFluor-ST (Promega, United States). The purified amplicons were then pooled in equimolar and paired-end sequences (2 × 250 bp) on an Illumina MiSeq platform in accordance with the standard protocols.



Data Analysis

Raw FASTA files were de-multiplexed, quality filtered, and analyzed on QIIME 1.80. The 250 bp reads were truncated at sites of more than three sequential bases receiving a Phred quality score of < Q20. Any reads comprising ambiguous base calls or barcode/primer errors were rejected. Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff on UPARSE (version 7.1)1. Chimeric sequences were recognized and eliminated using UCHIME. The phylogenetic affiliation of each 16S rRNA gene sequence was analyzed using the RDP Classifier2 against the Silva 16S rRNA database under the confidence threshold of 70%. Transcriptomics raw data were deposited at NCBI, and the accession numbers were in Supplementary Table 1.

Alpha diversity was applied to analyze the species diversity complexity for a sample through numerous indexes, such as observed species, Chao1, Ace, Shannon, and Simpson. The sample complexity is proportional to the first four values, with a negative correlation with the Simpson value. Principal coordinate analysis (PCoA) was used to display the variances between the samples in accordance to the matrix of beta diversity distance. The close distance represents the similar species composition of the samples. Unweighted pair group method with arithmetic mean (UPGMA), a type of hierarchical clustering method that uses average linkage, was employed to deduce the distance matrix produced by beta diversity. Jackknifing analysis was performed to ascertain the robustness of the results to sequencing effort. In this analysis, 75% of the lowest sample sequences from individual samples were chosen haphazardly; the resultant UPGMA tree from this subset of data and the tree representative of the entire available data set were then compared on QIIME (v1.80). This comparison was repetitive with 100 arbitrary subsets of data and tree nodes to prove consistency across jackknifed datasets, which were considered robust. In addition, the figure was illustrated using R software (v3.1.1). PICRUSt recaptured the vital discoveries from the Human Microbiome Project and precisely predicted the richness of gene families in host-associated and environmental communities with quantifiable uncertainty using 16S information. PICRUSt 2 was used to perform the functional classification scheme of KEGG orthology and Clusters of Orthologous Groups (COGs).



Statistical Analysis

The statistical method was used to attain the abundant differences in microbial communities between samples, and false discovery rate (FDR) was obtained to assess the significance of the difference. The samples that caused diversity in species composition between the two groups were recognized on basis of the results. Statistical significance was analyzed at the genus and phylum levels among the groups using t-test. Metastats3 and R (v3.1.1) were used to decide the significance among samples in various taxonomies. The resultant p-value was adjusted using the Benjamini–Hochberg FDR correction.



RESULTS


Overview of 16S rRNA Gene Sequencing

Illumina MiSeq platform was used to sequence the bacterial 16S rRNA gene V4 regions and profile the microbiota between P. f. martensii intestine and the surrounding water. The raw data after quality check and chimera filtration produced a total of 1,879,032 high-quality sequencing reads from 30 samples, pertaining to four groups, with an average of 62,634 reads (Supplementary Table 2). The high-quality sequences with a sequence identity of 97% were grouped into a total of 2,222 OTUs with individual library containing diverse phylogenetic OTUs within a range of 628–1,042. The Good’s coverage of individual sample to approximate the wholeness of sequencing was 0.995 (from 0.994 to 0.996). This value shows that the identified sequences are representative of most bacteria identified in individual samples.



Overall Microbiota Structures

The 16S rRNA gene sequences presented the OTUs of all sample microbiota being classified into 38 prokaryotic phyla. A group annotated as “others” denoted sequences that did not fit into any category. As shown in Figure 1A, the relatively abundant phyla in all samples were Cyanobacteria (38.93%), Tenericutes (22.84%), Proteobacteria (18.41%), Bacteroidetes (8.97%), Planctomycetes (4.87%), Actinobacteria (3.34%), Verrucomicrobia (1.43%), and others (1.22%).
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FIGURE 1. (A) Bacterial community in all samples at the phylum level. Less than 1% abundance of the phyla was merged into others. (B) Comparison of OTUs in DP, DW, HP, and HW by Venn diagram.


A Venn diagram was created to categorize the predominant OTUs in the four groups and further investigate the predominant microbiota between the intestines and the cultured environments in all samples (Figure 1B). A total of 639 OTUs were shared among DP, DW, HP, and HW, representing 28.76% of the total reads. A total of 1,232 and 1,041 OTUs were shared between DP and HP and between DW and HW, representing 55.45 and 46.85% of the total reads, respectively. A total of 815 and 1,035 OTUs were shared between DP and DW and between HP and HW, representing 36.68 and 46.58% of the total reads, respectively.

The first 10 abundant OTUs in the four groups (DP, DW, HP, and HW) are presented in Table 1. In group DP, the relative abundance of the first 10 OTUs accounted for 78.87%, which belonged to Tenericutes (47.88%), Cyanobacteria (28.98%), Planctomycetes (4.52%), and Proteobacteria (1.28%). In group DW, the relative abundance of the first 10 OTUs accounted for 44.67%, which belonged to Proteobacteria (19.72%), Cyanobacteria (19.50%), Bacteroidetes (2.26%), and Actinobacteria (3.19%). In group HP, the relative abundance of the first 10 OTUs accounted for 56.35%, which belonged to Cyanobacteria (33.65%), Tenericutes (18.08%), Proteobacteria (2.19%), and Planctomycetes (2.44%). In group HW, the relative abundance of the first 10 OTUs accounted for 52.53%, which belonged to Cyanobacteria (34.69%), Proteobacteria (6.90%), Actinobacteria (6.21%), and Bacteroidetes (4.71%). Seven OTUs (OTU1, OTU2, OTU6, OTU7, OTU5, OTU8, and OTU3) with relative abundances ranked among the first 10 OTUs in the DP and HP groups. Among the top 10 OTUs, only one (OTU2) was shared by the DP and DW groups, and two (OTU2 and OTU274) were shared by the HP and HW groups.


TABLE 1. Top 10 abundant OTUs in DP, DW, HP, and HW.
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Bacterial Community Diversity

The richness and diversity indexes of the samples were calculated to demonstrate the complexity of individual sample (Supplementary Table 2). The diversity of samples was quantified using Shannon and Simpson indices. The Shannon index ranged from 2.3471 ± 0.5041 to 4.4266 ± 0.0605, whereas the Simpson index was from 0.0297 ± 0.0021 to 0.2935 ± 0.1175. The Sobs, Chao, and Ace indices were used to calculate the richness. The Sobs index ranged from 736.00 ± 93.47 to 952.40 ± 57.30, the Chao index ranged from 988.36 ± 108.37 to 1218.10 ± 38.73, and the Ace index ranged from 1012.05 ± 93.92 to 1250.08 ± 52.44. The richness and diversity of the bacterial species in the samples were arranged as follows: pearl oyster intestine < surrounding water, pearl oyster intestine in D < pearl oyster intestine in H, and surrounding water in D < surrounding water in H (Figure 2 and Supplementary Table 2).
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FIGURE 2. Richness and diversities of bacterial species in DP, DW, HP, and HW.


The difference and similarity in microbial communities of the samples were analyzed using Beta diversity. Figure 3A represents the hierarchical clustering tree of the samples, with those of the same group clustered together. PCoA was also used to analyze the similarity matrix of the samples with PC1 = 31.32% and PC2 = 17.18% of the total variations (Figure 3B). The samples within the same group were more closely clustered than those in the intergroup. Furthermore, two P. f. martensii intestine groups (DP vs. HP) tended to cluster closer than the P. f. martensii intestines and related surrounding water samples (DP vs. DW and HP vs. HW). Two surrounding water groups displayed a similar status.
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FIGURE 3. Hierarchical clustering tree (A) and principal coordinate analysis (PCoA) of the bacterial community (B) on the OTU level. The hierarchical clustering tree was calculated using the unweighted pair-group method with arithmetic mean (UPGMA) method, and the relationship between samples was determined using Bray distance and the average clustering method.


Among the four groups, the relative abundance of bacterial taxa was significantly different at the phylum and genus levels (Figures 4A,B for phylum and genus levels, respectively). In the 38 phyla identified, 33 from the four groups had p < 0.05, and the predominant phyla (with relative abundance of >5% in at least one sample) were Cyanobacteria, Proteobacteria, Bacteroidetes, Actinobacteria, Planctomycetes, and Tenericutes (Figure 4A and Supplementary Table 3). In the 272 genera identified, 208 had p < 0.05 in the four groups. The predominant genera (with relative abundance of > 1% in at least one sample) were Synechococcus, Mycoplasma, Planctomyces, Ferrimon, Persicirhabdus, Tenacibaculum, Marivita, Ruegeria, Formosa, Candidatus_Portiera, Nautella, Candidatus_Aquiluna, and Sediminicola (Figure 4B and Supplementary Table 4). All these genera were statistically significant among the four groups. These results proposed that the microbial composition was significantly different among the pearl oyster P. f. martensii intestine and the surrounding water-cultured environment per the relative abundance of sequences.
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FIGURE 4. Comparison of bacterial abundances among HW, HP, DW, and DP at the phylum level (A) and genus level (B). ∗0.01 < p ≤ 0.05, ∗∗0.001 < p ≤ 0.01, and ∗∗∗p ≤ 0.001.


The relative abundances of bacterial taxa showed a statistical significance between two groups (DW vs. DP, HP vs. DP, HW vs. DW, and HW vs. HP) at the genus and phylum levels (Figures 5, 6 indicate the first 15 and 20 abundant phyla and genera, respectively). At the phylum level, the statistically significant bacterial taxa between DW and DP were Tenericutes, Proteobacteria, Bacteroidetes, Actinobacteria, Planctomycetes, Euryarchaeota, TM6, SAR406, Chlamydiae, Chloroflexi, and Acidobacteria. The bacterial taxa between HP and DP were Tenericutes, Proteobacteria, Bacteroidetes, Verrucomicrobia, Actinobacteria, Firmicutes, Acidobacteria, NKB19, Crenarchaeota, and Gemmatimonadetes. The bacterial taxa between HW and DW were Cyanobacteria, Proteobacteria, Planctomycetes, Euryarchaeota, TM6, Tenericutes, SAR406, Chloroflexi, GN02, and Chlamydiae. The bacterial taxa between HW and HP were Proteobacteria, Bacteroidetes, Tenericutes, Actinobacteria, Planctomycetes, Verrucomicrobia, Chloroflexi, Acidobacteria, NKB19, GN02, Chlamydiae, and Euryarchaeota.
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FIGURE 5. Comparison of microbial community between DW and DP (A), HP and DP (B), HW and DW (C), and HW and HP (D) at the phylum level. *0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, and ***p ≤ 0.001.
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FIGURE 6. Comparison of microbial community between DW and DP (A), HP and DP (B), HW and DW (C), and HW and HP (D) at the genus level. *0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, and ***p ≤ 0.001.


At the genus level, the statistically significant microbiota between DW and DP were Synechococcus, Planctomyces, Candidatus_Portiera, Mycoplasma, Formosa, Candidatus_Aquiluna, Tenacibaculum, Persicirhabdus, Fluviicola, Acholeplasma, Nodosilinea, MB11C04, Vibrio, Balneola, and Prochlorothrix. The microbiota between HP and DP were Mycoplasma, Candidatus_Endobugula, Persicirhabdus, Tenacibaculum, Lutimonas, Blvii28, Ruegeria, Planctomycete, Clostridium, Candidatus_Xiphinematobacter, Robiginitalea, Ferrimonas, and Acinetobacter. The microbiota between HW and DW were Candidatus_Portiera, Formosa, Marivita, Sediminicola, Ruegeria, Nautella, Prochlorothrix, Fluviicola, Candidatus_Endobugula, Acholeplasma, Persicirhabdus, Nodosilinea, and MB11C04. The microbiota between HW and HP were Synechococcus, Mycoplasma, Candidatus_Aquiluna, Planctomyces, Formosa, Persicirhabdus, Ferrimonas, Marivita, Sediminicola, Ruegeria, Candidatus_Portiera, Lutimonas, Planctomycete, Altererythrobacter, Robiginitalea, Erythrobacter, Nautella, and Prochlorothrix. These observations suggested that the relative abundance of the predominant genera varied between two groups. Taken together, the abundance and composition of the dominant genera specifically differed among the four groups.



Functional Prediction of Microbiota

The presumptive roles of the microbiota of pearl oyster intestine and the surrounding water-cultured environment were demonstrated on PICRUSt 2. A substantial similarity was observed between the functional profiles of all groups compared with their taxonomic profiles (Figure 7). The functions of these groups were predominantly related to the metabolism of cofactors and vitamin (relative abundance of 10.19–15.62%), carbohydrates metabolism (relative abundance of 11.73–12.73%), amino acids metabolism (relative abundance of 10.40–13.61%), metabolism of terpenoids and polyketides (relative abundance of 8.70–12.13%), metabolism of other amino acids (relative abundance from 8.20 to 9.00%), lipids metabolism (relative abundance of 5.41–8.06%), energy metabolism (relative abundance of 5.83–7.38%), replication and repair (relative abundance of 4.76–7.55%), xenobiotic biodegradation and metabolism (relative abundance of 4.26–6.30%), and folding, sorting, and degradation (relative abundance of 3.27–4.01%). The results from the COG function suggested a maintenance and similarity in biological functions of pearl oyster intestinal microbial taxa to that observed in the groups at different locations or the surrounding water-cultured environment.
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FIGURE 7. COG function classification of DP, DW, HP, and HW.




DISCUSSION

High-throughput sequencing technology delivers a good visual of microbiota related to the cultivation of pearl oyster (Dubé et al., 2019; Liao et al., 2020). The current study explored the relationship between the intestinal microbiota of pearl oyster and its association with the microbial ecosystem of the surrounding seawater. The findings statistically showed that the varied microbiota compositions exhibited a significance at the phylum and genus levels in the pearl oyster P. f. martensii intestines and its association with the surrounding water. Other works also established that many microbial communities of marine invertebrates, such as crustaceans (Harris et al., 1991), sponges (Fan et al., 2012), and corals (Ravindran et al., 2013), differ from those of the environment. Meanwhile, by analyzing the diversity index of pearl oyster intestines and the surrounding water-cultured environments in different sea areas, the richness and diversity of the intestinal flora of P. f. martensii was found to be less than those of the surrounding water. This finding agreed with the result from other aquatic animals and bacterial flora, such as Sinonovacula constricta (Wang et al., 2019), Scylla paramamosain (Wang et al., 2017), and Litopenaeus vannamei (Sun et al., 2016).

Some studies have demonstrated that the gut bacterial communities of matured bivalves often comprise resident bacteria/specific indigenous/core microbiome with permanent types of organisms that persist over time, irrespective of the ingested particles by the host, that is, the bacteria spontaneously recover despite disturbance (King et al., 2012; Trabal et al., 2012; Lokmer and Wegner, 2015; Dubé et al., 2019). For example, King et al. (2012) speculated the existence of core gut microbiome in eastern oyster (Crassostrea virginica), which contained 44 OTUs in 12 phyla. Pierce et al. (2016) also suggested the existence of a core microbiome in eastern oyster C. virginica. Although the bacteria in the surrounding seawater were not analyzed, Trabal et al. (2012) proposed a relative stability of oyster microbiota from hatchery to open sea in determining the relationship among microbiota of both compartments. Cleary et al. (2015) also reported the similarity of mussel microbial communities in Indonesian marine lakes and open coastal mangroves, whereas their environments are considerably different. In terms of pearl oyster, Dubé et al. (2019) reported that Bacteroidetes, Proteobacteria, and Spirochaetes were the core members of the microbiome of the black-lipped pearl oyster P. margaritifera despite their tissue affiliation. In the present study, 1232 OTUs were shared by DP and HP, representing 55.45% of the total reads. Seven OTUs with relative abundances ranked among the first 10 OTUs in the DP and HP groups, which indicated that the composition of the predominant bacteria in the intestine of pearl oyster P. f. martensii is similar despite differences in cultured environments. This result proposed that these OTUs may be a part of the core gut microbiome. These bacterial phyla are commonly associated with bivalve guts, such as in pearl oysters (King et al., 2012; Lokmer et al., 2016; Dubé et al., 2019; Liao et al., 2020). For instance, phyla Planctomycetes and Tenericutes are dominant microbials of P. margaritifera gut (Dubé et al., 2019). Mollicutes (Mycoplasma) have high abundance in the gut, whereas mantle and gill microbiota demonstrates a slight abundance (Lokmer et al., 2016).

Another category of regular bacterial microbiota could be defined in bivalves as suspension feeders: transient or non-indigenous microbiota, which consist of microbes ingested with food that survived en-route through the gut (possibly proliferating in the gut); that is, many members of the gut microbiomes appear to be transients or opportunists (King et al., 2012). Previous scientific evidence also indicated that bacterial communities in oyster intestines may exhibit some plasticity to survive within a host in different environments (Pierce et al., 2016). In the current study, the varied trends of bacterial species richness and diversity in pearl oyster intestine were consistent with those of the surrounding water-cultured environment (DP < HP, DW < HW). Laroche et al. (2018) also observed that the diversity of bacterial communities in Pacific oyster larval changes is caused by seasonal and temporal changes in the arriving seawater. A total of 266 OTUs in the intestine of DP were observed but remained undetected in HP, and 477 OTUs in the intestine of HP did not appear in DP. Meanwhile, some of the shared OTUs between HP and DP exist statistically significant on the phylum and genus level. These differences may be due to the changes in the external environment. Liao et al. (2020) reported that protein sources in formulated diets change the diversity of intestinal microflora in pearl oyster P. f. martensii. The diverse or variable microbiome could be linked to oyster clearance rates (Pierce et al., 2016). On basis of these results, the present study proposed that pearl oyster could regulate the intestinal bacterial communities through certain mechanisms to adapt to changes in the external environment; that is, bacterial communities in pearl oyster intestine may exhibit some plasticity.

These altered bacteria possess functions to respond to a changing environment. Proteobacteria, a gram-negative bacteria, are one of the phyla profusely found in sediments, wastewater treatment reactor, and activated sludge, with a key function in degrading carbon complex and eradicating nitrogen (Shu et al., 2015). Proteobacteria participate in diverse biogeochemical processes (such as sulfur, nitrogen, and carbon cycling) in aquatic ecosystems (Klase et al., 2019). Actinobacteria, a gram-positive bacteria, are found in aquatic and terrestrial environments (Servin et al., 2008) and believed to degrade glucose dominantly (Ito et al., 2012). In addition, Actinobacteria are well-known producers of bioactive natural product utilized in isolating potential probiotics (Bernal et al., 2015). They are essential in maintaining gut homeostasis (Binda et al., 2018). The gram-negative (Proteobacteria) and gram-positive (Actinobacteria) bacteria from the intestine of P. f. martensii were stored in balance to preserve the organic homeostasis compared with the sediment data. In the gut microbiota of humans, the ratio of Bacteroidetes to Firmicutes is substantially important. In the microbiota of obese subjects, the Firmicutes-to-Bacteroidetes ratio exhibited an increasing trend (Zhou et al., 2018), and this ratio evolved at various life stages (Mariat et al., 2009). An increasing number of Firmicutes could cause an increase in the quantity of lipid droplets, hence intensifying the proportionate absorption of fatty acid (Semova et al., 2012). The present findings indicated that the Firmicutes-to-Bacteroidetes ratio of DP was 0.23:1.10 compared with that of HP at 0.39:5.90. This result may indicate that D-cultured pearl oysters were fatter than the H-cultured ones. The phylum Chloroflexi, an aerobic facultative bacterium with a photosynthetic ability under anaerobic conditions, is profuse in freshwater, intertidal, marine, and surface and subsurface sediments (Lv et al., 2018). Chloroflexi existed in the intestine of P. f. martensii and the surrounding water in the present study. The predominant genus Synechococcus (Cyanobacteria) at the genus level is abundant in ocean regions (Flombaum et al., 2013). Thus, the present study identified that Synechococcus was substantially abundant in the pearl oyster intestine and the surrounding water-cultured environment. A previous study stated the possibility of a compromised health and susceptibility to diseases in aquatic animals due to the superfluity of Vibrio (Fan et al., 2019). In the present study, Vibrio obtained a low abundance (mean 0.17%) in the pearl oyster intestine and the surrounding water, and its abundance in D (pearl oyster intestine and surrounding water) was higher than that in H. This finding may be attributed to the location of H, which is in the open sea area outside the Liusha Bay, wherein the water exchange is good, and the cage culture in the adjacent waters was fewer than that in H. Therefore, the changes in the pearl oyster intestine bacteria were recorded to adapt to changes in the surrounding water-cultured environment.



CONCLUSION

This work ascertained the relationship between the intestinal microbes of pearl oyster P. f. martensii and the surrounding water-cultured environment. Even though the existing intestinal microbial community of pearl oysters from the two sites differed, some similar characteristics were observed in the intestine samples. These characteristics varied among water samples. Seven OTUs, which belonged to the phyla Tenericutes, Cyanobacteria, and Planctomycetes, may be the core microbiome of pearl oyster P. f. martensii. The bacterial communities in pearl oyster intestines may exhibit some plasticity to adapt to changes in the surrounding water-cultured environment. With the limited research available and the importance of intestinal microbial communities and those in cultured environment, this study presented pivotal background information to prevent and control diseases caused by aquatic microorganisms.
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Members of the testis-specific serine/threonine kinases (Tssk) family play critical roles in spermatogenesis in vertebrates. But in mollusks, research on Tssk family is still lagging. In this study, we systematically identified Tssk family based on the genomic and transcriptomic data from a commercially important scallop Argopecten irradians and detected the spatiotemporal expression in adult gonads. Five members were identified, with the gene length varying from 1,068 to 10,729 bp and the protein length ranging from 294 to 731 aa. All the Tssks possess a serine/threonine protein kinase catalytic (S_TKc) domain. Phylogenetic analysis revealed existence of four homologs of vertebrate Tssk1/2, Tssk3, Tssk4, Tssk5, and absence of Tssk6 in the scallop. The remaining gene (Tssk7) formed an independent clade with Tssks of other mollusks and arthropods, indicating that it may be a new member of Tssk family unique to protostomes. By investigating the expression of Tssks in four developmental stages of testes and ovaries, we found all five Tssks were primarily expressed in mature testis. In situ hybridization experiment revealed the five Tssks were localized in the spermatids and spermatozoa. The testis-predominant expression of Tssk family suggests Tssks may play pivotal roles in spermiogenesis in the scallop. Our study provides basic information on the characteristics and expression profiles of Tssk family of A. irradians. To our knowledge, it represents the first comprehensive analysis of Tssk family in mollusks.
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INTRODUCTION

Spermatogenesis is a complicated but well-organized process that universally exists in the animal kingdom. It can be divided into three main phases: (1) proliferative phase, in which spermatogonia undergo mitotic division and produce a large number of spermatocytes; (2) meiotic phase, in which haploid spermatids are generated; and (3) spermiogenesis phase, in which spermatids differentiate into spermatozoa. The whole process requires strict gene expression and regulation, and spermatogenic failure results in male infertility with azoospermia or oligozoospermia (Cannarella et al., 2019). As one of the most important and universal ways of post-translational modification, protein phosphorylation plays a prominent role in spermatogenesis. A large number of serine/threonine kinases and tyrosine kinases have been demonstrated to be expressed at various stages of sperm development (Jenardhanan and Mathur, 2014). Study on these kinases can help to understand the machinery of spermatogenesis.

In recent years, a family of testis-specific protein kinases, called as testis-specific serine/threonine kinases (Tssks), has attracted researcher’s interest due to their essential roles in spermatogenesis (Wang et al., 2015a; Li et al., 2016; Kim et al., 2019). Six Tssk subfamilies have been reported in mammals, including Tssk1 through Tssk6, which have the conserved serine/threonine protein kinases catalytic (S_TKc) domain (Wang et al., 2015a). Most of them are specifically expressed in spermatids or sperm (Li et al., 2011) and have been demonstrated to play essential roles in spermatogenesis. For example, Tssk1 and Tssk2 double-deletion resulted in male sterility in mice (Xu et al., 2008; Shang et al., 2010). Tssk6 gene deletion resulted in a male infertile phenotype caused by certain morphological defects in the sperm (Spiridonov et al., 2005; Sosnik et al., 2009), and knockout of Tssk4 produced a subfertility phenotype in mice due to severely reduced sperm motility (Wang et al., 2015b). Therefore, Tssk family plays a fundamental role in spermiogenesis in mammals.

Many mollusks are important aquaculture species such as oysters, scallops, and mussels. For a precise reproductive control during the breeding process, a comprehensive understanding of molecular mechanism underlying gametogenesis is required. Massive screening of reproduction-specific genes in scallop Argopecten purpuratus (Boutet et al., 2008), mussel Mytilus edulis (Ciocan et al., 2011), and clam Tridacna squamosa (Li et al., 2020) revealed that Tssk genes are involved in sexual maturation of testis. However, only Tssk1 has been cloned and characterized in mollusks. In pen shell Atrina pectinate (Li et al., 2016), detailed investigation on the expression of Tssk1 in adult tissues and during male gametogenic cycle revealed the highest level of expression in mature testis, supporting its involvement in the spermatogenesis and/or sperm production in mollusks. A recent study in abalone Haliotis discus hannai found a significant reduction of Tssk1 expression in the triploids than diploids, suggesting that Tssk1 is primarily expressed at the post-meiotic stage and is potentially involved in the sterility and/or partial fertility of male triploidy (Kim et al., 2019). Except for Tssk1, the other Tssk members remain unexplored in mollusks.

The bay scallop (Argopecten irradians) is naturally distributed along the Atlantic coast of the United States. Since its first introduction to China in 1982, it has been widely cultivated and becomes one of the most commercially important bivalves in China. Like many marine bivalves, the bay scallop is a hermaphrodite that releases male and female gametes simultaneously, making it difficult to obtain pure oocytes for genetic breeding. Aiming at better understanding and future control of spermatogenesis in simultaneous hermaphrodites, we systematically identified and characterized five Tssk genes from the genome and transcriptomes of A. irradians and analyzed their temporal and spatial expression patterns in adult gonads. Our study provides basic information on the evolution and function of Tssk family and may contribute to the breeding of some bivalve mollusks.



MATERIALS AND METHODS


Sample Collection and Histological Analysis

To obtain gonads at various gametogenic stages, the bay scallops were collected from Yantai (Shandong Province, China) every month for a year. After being transported to the laboratory, the scallops were acclimated in filtered and aerated seawater for 3 days. About 50 individuals were randomly chosen, and their ovaries and testes were dissected. Parts of them were flash-frozen in liquid nitrogen and stored at −80°C until used for RNA extraction. The rest parts were prepared for paraffin sectioning. They were fixed in 4% paraformaldehyde for 12–24 h followed by washing twice with 1 × PBS, dehydrated in a graded methanol series, and stored at −20°C. Then, the samples were transferred to ethanol, cleared with xylene, embedded in paraffin wax, and cut into 5 μm (ovary) or 3 μm (testis) sections on a rotary microtome (Leica, Wetzlar, Germany). Serial sections were tiled on glass slides, deparaffined with xylene, hydrated with gradient ethanol to water, and stained with hematoxylin. After that, the glass slides were counterstained with eosin, dehydrated with ethanol, cleared with xylene, mounted with neutral balsam, and covered with coverslips. Finally, the sections were observed under a Nikon Eclipse E600 research microscope.



Identification and Sequence Analysis of the Scallop Tssk Genes

The available Tssk protein sequences of representative organisms were downloaded from the NCBI1 and UniProt2 and then aligned with the bay scallop genome and transcriptomes (Liu et al., 2020) with the E value threshold of 1e-5. The resultant scallop sequences were further confirmed by BLASTX against the non-redundant protein sequences (nr) database. The open reading frame (ORF) of the candidate Tssk sequences was determined using the ORF Finder program.3 The conserved domains of the protein sequences were predicted by SMART,4 and the structure of the Tssk genes was presented by the online software IBS.5 The theoretical isoelectric points (PI) and molecular weights (MW) of the Tssk proteins were computed by compute pI/Mw tool.6



Phylogenetic Analysis

To determine which group the Tssk genes belong to, phylogenetic analysis was performed. The orthologous Tssk protein sequences of various species were downloaded from NCBI and UniProt. Eighteen organisms were included: mouse (Mus musculus), emu (Dromaius novaehollandiae), three-toed box turtle (Terrapene carolina triunguis), whale shark (Rhincodon typus), thorny skate (Amblyraja radiata), zebrafish (Danio rerio), purple sea urchin (Strongylocentrotus purpuratus), crown-of-thorns starfish (Acanthaster planci), cotton bollworm (Helicoverpa armigera), oriental fruit fly (Bactrocera dorsalis), bark scorpion (Centruroides sculpturatus), tailed mussel (Lingula anatina), Pacific oyster (Crassostrea gigas), Yesso scallop (Mizuhopecten yessoensis), king scallop (Pecten maximus), channeled apple snail (Pomacea canaliculata), marsh snail (Biomphalaria glabrata), and sea anemone (Exaiptasia diaphana). The S_TKc domain was predicted using the online software CDD,7 and the serine/threonine protein kinases active site and ATP-binding region were predicted by PROSITE.8 Multiple alignments of the S_TKc domains were performed by ClustalW (Larkin et al., 2007), and neighbor-joining (NJ) phylogenetic tree was constructed using MEGA X (Kumar et al., 2018), with a bootstrap value of 1,000.



RNA Isolation and cDNA Synthesis

Total RNA was isolated using the traditional guanidine isothiocyanate method and digested with DNase I (TaKaRa, Shiga, Japan) to remove residual DNA contamination. RNA concentration and purity were measured with a Nanovue Plus spectrophotometer (GE Healthcare, NJ, United States), and the integrity of RNA was verified by agarose gel electrophoresis. Oligo(dT)18 and MMLV reverse transcriptase (TaKaRa, Shiga, Japan) were used to synthesize first-strand cDNA from 2 μg of total RNA in a volume of 20 μl. The reaction was carried out at 42°C for 90 min and terminated by heating at 70°C for 10 min. Finally, the cDNA products were diluted to 10 ng/μl and stored at −20°C until used.



Quantitative Real-Time PCR

To examine the expression patterns of Tssk family genes in the gonads, quantitative real-time PCR (qRT-PCR) was performed. The gene-specific primers were designed by Primer Premier 5.0, and the primer specificity was tested by alignment with the A. irradians genome and transcriptomes using BLASTN with an E value threshold of 1e-10. The primer sequences used for qRT-PCR are listed in Table 1, and elongation factor 1-alpha (EF1A) was used as an endogenous control for normalization of gene expression (Li et al., 2019). Amplification efficiency of each primer pair was calculated based on the standard curve generated from a 2-fold dilution series spanning five orders of magnitude. The qRT-PCR was conducted with the Light Cycler 480 SYBR Green I Master on a Light Cycler 480 Real-time PCR System (Roche Diagnostics, Mannheim, Germany). The PCR program was as follows: 94°C for 10 min, followed by 40 cycles of 94°C for 15 s and 60°C for 1 min. Four samples were assayed for each stage, and all reactions were conducted in triplicate. For each gene, the melting curve was analyzed to confirm that a single PCR product was amplified. The relative expression levels of Tssk genes were calculated using the 2−ΔΔCt method. The statistical analysis was performed with SPSS (version 22.0) software using the paired-sample t-tests. Values of p lower than 0.05 were considered as statistically significant.



TABLE 1. Sequences of primers used for quantitative real-time PCR analysis.
[image: Table1]



In situ Hybridization

To determine the localization of Tssk genes in mature testis, in situ hybridization was performed. First, PCR was conducted using the gene-specific primers (Table 2), and the products were cloned into pMD19-T vector (TaKaRa, Shiga, Japan). Then, the resultant recombinant plasmids were used as templates in the following in vitro transcription. Sense and anti-sense digoxigenin-labeled RNA probes were synthesized using DIG RNA labeling mixture (Roche, Mannheim, Germany) and T7/SP6 RNA polymerase (Thermo, Waltham, United States). Meanwhile, the sections of gonadal tissues were serially rehydrated in PBST (PBS plus 0.1% Tween-20) and digested with 2 μg/ml proteinase K at 37°C for 15 min. After prehybridization at 60°C for 4 h, the sections were incubated in hybridization buffer (50% formamide, 5 × SSC, 100 μg/ml yeast tRNA, 1.5% blocking reagent, and 0.1% Tween-20) containing 1 μg/ml denatured RNA probe overnight at 60°C. Then the sections were washed six times at 60°C for 15 min, twice at room temperature for 10 min in maleic acid buffer (0.1 M maleic acid, 0.15 M NaCl, 0.1% Tween-20, and pH 7.5) followed by incubation with alkaline phosphatase-conjugated anti-digoxigenin antibody (Roche, Mannheim, Germany). After extensive washing with PBST, the sections were incubated with NBT/BCIP (Roche, Mannheim, Germany) and counterstained with 1% neutral red. The signals were visualized under a Nikon Eclipse E600 research microscope.



TABLE 2. Sequences of primers used for in situ hybridization.
[image: Table2]




RESULTS


Identification and Sequence Analysis of Argopecten irradians Tssk Genes

In the present study, five members of the Tssk family were identified in the genome of A. irradians, which were named as Tssk1/2, Tssk3, Tssk4, Tssk5, and Tssk7. The structure and characteristics of these genes are provided in Table 3 and Figure 1. According to the results, the length of scallop Tssk genes varied from 1,068 to 10,729 bp. Two genes (Tssk3 and Tssk7) were intron-free, and the remaining three had 1–11 introns. The length of the five Tssk proteins ranged from 294 to 731 aa, with molecular weight varying from 33.44 to 82.42 kDa.



TABLE 3. Structural characteristics of the five Tssks of A. irradians.
[image: Table3]
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FIGURE 1. The structure of the Tssk genes of A. irradians. The pink boxes represent the coding regions, and the yellow boxes indicate the S_TKc domains. The diagram is shown according to the sequence length (bp) except for the intron regions that marked with double slash. The numbers indicate the nucleotide length (bp) of the exons or introns.


All the five proteins contained the conserved S_TKc domain. Figure 2A shows the alignment of three subdomains (I, II, and VIb) of S_TKc domain for the Tssks used in the phylogenetic analysis. As seen, except for Tssk5 that has insertions in subdomain II, the other Tssk proteins are similar in length in these regions. There are two important regions in the S_TKc domain, i.e., the serine/threonine protein kinases active site and ATP-binding region. The ATP-binding region located at subdomain I and II is a glycine-rich stretch of residues, which is present in five Tssk subfamilies (Tssk1/2, Tssk3, Tssk4, Tssk6, and Tssk7). The serine/threonine protein kinases active site is 13 residues in length and exists in all six Tssk subfamilies at subdomain VIb. The indispensable lysine residue that participates in ATP binding and the conserved aspartic acid residue, which is important for the catalytic activity of the enzyme, are present in all the Tssks we investigated.

[image: Figure 2]

FIGURE 2. Multiple alignment and phylogenetic analysis of Tssk genes. (A) The multiple sequence alignment of region I, II, and VIb of Tssk proteins from various species. Identical residues were represented in black and similar residues in gray. The ATP-binding region was marked with a red box and the potential serine/threonine protein kinases active site was marked with a blue box. The asterisks denoted the indispensable residues of lysine and aspartic acids in the S_TKc domain. (B) Phylogenetic analysis of the Tssk family genes based on the S_TKc domain. The phylogenetic tree was built using the NJ method in MEGA X software. Tssk proteins of the bay scallop were labeled with red diamonds. The species abbreviations are as follows: Mus musculus (Mm), Dromaius novaehollandiae (Dn), Terrapene carolina triunguis (Tct), Rhincodon typus (Rt), Amblyraja radiata (Ar), Danio rerio (Dr), Strongylocentrotus purpuratus (Sp), Acanthaster planci (Ap), Helicoverpa armigera (Ha), Bactrocera dorsalis (Bd), Centruroides sculpturatus (Cs), Lingula anatina (La), Crassostrea gigas (Cg), Argopecten irradians (Ai), Mizuhopecten yessoensis (My), Pecten maximus (Pm), Biomphalaria glabrata (Bg), Pomacea canaliculata (Pc), and Exaiptasia diaphana (Ed).


To determine which subfamily A. irradians Tssk genes belong to, a neighbor-joining (NJ) phylogenetic tree was constructed using the conserved S_TKc domain of Tssk proteins from animals belonging to various phyla (Figure 2B). Results showed that the five Tssk genes of A. irradians were clustered into five independent clades, of which four have been reported in vertebrates, including Tssk1/2, Tssk3, Tssk4, and Tssk5. The remaining one (Tssk7) clustered with Tssks from other mollusks and arthropods. No Tssk6 was found in the scallop or other invertebrates.



Temporal Expression of Argopecten irradians Tssk Genes in Adult Gonads

In order to obtain the expression patterns of A. irradians Tssk genes in the gonads, we first determined the developmental stages of testes and ovaries (Figure 3). Like other bivalves, the gonads of A. irradians can be classified into four stages: resting stage, proliferative stage, growing stage, and maturation stage. Although A. irradians is a simultaneous hermaphrodite with distinct testis and ovary, the male and female portion could only be judged visually at the maturation stage when the testis is white and the ovary is orange (Figures 3A–D). Based on histological analysis, the follicle was empty at the resting stage, containing a single layer of follicle cells and a few spermatogonia or oogonia (Figures 3E,I). When the gonad entered the proliferative stage, germ cells began to increase and spermatocytes or oocytes appeared (Figures 3F,J). At growing stage, there were multiple layers of germ cells in the follicle. Spermatids and mature oocytes showed up in the testis and ovary, respectively (Figures 3G,K). When the gonads developed to maturation stage, the follicle was filled with mature oocytes or radially arranged spermatozoa (Figures 3H,L).
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FIGURE 3. Morphological observation of four developmental stages during gametogenesis of A. irradians. (A–D) The anatomical pictures of bay scallops at resting stage, proliferative stage, growing stage, and maturation stage, respectively. The left shell valve was removed, with anterior towards left. The solid yellow line indicates the boundary of ovary and testis, and the red and blue dotted lines mark the ovary and testis we collected, respectively. (E–H) Represent the histological observation of ovaries at the corresponding stages. (I–L) Represent the histological observation of testes at the corresponding stages.


According to the qRT-PCR assay (Figure 4), all the five Tssk genes of A. irradians displayed a testis-predominant expression pattern. The highest expression level was found at the maturation stage, followed by the growing stage. Significant difference (p < 0.01) between the ovaries and testes can be observed at the maturation stage for all five Tssk genes. This interesting expression pattern suggests Tssk family may play an important role at the late stages of spermatogenesis in A. irradians.

[image: Figure 4]

FIGURE 4. Temporal expression profile of five A. irradians Tssk genes in ovaries (orange) and testes (blue) during the gametogenic cycle. (A–E) Represent Tssk1/2, Tssk3, Tssk4, Tssk5, and Tssk7, respectively. Significant differences: **p < 0.01; ***p < 0.001.




Localization of the Argopecten irradians Tssk Genes in Mature Testes

In order to confirm the location of Tssks in the testis, in situ hybridization was conducted. Here, mature testis was used for hybridization due to the following two reasons: (1) all the Tssk genes peaked at the maturation stage based on qRT-PCR assay and (2) the diverse types of germ cells can be found in the mature testis including spermatogonia, spermatocytes, spermatids, and spermatozoa.

As shown in Figure 5, all the Tssk genes of A. irradians displayed a similar expression pattern, with strong signals in spermatids and spermatozoa, and no obvious signals in spermatogonia or spermatocytes. This result consists with the high expression of Tssks in mature testis as observed in qRT-PCR assay, because spermatids and spermatozoa could only be found at the late stages of spermatogenesis. No signal was detected in the ovary or testis with the sense probes (not shown).

[image: Figure 5]

FIGURE 5. Localization of A. irradians Tssk genes in mature testes by in situ hybridization with the anti-sense probes. (A–E) Represent Tssk1/2, Tssk3, Tssk4, Tssk5, and Tssk7, respectively. Sg, spermatogonium; Sc, spermatocyte; St, spermatid; Sz, spermatozoon.





DISCUSSION

In present study, five Tssk genes were identified in the scallop A. irradians, which is comparable with that of vertebrates (six in mouse and five in human and porcine; Li et al., 2011; Wang et al., 2015a). It suggests no significant duplication events occurred for Tssk family during the evolution of bilateria. Specifically, a single copy of Tssk3, Tssk4, and Tssk5 were found in vertebrates and invertebrates. But difference exists for the other subfamilies (Tssk1/2, Tssk6, and Tssk7). For Tssk1/2, a single member was found in invertebrates, in contrast to multiple members (2–3) in vertebrates, suggesting that duplication events occurred for this specific subfamily. Presence of Tssk1/2, Tssk3, Tssk4, and Tssk5 in both protostomes and deuterostomes suggests that these subfamilies may already exist in the ancestors of bilaterally symmetrical animals, rather than in the ancestor of all amniotes (birds, reptiles, and mammals) after diversification of amphibians and amniotes as previously stated (Shang et al., 2013). Tssk6 is absent in A. irradians as well as other invertebrates, which is expectable, because Tssk6 was considered to have a late evolutionary origin that restricts to vertebrates (Spiridonov et al., 2005). The previously unknown clade Tssk7 was present in mollusks and arthropods, but not in deuterostomes, suggesting Tssk7 is unique to protostomes and could be a new member of Tssk family.

In mollusks, previous studies on Tssk genes have focused on Tssk1/2, specifically on the gene structure and expression pattern. The four exon/three intron structure of Tssk1/2 of A. irradians is similar to its orthologs from Mollusca and Branchiopoda, such as Lottia gigantea, M. yessoensis, and L. anatine (Kim et al., 2019), suggesting that this multi-intron structure of Tssk1/2 may already be present in the lophotrochozoan ancestor. In A. irradians, Tssk1/2 showed the highest expression in mature testis. Similarly, testicular levels of Tssk1 were also affected by reproductive cycle in the pen shell and abalone, with the highest expression at the ripe/spent stage (Li et al., 2016; Kim et al., 2019). These results suggest a conserved role of Tssk1/2 in male germ cell development in mollusks. Although expression of Tssk1/2 in the testis has been reported, its spatial localization remains unknown. According to our results, Tssk1/2 distributes in spermatids and spermatozoa of A. irradians, which is in accordance with our assumption of its expression in the late-phase male germ cells based on the qRT-PCR assay. This expression pattern is also similar with that of Tssk1 and Tssk2 in vertebrates (Li et al., 2011; Salicioni et al., 2020), suggesting that the role of Tssk1/2 in spermatogenesis could be conserved in bilaterian animals.

Tssk5 of A. irradians possesses the S_TKc domain, in which a conserved serine/threonine protein kinases active site was found. However, it does not seem to have the ATP-binding region. This structure is similar to Tssk5 of other organisms. Based on previous research on Tssk5 in mammals, it could be a pseudogene in primates (Zhang et al., 2010) and might not perform as an active kinase in mouse (Li et al., 2011). But just like other Tssk members, Tssk5 have the conserved lysine residue (Figure 2) that is involved in ATP binding. Moreover, Tssk5 has the same expression pattern in male testis as other Tssk members in the bay scallop A. irradians (this study), Yesso scallop P. yessoensis, and clam Tridacna squamosa (Li et al., 2020). Considering the presence of key amino acids and the similar expression pattern with other Tssk members, we assume that Tssk5 may be a functional gene in mollusks.

According to the qRT-PCR assay and in situ hybridization results, all the five Tssk transcripts displayed the same expression pattern in the scallop testis. The accumulation of Tssks in spermatids or spermatozoa is similar to vertebrates (Li et al., 2011; Salicioni et al., 2020), suggesting that the involvement of Tssks in testis development could be conserved across taxa. However, it raises questions such as why it’s necessary to have five Tssks in the scallop and what’s the functional difference between these genes. Although we cannot answer yet, studies in mammals may give us some hints. For example, Tssk1 and Tssk4 have an acrosomal and flagellar localization in mouse sperm, while Tssk2 and Tssk6 were present only in a specific sperm head compartment rich in F-actin (Li et al., 2011; Salicioni et al., 2020). Difference in subcellular localization of Tssks in mouse suggests that each Tssk member plays a distinct role in sperm function. Furthermore, the role of Tssks has been explored using genetic models in mouse. For example, the targeted deletion of both Tssk1 and Tssk2 genes resulted in a loss of the chromatoid body in mouse spermatids, indicating a role of Tssk1/2 in postmeiotic cytodifferentiation of spermatids (Shang et al., 2010). Therefore, subsequent immunolocalization experiments, together with an attempt of Tssk knock-out by CRISPR-Cas9 would undoubtedly assist in elucidating the specific function of each Tssk in spermiogenesis, especially the novel member Tssk7.

Although Tssks are regarded as testis-specific genes, we observed slight expression of Tssks in the ovaries, and the expression level also peaked at the maturation stage. Interestingly, the expression of Tssks outside the testis is not unique to the bay scallop. Tssk1/2 was reported to be expressed in the immature gonad and ovary of a closely related hermaphroditic scallop A. purpuratus (Boutet et al., 2008), and low expression of Tssks in human tissues other than testis has been reported as well (Hao et al., 2004). These studies suggest a potential function of Tssks in the tissues outside of testis, which is worthy of further investigation.



CONCLUSION

In this study, a total of five Tssk genes were identified from A. irradians, including a new member Tssk7 that has never been reported before. The spatiotemporal expression of Tssks indicated that all of them were almost exclusively expressed postmeiotically in the testis, suggesting that they may play pivotal roles in spermiogenesis in the scallop. To our knowledge, this study represents the first comprehensive analysis of Tssk family in mollusks. Further studies on the function of each Tssk member would assist in better understanding of sperm development in mollusks and possibly contribute to the knowledge of male sterility in some bivalves.
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Giant clams display light-enhanced inorganic phosphate (Pi) absorption, but how the absorbed Pi is translocated to the symbiotic dinoflagellates living extracellularly in a tubular system is unknown. They can accumulate Pi in the kidney, but the transport mechanism remains enigmatic. This study aimed to elucidate the possible functions of sodium-dependent phosphate transporter protein 1-homolog (PiT1-like), which co-transport Na+ and H2PO4–, in these two processes. The complete cDNA coding sequence of PiT1-like, which comprised 1,665 bp and encoded 553 amino acids (59.3 kDa), was obtained from the fluted giant clam, Tridacna squamosa. In the kidney, PiT1-like was localized in the plasma membrane of nephrocytes, and could therefore absorb Pi from the hemolymph. As the gene and protein expression levels of PiT1-like were up-regulated in the kidney during illumination, PiT1-like could probably increase the removal of Pi from the hemolymph during light-enhanced Pi uptake. In the ctenidial epithelial cells, PiT1-like had a basolateral localization and its expression was also light-dependent. It might function in Pi sensing and the absorption of Pi from the hemolymph when Pi was limiting. In the outer mantle, PiT1-like was localized in the basolateral membrane of epithelial cells forming the tertiary tubules. It displayed light-enhanced expression levels, indicating that the host could increase the translocation of Pi from the hemolymph into the tubular epithelial cells and subsequently into the luminal fluid to support increased Pi metabolism in the photosynthesizing dinoflagellates. Taken together, the accumulation of Pi in the kidney of giant clams might be unrelated to limiting the availability of Pi to the symbionts to regulate their population.

Keywords: photosynthesis, shell formation, Symbiodiniaceae, symbiosis, zooxanthellae


INTRODUCTION

Tropical waters are low in nutrients, but coral reefs, which are hubs of a wide variety of marine organisms including scleractinian corals and giant clams, can be found in shallow tropical waters with adequate irradiance. Specifically, giant clams (genus: Tridacna or Hippopus) are inhabitants of the Indo-Pacific reef ecosystems. They can grow rapidly despite the shortage of nutrients and are the largest of all bivalves, because they live in symbiosis with mainly three genera (Symbiodinium, Cladocopium, and Durusdinium; LaJeunesse et al., 2018) of phototrophic dinoflagellates belonging to the family Symbiodiniaceae (Hernawan, 2008; Weber, 2009; DeBoer et al., 2012; Ikeda et al., 2017; Lim et al., 2019). In giant clams, symbiotic dinoflagellates (zooxanthellae) reside extracellularly in a branched tubular system that originates from the digestive tract of the host (Norton and Jones, 1992). They are located mainly inside numerous tertiary tubules in the colorful and extensible outer mantle that contains pigments and iridocytes (Norton and Jones, 1992). During insolation, the outer mantle can be fully extended, and the host iridocytes can deflect light of appropriate wavelengths to the dinoflagellates to promote photosynthesis. Photosynthesizing dinoflagellates can donate as much as 95% of photosynthates to the host clam to fulfill its energy and nutrition requirements (Klumpp and Griffiths, 1994). In turn, the host must provide the symbionts with nutrients such as inorganic carbon (Ci), nitrogen (N), and phosphorous (P), because they have no access to the ambient seawater (Furla et al., 2005). As a consequence, the clam host displays many light-dependent physiological phenomena (Ip et al., 2006, 2015; see Ip and Chew, 2021 for a review), including light-enhanced uptake of Ci (Hiong et al., 2017a; Ip et al., 2018; Koh et al., 2018; Chew et al., 2019), N (Hiong et al., 2017b; Chan et al., 2018, 2019; Ip et al., 2020), and P (Chan et al., 2020). P is one of the essential elements for living systems, and inorganic phosphate (Pi) is needed for syntheses of ATP, phospholipids and genetic materials (Knowles, 1980), as well as for intracellular signaling (Olsen et al., 2006). Dissolved Pi comprises dihydrogen phosphate (H2PO4–), hydrogen phosphate (HPO42–), and phosphate (PO43–), with HPO42– and H2PO4– being the major components in water at pH 7.

Despite being deprived of access to planktonic/particulate matter, the fluted giant clam, T. squamosa, can survive and grow in Millipore-filtered seawater for more than 10 months with light as the sole energy source (Fitt and Trench, 1981). Without feeding, the clam host needs to receive adequate supplies of energy and nutrients from its phototrophic symbionts (Klumpp and Griffiths, 1994) in order to grow and conduct light-enhanced calcification. As symbionts are P-deficient, the host must supply them with Pi, which is absorbed from the ambient seawater, through the hemolymph and tubular fluid (Jackson et al., 1989). Although the concentration of Pi in seawater is low (0.08–0.50 μmol l–1; Rivkin and Swift, 1985; Godinot et al., 2009), T. squamosa can absorb exogenous Pi, and the rate of Pi absorption is higher in light than in darkness (Chan et al., 2020; Ip and Chew, 2021). T. squamosa expresses a homolog of sodium-dependent phosphate transport protein 2a (NPT2a-like) in the apical membranes of the epithelia of three organs (Chan et al., 2020). These include the upper epithelium of the colorful outer mantle, the seawater-facing epithelium of the whitish inner mantle, and the epithelium covering the ctenidial filaments. Hence, the apical NPT2a-like in these epithelia can participate in Pi absorption from the ambient seawater. In addition, the protein abundance of NPT2a-like in the outer mantle, but not those in the other two organs, is up-regulated by illumination, denoting the outer mantle as a crucial site of light-enhanced Pi absorption (Chan et al., 2020). It is probable that the host could deliver the Pi absorbed through the outer mantle epithelium directly to symbionts residing therein, and regulate the supply of Pi absorption partially through NPT2a-like. As such, the photosynthesizing symbionts are spared from competing with other host’s organs for the limiting Pi available in the hemolymph (Chan et al., 2020). In particular, the kidneys of giant clams are known to absorb and accumulate Pi, although the transporter involved remains unknown (Belda and Yellowlees, 1995).

It has been reported that the intracellular Pi concentration and the rate of division in cultured dinoflagellates isolated from Tridacna gigas increase after exposure to 10 μmol l–1 Pi. By contrast, the density of dinoflagellates and their N:P ratio remain unchanged in T. gigas exposed to 10 μmol l–1 Pi (Belda and Yellowlees, 1995). Therefore, it has been suggested that the host clam could absorb and store Pi in the kidney, thereby controlling the availability of Pi to the symbionts so as to regulate their population (Belda and Yellowlees, 1995). However, the kidney of T. squamosa has only weak expression of NPT2a-like, leading Chan et al. (2020) to postulate that other types of phosphate transporter could be present in the host’s kidney tissues and the epithelium of the host’s zooxanthellal tubules (Chan et al., 2020).

Phosphate transporters are members of the solute carrier family of proteins (SLC), and they consist of SLC17 (Type I), SLC34 (Type II), and SLC20 (Type III) (Virkki et al., 2007). Members of SLC20 and SLC34 are involved in the secondary active uptake of Pi in cells (Virkki et al., 2007; Forster et al., 2013). NPT2s are members of SLC34 that bind to HPO42– and transport it together with Na+ (Virkki et al., 2007). On the other hand, SLC20 consists of sodium-dependent phosphate transport proteins (PiTs; Forster et al., 2013) that co-transport Na+ and H2PO4– (Virkki et al., 2007). PiTs are regarded as house-keeping transporters involved in phosphate metabolism in mammals, and it consists of sodium-dependent phosphate transporter protein 1 (PiT1) (SLC20A1) and PiT2 (SLC20A2) (Forster et al., 2013). In mammals, PiT1 is vital in embryonic liver development and in bone metabolism, while PiT2 has a more specific role in phosphate homeostasis in the brain (Forster et al., 2013). Furthermore, PiT1 and PiT2 can function as Pi sensing and signaling mechanisms by binding with external Pi but without translocation (Bon et al., 2017).

The populations of giant clams have been decreasing due to combinations of overharvesting for food and aquarium trade, pollution, and anthropogenic activities (Watson, 2015). Particularly, a decrease in the internal population of symbiotic dinoflagellates in giant clams can occur due to increased ocean temperature resulting from global warming (Addessi, 2001). As the symbiont population could be controlled by the Pi concentration in the tubular fluid, it is essential to understand the molecular mechanisms of Pi transport in the host’s kidney and those tissues that are involved in the supply of Pi to the symbionts. Therefore, this study was undertaken to clone and sequence a homolog of PiT1 (PiT1-like) of host origin from the kidney of T. squamosa. Efforts were made to examine the gene expression of PiT1-like in various organs of T. squamosa to test the hypothesis that it was expressed predominantly in the kidney. Subsequently, we discovered that PiT1-like was also expressed strongly in the ctenidium and moderately in the outer mantle. Hence, in order to elucidate the cellular and subcellular localization of PiT1-like in the kidney, ctenidium and outer mantle, an anti-PiT1-like polyclonal antibody was custom-made to perform immunofluorescence microscopy. Furthermore, quantitative real-time PCR (qPCR) and western blotting were performed to determine the effects of light exposure on the transcript levels and protein abundances of PiT1-like/PiT1-like in these three organs of T. squamosa.



MATERIALS AND METHODS


Experimental Animals, Conditions, and Tissue Collection

Individuals of T. squamosa specimens (520 ± 180 g with shells; n = 19) were purchased from Xanh Tuoi Tropical Fish Ltd., in Vietnam. They were acclimated in three glass tanks (L90 cm × W62 cm × H60 cm) under a 12 h light:12 h dark regime for one month before experimentation. Each tank contained 350 L of recirculating seawater and 6 or 7 clams. The water conditions were as follows: salinity, 30–32; temperature, ∼26°C; pH, 8.1–8.3; hardness, 143–179 ppm; calcium, 380–420 ppm; phosphate, <0.25 ppm; nitrate, 0 ppm; nitrite, 0 ppm; total ammonia, <0.25 ppm. The underwater light intensity (PPFD) at the level of the clam was ∼120 μmol m–2 s–1.

Four individuals (controls; n = 4) were sampled directly and randomly from all the three glass tanks, and killed for tissue sampling after 12 h of darkness in the normal 12 h light:12 h dark regime. Other individuals were then exposed to light for 3, 6, or 12 h. At each specific time points, four individuals (n = 4) were randomly selected and killed for tissue sampling. Individual clams were anesthetized with 0.2% phenoxyethanol before being forced open to cut the adductor muscles. Collected tissue samples were stored at −80°C until analyses.

After being anesthetized in 0.2% phenoxyethanol, three individuals exposed to darkness for 12 h (n = 3) were killed for the sampling of tissues for immunofluorescence microscopy. Samples were immersion-fixed in 3% paraformaldehyde in seawater at 4°C overnight and processed according to the method of Hiong et al. (2017a).



Extraction of Total RNA and Synthesis of cDNA

The total RNA from tissue samples was isolated using TRI ReagentTM (Sigma-Aldrich Co. St. Louis, MO, United States). Samples were homogenized with silica beads (425–600 μm; Sigma-Aldrich) in TRI Reagent® using a Mini-GTM tissue homogenizer (SPEX® Sample Prep, Metuchen, NJ, United States). Remnant of DNA was removed by PureLinkTM RNA Mini Kit (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, United States), and the purified RNA was quantified by a Shimadzu BioSpec-nano spectrophotometer (Shimadzu Corporation, Tokyo, Japan). After verification of the integrity of RNA by electrophoresis, cDNA was synthesized from the purified total RNA using the RevertAidTM first-strand cDNA synthesis kit (Thermo Fisher Scientific Inc.).



PCR, Cloning, Rapid Amplification of cDNA Ends (RACE)-PCR and Sequencing

A partial PiT1-like sequence was isolated using a pair of PCR primers (forward: 5′-TGATCGTTGGTTCCTGGTT-3′; reverse: 5′-TCGCCAATCGTATTGATGAC-3′) designed from the conserved regions of the sodium-dependent phosphate transporter 1 of Octopus vulgaris (XM_029794590.1), Crassostrea gigas (XM_020063507.2), Crassostrea virginica (XM_022469514.1), Mizuhopecten yessoensis (XM_021500463.1), and Priapulus caudatus (XM_014826122.1). The PCR was conducted using a 9902 Veriti 96-well thermal cycler (Applied Biosystems, Carlsbad, CA, United States) and DreamTaqTM polymerase (Thermo Fisher Scientific Inc.). The thermal cycling conditions included an initial denaturation at 95°C held for 3 min, followed by 40 cycles of denaturation, annealing and extension at 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, respectively, and a final extension for 10 min at 72°C. Agarose gel electrophoresis was used to separate the PCR products, and the Wizard® SV Gel and PCR clean-up system (Promega Corporation, Madison, WI, United States) was used to extract the targeted bands.

Following the method of Chan et al. (2020), the pGEM-T Easy vector system (Promega Corporation) was used to clone and transform the extracted PCR product into JM109 Escherichia coli competent cells. Multiple clones of PiT1-like were sequenced bi-directionally. BlastN1 was used to confirm the identity of the sequences obtained. Analysis of multiple sequences revealed the absence of isoforms. The full coding sequence of PiT1-like was obtained by conducting 5′ and 3′ RACE-PCR (SMARTerTM RACE cDNA amplification kit; Clontech Laboratories, Mountain View, CA, United States) with specific RACE primers (forward: 5′-TTCCTGCAAATCCTTACTGCTGTGTT-3′, reverse: 5′-CAA TTCGGATCCTTTGTAGAAGACAG-3′).

BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific Inc.) was used to prepare samples for sequencing, and sequencing was performed using a 3130XL Genetic Analyzer (Thermo Fisher Scientific Inc.). Sequences obtained were assembled and analyzed using BioEdit version 7.2.5. The GenBank Accession number of the full coding sequence of PiT1-like obtained from T. squamosa is MN256447.



Deduced Amino Acid Sequence

The nucleotide sequence was translated into PiT1-like amino acid sequence using the ExPASy Proteomic server2. The deduced amino acid sequence was aligned with selected PiT1-like sequences from various species of mollusks and vertebrates to confirm its identity. The TOPCONS server was used to predict the transmembrane regions (TMs).



Gene Expression of PiT1-Like in Various Organs of T. squamosa and Quantification of Transcript Levels of PiT1-Like From the Kidney and Outer Mantle by qPCR

The gene expression of PiT1-like in the outer mantle, inner mantle, ctenidium, kidney, heart, hepatopancreas, adductor muscle, byssal retractor muscle, and foot muscle of T. squamosa was examined quantitatively by qPCR with gene-specific qPCR primers (forward: 5′-CAATCCTGGTTCGTCTGCTG-3′; reverse: 5′-TCTCAACAAGAACTCCCTCCTC-3′). qPCR was carried out with a StepOnePlusTM Real-Time PCR System (Thermo Fisher Scientific) and each reaction contained various quantities of cDNA of sample, 0.3 μmol l–1 each of specific forward and reverse primers and 5 μl of qPCRBIO SyGreen Mix (PCR Biosystems Ltd., London, United Kingdom). The cycling conditions consisted of an initial 20 s denaturation and enzyme activation at 95°C, 40 cycles of 95°C for 3 s and 60°C for 30 s. Absolute quantification of transcript level of PiT1-like from the kidney, ctenidum, and outer mantle were performed in triplicates. The specific qPCR primers had a amplification efficiency of 93%. The transcript level in the sample was estimated using a standard curve constructed according to the method of Hiong et al. (2017a).



Antibodies

For immunofluorescence microscopy and western blotting, a commercial firm (GenScript, Piscataway, NJ, United States) was engaged to produce a custom-made rabbit polyclonal anti-PiT1-like antibody against the epitope TPSSGFSIEVGSAA (residue 468–481) of PiT1-like of T. squamosa. For western blotting, an anti-α-tubulin antibody, 12G10 (Developmental Studies Hybridoma Bank, Department of Biological Sciences, University of Iowa, Iowa City, IA, United States), was used to detect the reference protein, α-tubulin.



Western Blotting

Proteins were extracted from samples of kidney, ctenidium, and outer mantle following the method of Hiong et al. (2017a). SDS-PAGE (10%) electrophoresis was applied to separate proteins of kidney (20 μg), ctenidium (50 μg) or outer mantle (100 μg) samples. Separated proteins were blotted onto a nitrocellulose membrane, which was then incubated for 1 h at 25°C with anti-PiT1-like (2 μg ml–1) or anti-α-tubulin (12G10, 0.05 μg ml–1) antibody. The membrane was processed using the Pierce Fast Western Blot kit, SuperSignal® West Pico Substrate (Thermo Fisher Scientific Inc.). Visualization of protein bands was achieved using a ChemiDocTM MP Imaging System (Bio-Rad Laboratories Inc., Hercules, CA, Untied States). Optical density of the protein bands were determined using ImageJ (version 1.50i, NIH) and a 21-step Tiffen (The Tiffen Company, Rochester, NY, Untied States) transmission photographic step tablet (EK1523406T). Protein abundance of PiT1-like was expressed as the optical density of the PiT1-like band normalized with that of the α-tubulin band. As the protein expression level of PiT1-like was the highest in kidney, a peptide competition assay (PCA) was performed to validate the specificity of the custom-made anti PiT1-like antibody on kidney exposed to light for 12 h (Supplementary Figure 1). The anti-PiT1-like antibody was incubated with neutralizing peptide (Genscript) in a ratio of 1:5 for 1 h prior to western blotting.



Immunofluorescence Microscopy

Samples of the kidney, ctenidium, and outer mantle were excised and immersion-fixed overnight in 3% paraformaldehyde in seawater at 4°C, and processed according to the method of Hiong et al. (2017b). The paraffin-embedded samples were sectioned (3 μm) using a Leitz 1512 rotary microtome (Leica Biosystems, Germany) and collected on slides. Antigen retrieval was performed by treating deparaffinized sections with heated solution of 0.05% citraconic anhydride (Nacalai Tesque, Japan), pH 7.4, for 5 min with a further 10 min incubation in 1% sodium dodecyl sulfate (SDS) solution at room temperature. The section was blocked in 1% BSA in TPBS (0.05% Tween-20 in phosphate-buffered saline: 10 mmol l–1 Na2HPO4, 1.8 mmol l–1 KH2PO4, 137 mmol l–1 NaCl, 2.7 mmol l–1 KCl, pH 7.4) for 20 min. The blocked section was incubated with the anti-PiT1-like antibody, which had been diluted to 2.5 μg ml–1 in Signal Enhancer HIKARI Solution A (Nacalai Tesque), for 1 h in a humid chamber. It was then incubated for another 1 h at 37°C with the fluorochrome-coupled goat anti-rabbit gamma globulin (Alexa Fluor 488; Life Technologies Corporation) diluted to 2.5 μg ml–1 in Signal Enhancer HIKARI Solution B (Nacalai Tesque). The slide was washed again with TPBS, counter-stained with fluorescing DNA stain, 4′ 6-diamidino-2-phenylindole (DAPI) and mounted in Prolong Gold antifade reagent (Thermo Fisher Scientific Inc.).

Digital photos were taken using an Olympus DP73 camera (Olympus Corporation, Tokyo, Japan) fitted to an Olympus BX60 epifluorescence microscope equipped with a differential interference contrast (DIC) slider (Olympus U-DICT), as well as corresponding filter sets (Olympus U-MWU, U-MWIG, and U-MNIBA) and various objectives. DIC images were taken to visualize tissue structure. For the ctenidium and the outer mantle, nuclei were stained with DAPI (in blue) and visualized using the U-MWU filter (emission at 420 nm). Autofluorescence (in red) of the plastid of symbiotic dinoflagellates in the outer mantle was captured using the U-MWIG band pass filter (emission at 580 nm). PiT1-like immunostaining (in green) was visualized using the U-MNIBA band pass filter (emission at 515–550 nm). All images were processed using the cellSens Standard v1.15 software (Olympus Corporation) and prepared using the Adobe Photoshop CS6 (Adobe Systems, CA, United States). The overlaid of images was performed using Adobe Photoshop CC.



Statistical Analysis

Results were presented as mean + SEM. Statistical analysis was performed using SPSS Statistics version 19 software (IBM Corporation, Armonk, NY, United States). Levene’s test was used to examine the homogeneity of variance among the means. Depending on the homogeneity of variances, one-way analysis of variance (ANOVA), followed by Dunnett T3 post hoc test or Tukey post hoc test, was used to evaluate differences among means. Differences among means with a p-value less than 0.05 were regarded as statistically significant.



RESULTS


Nucleotide and Deduced Amino Acid Sequences

The complete cDNA coding sequence of PiT1-like obtained from the kidney of T. squamosa (GenBank accession number MN256447) comprised 1,665 bp, and the deduced amino acid sequence had 553 amino acids with an estimated molecular mass of 59.3 kDa.

An analysis of sequence similarities among PiT1-like of T. squamosa and PiT1 proteins of various species obtained from GenBank (Table 1) indicated that it had the highest sequence similarity with those of mollusks (50.8–54.4%), followed by those of cnidarians, brachiopods and echinoderms (38.4–48.6%), and it had the lowest sequence similarity with those of plants and chlorophytes (8.8–14.3%). The host origin of PiT1-like of T. squamosa was validated by phenogramic analysis (Figure 1). The low similarity of PiT1-like of T. squamosa with various NPT2s confirmed that it was indeed a PiT1 transport protein (Table 1). In addition, the N and C terminals of PiT1-like of T. squamosa contained the ProDom domain (Bottger and Pedersen, 2011) and the 12 amino acid-long signature sequence (Bottger and Pedersen, 2005) characteristic of the PiT family. Typical of PiT proteins, there were 11 predicted TMs in PiT1-like of T. squamosa. An alignment with other PiT1s (Homo sapiens, Xenopus laevis, and Exaiptasia diaphana) revealed the conservation of several important residues that are critical for Pi transport (D39, E66, H403, D407, E476, and S494, numbered according to PiT1-like of T. squamosa in Figure 2). Other conserved residues included those that constituted part of the substrate binding site (V77, I86, and V88) and those responsible for substrate selectivity (S78 and R82) of Pi binding (S125).


TABLE 1. Percentage similarity of the deduced amino acid sequence of sodium-dependent phosphate transporter protein 1 (PiT1-like) obtained from T. squamosa and sodium-dependent transport proteins from other species obtained from GenBank.
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FIGURE 1. Phenogramic analysis of the homolog of sodium-dependent phosphate transporter protein 1 (PiT1-like) from Tridacna squamosa. Numbers shown at each branch point represent bootstrap values from 1,500 replicates. PitA from Escherichia sp. 1_1_43 PitA is used as the outgroup.
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FIGURE 2. A multiple sequence alignment of the deduced amino acid sequence of sodium-dependent phosphate transporter protein 1-homolog (PiT1-like) obtained from Tridacna squamosa, Homo sapiens PiT1 (NP_005406.3), Xenopus laevis PiT1 (NP_001087494.1), Exaiptasia diaphana PiT1 (XP_020903863.1) and the PiT2 paralog from Homo sapiens (Q08357.1). The 11 transmembrane regions (TMs) predicted using the TOPCONS server have been delineated in black with the region number above. The two ProDom (PD001131) domains are underlined in red. The 12 amino acid-long signature sequence of the PiT family is marked with a black box. The red boxes denote the conserved P-X-S motif at the N and C terminal (where X is a hydrophobic amino acid). Residues identified as critical for Pi transport in human PiT1 protein are indicated with asterisks while residues that are important for Pi transport in human PiT2 paralog are marked with hash. Residues marked by open triangles constitute part of the substrate binding site(s) whereas the residue marked by a closed triangle binds Pi. Residues indicated with closed circles play a role in substrate selectivity and coordination.




Gene Expression of PiT1-Like in Various Organs

In T. squamosa, PiT1-like was expressed strongly in the kidney and ctenidium, and moderately in the outer mantle, inner mantle, heart, and adductor muscle. It was only weakly expressed in the hepatopancreas, byssal retractor muscle, and foot muscle (Figure 3). Hence, efforts were focused subsequently on elucidating the possible functions of PiT1-like in the kidney, ctenidium, and outer mantle of T. squamosa.
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FIGURE 3. Gene expression of a homolog of sodium-dependent phosphate transporter protein 1 (PiT1-like) in the outer mantle (OM), inner mantle (IM), ctenidium (CT), kidney (KD), heart (HT), hepatopancreas (HP), adductor muscle (AM), byssal retractor muscle (BM), and foot muscle (FM) of Tridacna squamosa exposed to light for 12 h.




Immunofluorescence Localization of PiT1-Like

The kidneys of giant clams are known to consist of nephrocytes, which are large globular cells with indistinct boundaries and little visible cytoplasmic contents (Norton and Jones, 1992). In the kidney of T. squamosa, PiT1-like was localized in the membrane surrounding a type of nephrocytes (Figure 4). In the ctenidium of T. squamosa, PiT1-like had a basolateral localization in the filaments and tertiary water channels (Figure 5). In addition, PiT1-like was detected in the epithelial cells of the tertiary zooxanthellal tubules in the outer mantle (Figure 6). In order to identify the location of PiT1-like in the tubular epithelium, it was essential to capture, albeit with some difficulties, the nuclei of the tubular epithelial cells. Nonetheless, based on three separate locations of the nuclei of the tubular epithelial cells in the image presented in Figure 6 and many similar observations in other slide preparations, PiT1-like appeared to have a basolateral localization in the tubular epithelium.
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FIGURE 4. Immunofluorescence localization of a homolog of sodium-dependent phosphate transporter protein 1 (PiT1-like) in the kidney of Tridacna squamosa exposed to 12 h of light. (A) Differential interference contrast (DIC) image to demonstrate the histological structure of kidney nephrocytes. (B) Green immunofluorescence staining of the membrane of kidney nephrocytes (labeled with arrowheads) indicates presence of PiT1-like protein. (C) Merged images of DIC with PiT1-like labeling with (D) a magnified view. Scale bar: (A–C), 50 μm; (D), 20 μm.



[image: image]

FIGURE 5. Immunofluorescence localization of a homolog of sodium-dependent phosphate transporter protein 1 (PiT1-like) in the filament (A–C) or the tertiary water channels (D–F) in the ctenidium of Tridacna squamosa exposed to 12 h of light. (A,D) Differential interference contrast (DIC) image is overlaid with DAPI nucleus (N) stain in blue to demonstrate the histological structure of ctenidium filament (CF) and tertiary water channel (TWC). (B,E) PiT1-like-immunofluorescence is displayed in green. (C,F) The green and blue channels are overlaid with DIC. Arrowheads in (B,C) show extensive basolateral staining of PiT1-like on the epithelium (EP) of CFs. (E,F) indicates the presence of PiT1-like on the basolateral membrane of the tertiary water channels. HL, hemolymph. Scale bar: 20 μm.
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FIGURE 6. Immunofluorescence localization of a homolog of sodium-dependent phosphate transporter protein 1 (PiT1-like) in the outer mantle of Tridacna squamosa exposed to 12 h of light. (A) Overlaid image of differential interference contrast (DIC), auto-fluorescence of symbiotic dinoflagellates (zooxanthellae, ZX) in red, merged with that of DAPI (blue) staining of zooxanthellal nucleus (n) and nucleus (N) of host tubular epithelium (ZT). Red auto-fluorescence of ZX was due to plastid (PL). (B) Green immunofluorescence staining of the epithelial cell linings of the basolateral membrane of ZT (labeled with arrowheads) indicates presence of PiT1-like protein. (C) Merged images of DIC, DAPI, red, and PiT1-like immunolabeling. (D) Magnified view of (C). Scale bar: 20 μm.




Changes in the Transcript Levels and Protein Abundance of PiT1-Like/PiT1-Like in the Kidney, Ctenidium or Outer Mantle of T. squamosa in Response to Light

In T. squamosa, the transcript level of PiT1-like in the kidney was approximately 10-fold higher than those in the ctenidium and outer mantle (Figure 7). There were significant increases in the transcript levels of PiT1-like in the kidney at hour 12 of light exposure (Figure 7A), in the ctenidium at hour 6 or 12 of light exposure (Figure 7B), and in the outer mantle at hour 3 of light exposure (Figure 7C), when compared with the corresponding values of the control clams kept in darkness for 12 h.
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FIGURE 7. Transcript levels of a homolog of sodium-dependent phosphate transporter protein 1 (PiT1-like) from the (A) kidney, (B) ctenidium, and (C) outer mantle of Tridacna squamosa kept in darkness for 12 h (control), or exposed to light for 3, 6, or 12 h. Transcript levels of PiT1-like expressed as ×105 copies of transcript per ng total RNA for kidney, or ×104 copies of transcript per ng total RNA for ctenidium and outer mantle. Results represent means + SEM (n = 4). Means not sharing the same letter are significantly different (p-value < 0.05).


As the kidney and ctenidium had apparently higher protein abundance of PiT1-like than the outer mantle, the protein loads of samples of kidney, ctenidium, and outer mantle for electrophoresis were 20, 50, and 100 μg (Figure 8), respectively. The protein abundance of PiT1-like increased significantly in the kidney of T. squamosa after 6 or 12 h of exposure to light, as compared to the control (Figure 8A). In comparison, the protein abundance of PiT1-like increased significantly in the ctenidium and outer mantle only after 12 h of exposure to light as compared to the control (Figures 8B,C). The specificity of anti-PiT1-like antibody was validated by PCA, whereby the PiT1-like band of the kidney sample was abolished using the peptide-neutralized antibody (Supplementary Figure 1).
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FIGURE 8. Protein abundance of a homolog of sodium-dependent phosphate transporter protein 1 from the (A) kidney, (B) ctenidium, and (C) outer mantle of Tridacna squamosa kept in darkness for 12 h (control) or exposed to light for 3, 6, or 12 h. (i) A representative blot. L represents ladder. (ii) The optical density of the PiT1-like band for 20, 50, and 100 μg of protein from kidney, ctenidium, and outer mantle, respectively, was expressed as arbitrary units and normalized with respect to that of tubulin from each tissue. Results represent means + SEM (n = 4). Means not sharing the same letter are significantly different (p-value < 0.05).




DISCUSSION


Molecular Properties of PiT1-Like From T. squamosa

PiT1-like of T. squamosa consists of two homology ProDom domains (PD001131), one at the N terminal region and another at the C terminal region (Salaün et al., 2004; Bottger and Pedersen, 2011), which are characteristic of PiT proteins. Moreover, two related sequence motifs (of 12 amino acids long), which are designated as signature sequences of the PiT family and involved in cation translocation (Bottger and Pedersen, 2005), can be found in the PD001131 domains of PiT1-like of T. squamosa. All conserved amino acids known to be critical for Pi transport are located inside the two PD001131 domains of PiT1-like. Based on the characterization of human PiT2 (Bottger and Pedersen, 2011), residues D39, E66, H403, D407, E476, and S494 in PiT1-like of T. squamosa could be involved in the translocation of H2PO4– (Bottger and Pedersen, 2002, 2005, 2011), although the exact mechanism remains elusive (Beck et al., 2009). The two conserved glutamate residues situated in the TMs could act to couple Na+ transport with Pi uptake (Bottger et al., 2006). Similar to PiT1 of H. sapiens and X. laevis, PiT1-like of T. squamosa comprises several conserved residues, such as V77, S78, R82, I86, V88, and S125, which constitute the substrate binding site(s) (Ravera et al., 2013; Bon et al., 2017). In particular, S125 may be responsible for binding of H2PO4– (Bon et al., 2017) while S78 and R82 are responsible for substrate selectivity and coordination (Ravera et al., 2013). As V77, S78, R82, I86, and V88 are located in the extracellular loop region 2, they may be involved in the formation of a hydrophilic pore through which substrates might interact with the binding sites during the transport cycle (Ravera et al., 2013). With conserved substrate binding sites, PiT1-like of T. squamosa can co-transport Na+ and H2PO4– against the uphill H2PO4– electrochemical gradient at the expense of the downhill electrochemical gradient of Na+ through the plasma membrane into the cell.



Gene Expression of PiT1-Like in Various Organs and Its Implications

PiT1-like expression was detected in many organs of T. squamosa, indicating a possible house-keeping role in Pi homeostasis. However, PiT1-like was expressed strongly in the kidney of T. squamosa, which is known to contain much more phosphate than other organs (Belda and Yellowlees, 1995), denoting a probable role in the uptake and accumulation of Pi. The strong expression of PiT1-like in the ctenidium denotes an important physiological function, but whether it could be involved in exogenous Pi absorption depends on its subcellular localization. Furthermore, the moderate gene expression level of PiT1-like in the colorful outer mantle suggests an important role in the supply of Pi to the dinoflagellates that are found in high density therein. In order to elucidate the functions of PiT1-like, it was essential to determine its cellular and subcellular localization in these three organs by immunofluorescence microscopy.



PiT1 Could Be Involved in Pi Sensing and Signaling

Extracellular Pi can act as a signaling molecule that directly alters gene expression and cellular physiology. Cells can detect changes in extracellular Pi levels through a Pi-sensing mechanism (Camalier et al., 2013; Michigami, 2013) that may involve the MAPK ERK1/2 pathway (Khoshniat et al., 2011). In human skeletal cells, PiT1 and PiT2 heterodimerization can mediate Pi signaling independent of Pi uptake (Bon et al., 2017). The deletion of PiT1 or PiT2 impedes phosphorylation mediated by the Pi-dependent MAPK ERK1/2 signaling (Bon et al., 2017). If PiT1-like has an apical localization in epithelial cells in T. squamosa, it could not be involved in sensing the concentration of Pi in the hemolymph. However, if it has a basolateral localization in epithelial cells and direct contact with the hemolymph, it could possibly function as a transporter to translocate H2PO4– from the hemolymph into the cell, as well as a sensing mechanism to detect hemolymph H2PO4– but without transporting it. Although it would be difficult to decipher these two functions of PiT1-like in T. squamosa, attempts were made to interpret our results based on the physiological functions of the three organs studied.



PiT1-Like Is the Light-Dependent Mechanism of Pi Uptake in Nephrocytes of the Kidney

Symbiotic animals absorb Pi from the ambient seawater not only for their own metabolism, but also for the needs of the symbionts (Jackson and Yellowlees, 1990). Pi uptake in corals (Jackson and Yellowlees, 1990; Godinot et al., 2009) and giant clams (Chan et al., 2020) are light-dependent. For giant clams, it has been postulated that the host could maintain low concentrations of Pi (<0.1 μM) in the hemolymph to control the internal population of symbiotic dinoflagellates (Belda and Yellowlees, 1995). Without knowledge of the mechanism involved, Belda and Yellowlees (1995) proposed that the kidney of giant clams could rapidly take up Pi circulating in the hemolymph to limit the availability of Pi to the symbionts. Our results demonstrate for the first time that the plasma membrane of the globular nephrocytes in the kidney of T. squamosa displayed a strong immunolabeling of PiT1-like. Nephrocytes are located adjacent to the hemolymph sinuses. Hence, they can probably sense the extracellular Pi concentration and actively absorb H2PO4– from the hemolymph through PiT1-like, driven by the electrochemical potential gradient of Na+ (Virkki et al., 2007). Furthermore, the gene and protein expression levels of PiT1-like increased significantly in the kidney of T. squamosa during illumination, indicating its involvement in the increased removal of Pi from the hemolymph during light-enhanced Pi uptake to maintain a low hemolymph Pi concentration. As Pi is scarce in seawater, the host probably accumulates Pi in nephrocytes to cater for its long-term growth and development, but whether the accumulation of Pi in nephrocytes is meant to control the populations of symbionts (Belda and Yellowlees, 1995) is debatable. Results obtained from the outer mantle of T. squamosa indicate that the host clam could probably increase the supply of Pi to the symbionts through PiT1-like during illumination, as they would logically have a higher demand for Pi in light than in darkness.



The Basolateral PiT1-Like of the Ctenidium Probably Functions in Pi Sensing

The ctenidium of T. squamosa expresses NPT2a-like in the apical membrane of its epithelial cells (Chan et al., 2020). The inwardly directed Na+ electrochemical gradient would drive HPO42– from the ambient seawater into the epithelial cells through the apical NPT2a-like. Then, Pi can be translocated through some unknown basolateral transporter to the hemolymph. Our results indicate that the ctenidial epithelial cells of T. squamosa also expressed PiT1-like in the basolateral membrane. The basolateral localization prescribes that PiT1-like would transport H2PO4– from the hemolymph into the epithelial cells. Enterocytes of human intestine also express an apical NPT2b as well as basolateral PiT1 and PiT2 (Kiela and Ghishan, 2018), whereby NPT2b absorbs Pi from the intestinal lumen under normal circumstances, and PiT1/PiT2 function to import Pi from the blood for cellular Pi homeostasis during periods of dietary insufficiency (Kiela and Ghishan, 2018). Hence, the possibility of the basolateral PiT1-like in the ctenidial epithelial cells of T. squamosa absorbing Pi from the hemolymph during Pi-limiting situation cannot be ignored. However, the light-enhanced expression of PiT1-like in the ctenidial epithelial cells might suggest that the capacity for Pi-sensing in these cells is enhanced by light. As Pi binding rather than Pi uptake is the key factor in mediating Pi signaling through the PiT protein, it is possible that the basolateral PiT1-like in the ctenidial epithelial cells could act as part of a Pi-sensing mechanism, and that the physiological activities of these epithelial cells, including Pi uptake, can be regulated by the Pi concentration in the hemolymph, although future works are needed to verify these propositions.



In the Outer Mantle, PiT1-Like Could Be Involved in the Supply of Pi to the Symbionts

The outer mantle of T. squamosa can be regarded as a crucial site of light-enhanced Pi absorption through NPT2a-like (Chan et al., 2020), and the Pi absorbed can be delivered directly to the dinoflagellates therein. As PiT1-like had a basolateral localization in the epithelial cells that formed the tertiary tubules in the outer mantle of T. squamosa, it could act as a mechanism for Pi sensing and signaling. It could also actively transport H2PO4– from the hemolymph into the tubular epithelial cells against its concentration gradient, and then Pi could be transported through some unknown apical transporter into the luminal fluid of the zooxanthellal tubules. It has been postulated previously that the growth and reproduction of symbionts are determined by the low concentration of Pi in the hemolymph (Belda and Yellowlees, 1995). However, symbiotic dinoflagellates are surrounded by the luminal fluid of the zooxanthellal tubules, and the ionic concentrations in the luminal fluid are most likely different from those in the hemolymph. In fact, PiT1-like could logically facilitate and regulate the translocation of Pi from the hemolymph into the luminal fluid surrounding the symbionts.

Importantly, the transcript level and protein abundance of PiT1-like/PiT1-like increased significantly in the outer mantle at hour 3 and hour 12 of light exposure, respectively. The increase in the protein abundance of PiT1-like in the outer mantle occurred between hour 6 and hour 12, which aligned well with the light–enhanced expression of RuBisCO protein therein (Poo et al., 2020), and with the light-enhanced host’s carbon concentration mechanism (Ip et al., 2017, 2018). In light, photosynthesizing dinoflagellates need Pi to increase the synthesis of ATP during the light-dependent process of photosynthesis. The localization and light-dependency of PiT1-like expression in the outer mantle provide novel insights into the interaction between the host clam and the symbionts.



CONCLUSION

Results obtained from this study have three implications. Firstly, the same host transporter (PiT1-like) could serve different physiological functions in different organs (kidney, ctenidium, and outer mantle). Secondly, the host could probably regulate the supply of Pi to the symbionts through PiT1-like of the tubular epithelial cells. Thirdly, the increase in the supply of Pi to the symbionts, together with the absorption of Pi by nephrocytes, led to the low concentration of Pi in the hemolymph. When taken together, these results denote that the accumulation of Pi in the kidney of giant clams is unlikely to be dedicated for the control of the internal dinoflagellate population, but to act as a Pi reserve for the host’s growth and development due to the scarcity of Pi in the environment.
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Supplementary Figure 1 | Peptide competition assay (PCA) on anti-PiT1-like antibody. The presence of PiT1-like band of a kidney sample exposed to light for 12 h (A) disappeared when anti-PiT1-like antibody was neutralized with the immunizing peptide (B). L, ladder.


FOOTNOTES

1http://www.ncbi.nlm.nih.gov/BLAST
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Retinoic acid (RA) signaling pathways mediated by RA receptors (RARs) are essential for many physiological processes such as organ development, regeneration, and differentiation in animals. Recent studies reveal that RARs identified in several mollusks, including Pacific oyster Crassostrea gigas, have a different function mechanism compared with that in chordates. In this report, we identified the molecular characteristics of CgRAR to further explore the mechanism of RAR in mollusks. RT-qPCR analysis shows that CgRAR has a higher expression level in the hemocytes and gonads, indicating that CgRAR may play roles in the processes of development and metabolism. The mRNA expression level of both CgRAR and CgRXR was analyzed by RT-qPCR after injection with RA. The elevated expression of CgRAR and CgRXR was detected upon all-trans-RA (ATRA) exposure. Finally, according to the results of Yeast Two-Hybrid assay and co-immunoprecipitation analysis, CgRAR and CgRXR can interact with each other through the C-terminal region. Taken together, our results suggest that CgRAR shows a higher expression level in gonads and hemocytes. ATRA exposure up-regulates the expression of CgRAR and CgRXR. Besides, CgRAR can interact with CgRXR to form a heterodimer complex.
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INTRODUCTION

Retinoic acid (RA), an important hormone derived from vitamin A, plays crucial roles in regulating many development and differentiation processes, such as axial patterning, tissue formation, nervous system development, and regeneration (Das et al., 2014; Ghyselinck and Duester, 2019; Pawlikowski et al., 2019). It has been reported that RA-activated responses are mediated by the RA receptors (RARs) and the retinoid X receptors (RXRs) in vertebrates (Balmer and Blomhoff, 2002; Gutierrez-Mazariegos et al., 2014; Ghyselinck and Duester, 2019). Both RARs and RXRs belong to the steroid hormone/thyroid hormone nuclear receptor superfamily, containing a well-defined DNA-binding domain (DBD) and a C-terminal ligand-binding domain (LBD) (Bourguet et al., 2000; Le Maire and Bourguet, 2014).

Many studies have revealed that the RAR gene undergoes duplications through evolution. As a result, there are three paralogous RAR genes that exist in most vertebrates, including RARα, RARβ, and RARγ (Bastien and Rochette-Egly, 2004; Escriva et al., 2006). In vertebrates, RARs interact with RXRs to form different combinations of a heterodimer. There are several RA isomers, including all-trans-RA (ATRA), 9-cis-RA (9cRA), and 13-cis-RA. ATRA is the primary ligand sensed by RAR–RXR heterodimers during the development process (Mic et al., 2003; Cunningham and Duester, 2015). After being combined with ATRA, RAR–RXR heterodimers regulate transcription by combining with RA response elements (RAREs) in the regulatory regions of target genes (Kastner et al., 1995; Bastien and Rochette-Egly, 2004). In addition, RARs identified in urochordates Polyandrocarpa misakiensis and cephalochordate Branchiostoma lanceolatum can form a heterodimer with RXRs and combine with RA to activate transcription of target genes, with a similar function to that in vertebrates (Kamimura et al., 2000; Escriva et al., 2006).

It was once thought that RA signaling was unique to chordate animals for a long time until the signaling pathway was found in non-chordate animals, including ambulacrarians and lophotrochozoans, over the past one or two decades (Bertrand et al., 2004; Gutierrez-Mazariegos et al., 2014). Many studies focused on RA signaling pathway and the function of RARs in mollusks over the years. In Lymnaea stagnalis, RA modifies invertebrate electrical synapses of central neurons and function in the formation and modulation of invertebrate central synapses (Rothwell et al., 2017). Disruption of RA signaling in Lymnaea embryos using RAR antagonists resulted in abnormal eye and shell development (Carter et al., 2015). In addition, RA reduces intracellular calcium levels rapidly and affects calcium signaling in adult molluscan neurons of L. stagnalis (Vesprini et al., 2015). In Thais clavigera and Nucella lapillus, RXR is involved in the organotin-induced development of imposex (Nishikawa et al., 2004; Castro et al., 2007). Moreover, RXR identified from Biomphalaria glabrata can combine with 9cRA and activate the transcription of targets genes (Bouton et al., 2005). TcRAR and NlRAR, identified from T. clavigera and N. lapillus, respectively, can interact with RXR to form heterodimers but appear not to be activated by RA when detecting the transcription activity in mammalian cells (Urushitani et al., 2013; Juliana et al., 2014). In Crassostrea gigas, both in silico analysis and molecular experiments indicated that CgRXR shows high potential to combine with RA, while CgRAR loses the ability to interact with natural or synthetic RA ligands. In addition, RA can activate the transcriptional activity of CgRXR but not CgRAR (Vogeler et al., 2017; André et al., 2019; Huang et al., 2020). Thus, effects of RA on mollusks might be RAR independent. RAR may have different functions in these mollusks, including C. gigas.

Pacific oyster C. gigas is an important marine shellfish in the world, with great ecological and economic significance. It is of great significance to explore the RA signaling mechanism and RAR function in C. gigas. In the current report, we investigate the molecular characteristics of CgRAR. Tissue expression pattern and mRNA expression of CgRAR upon ATRA exposure were analyzed in C. gigas first. Then the subcellular localization of CgRAR was detected in HEK293T cells. To get a better understanding of the possible functions of CgRAR, the interaction between CgRAR and CgRXR was detected, and the results show that CgRAR interacts with CgRXR through the C-terminal region. Besides, both CgRAR and CgRXR can interact with themselves to form homodimers in yeast and mammalian cells.



MATERIALS AND METHODS


Oyster Collection, Tissue Sampling, and Retinoic Acid Exposure

Oysters used in this study were collected from a local culture zone (Yantai, China), with an average shell length of 65 cm. All the oysters were acclimated in aerated seawater at 15–22°C for at least 1 week before experiment. For tissue expression analysis, mantle (Man), gill (Gil), adductor muscle (Amu), hemolymph (Hae), digestive gland (Dgl), gonad (Gon), and labial palps (Lpa) were collected from nine wild oyster individuals. For RA exposure analysis, 48 oysters were divided into two groups randomly. ATRA was dissolved in dimethylsulfoxide (DMSO); oysters in two groups were injected with DMSO and 2 μg/μl of ATRA and given a supplementary injection every 2 days for a total of five injections.



RNA Extraction and Real-Time Fluorescence Quantitative PCR Analysis

Total RNA was isolated from different oyster tissues or RA-treated oysters using an RNA extraction kit (Tiangen). Briefly, tissue blocks were ground into a homogenate in liquid nitrogen, the cracking buffer was added to the homogenate, the supernatant was obtained by centrifugation, and subsequent operations were performed according to the kit instructions. cDNA synthesis using PrimeScriptTM RT Master Mix (TaKaRa) was performed according to the instructions. RT-qPCR analysis was performed using SYBR Premix Ex Taq II (TaKaRa) and a Bio-Rad CFX Connect PCR instrument. RS18 was used as reference gene for normalization of gene expression. 2–ΔΔCt method was used to calculate the relative expression level. Primers utilized for RT-qPCR are listed in Supplementary Table 1.



Subcellular Localization Analysis

Full-length coding sequence (CDS) of CgRAR was cloned into pEGFP-N1 plasmid (Clontech) and then transferred into HEK293T cells with Lipofectamine 3000 (Invitrogen) when the confluence of cells reached 60%. Transfected cells were fixed with 4% paraformaldehyde and then incubated with DAPI for 5 min to stain the nuclei 24 h after transfection. Laser-Scanning Confocal Microscopy System FluoView FV1000 (Olympus, Japan) was used to observe fluorescent signal. Primers used for fusion vector construction are listed in Supplementary Table 1.



Yeast Two-Hybrid Assay

The yeast strain Yeast Two-Hybrid (Y2H) Gold (Clontech) was used to assess protein–protein interactions in this study. The CDS fragments of CgRAR, CgRXR, C-terminal of CgRAR, and C-terminal of CgRXR were cloned into pGAD T7 and pGBK T7 to generate CgRAR-AD/BD, CgRXR-AD/BD, CgRARC-AD/BD, and CgRXRC-AD/BD fusion plasmids; fusion plasmids were co-transferred into Y2H Gold yeast strain according to the manufacturer’s instructions (Clontech). Primers used for fusion plasmids construction are listed in Supplementary Table 1. Yeast transformants were grown on SD/-Leu/-Trp double drop out (DDO) medium for 3–5 days and then screened on selective SD/-Leu/-Trp/-His/-Ade quadruple drop-out (QDO) medium with aureobasidin A (AbA) and X-α-gal.



Co-immunoprecipitation Assay

The full-length CDSs of CgRAR and CgRXR were constructed into pCMV-Myc and pCMS-flag to generate the fusion vectors. Primers used for fusion vectors construction are listed in Supplementary Table 1. The fusion vectors were introduced into the HEK293T cells by Lipofectamine 3000 (Invitrogen). Thirty-six hours after transfection, proteins were extracted from co-transferred HEK293T cells with lysis buffer (Beyotime, China). Anti-flag magnetic beads (Sigma, United States) were used for co-immunoprecipitation (co-IP) as indicated. After the IP, beads were washed at least three times in wash buffer. Input samples were separated from the cell lysate without anti-flag magnetic beads. Samples were boiled for 5 min in 2× protein sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (TAKAEA) and subjected to western blot (WB) analysis using anti-flag and anti-myc (Sigma, United States).



RESULTS


Tissue Expression Pattern of CgRAR

Transcriptional expression pattern of CgRAR was detected in different tissues isolated from healthy adult oysters under normal growing conditions, including the mantle, adductor muscle, gill, digestive gland, gonad, labial palp, and hemocytes. As a result, the CgRAR gene is widely expressed in all the detected tissues, with a higher expression in hemocytes and gonads (Figure 1A), suggesting that CgRAR may function in these tissues.
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FIGURE 1. Relative expression of CgRAR in different tissues (A) and in response to retinoic acid (RA) treatment (B). Relative mRNA expression levels of CgRAR and CgRXR was normalized to that of CgRS18. Bars represent means of three replicates ± SD (standard deviation). One-way ANOVA and Student’s t-test (*P < 0.05) were used for significance analysis in (A,B) respectively. Hae, hemolymph; Gon, gonad; Amu, adductor muscles; Man, mantle; Gil, gill; Dgl, digestive gland; Lpa, labial palps.




The Expression of CgRAR Can Be Activated by ATRA

To explore the relationship between CgRAR and RA-induced responses, we performed RT-qPCR analysis to detect the relative expression level of CgRAR and CgRXR after ATRA treatment. As shown in Figure 1B, the transcript level of both CgRAR and CgRXR was up-regulated after ATRA injection. This result indicates that mRNA expression of CgRAR and CgRXR can be up-regulated by ATRA exposure.



CgRAR Protein Mainly Localized in the Nucleus in HEK293T Cells

To reveal the subcellular localization of CgRAR protein, a green fluorescent protein (GFP)-tagged CgRAR was transferred into HEK293T cells. GFP plasmid was also transferred into HEK293T as control. As show in Figure 2, fluorescent single was observed on cytoplasm in GFP-transfected cells; in the cells transferred with CgRAR–GFP, fluorescent single was detected in the nucleus. This result suggests that CgRAR protein localized in the nucleus in HEK293T cells.
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FIGURE 2. Subcellular localization of CgRAR in HEK293T cells. Confocal microscopy images of green fluorescent protein (GFP) (top) and CgRAR–GFP (bottom). HEK293T cells were transfected with pEGFP-N1 and CgRAR–GFP respectively. Bar, 50 μm.




CgRAR Physically Interacts With CgRXR

To verify the interaction between CgRAR and CgRXR, a Y2H assay was carried out using the full-length CDSs of CgRAR and CgRXR first. Both CgRAR and CgRXR fusion vectors exhibit strong self-activation (Figure 3B). Thus, the DBD domain of CgRAR and CgRXR was deleted to generate CgRARC-AD/BD and CgRXRC-AD/BD fusion vectors, respectively (Figure 3A). Yeast strain co-expressing CgRARC and CgRXRC can be grown on QDO selection medium without self-activation (Figure 3C), indicating that CgRAR interacts with CgRXR through the C-terminal region. Co-IP analysis was also taken to confirm the interaction between CgRAR and CgRXR (Figure 3D). As a result, CgRAR was co-precipitated with CgRXR in HEK293T cells. In addition, both CgRAR and CgRXR can interact with themselves to form homodimers (Figures 3C,D). Taken together, these results demonstrate that CgRAR can either form a heterodimer by binding CgRXR or form a homodimer with itself in yeast and in HEK293T cells.
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FIGURE 3. CgRAR physically interacts with CgRXR. (A) Representation of truncated CgRAR and CgRXR proteins. (B) Yeast two-hybrid assay for interactions between CgRAR and CgRXR protein. (C) Yeast two-hybrid assay for interactions between truncated CgRAR and CgRXR protein. AD and BD empty vectors were co-transformed as negative control. QDO/X/A, quadruple drop-out medium to test interaction; DDO, double drop-out as control. QDO, SD/-Trp/-Leu/-His/-Ade; DDO, SD-Leu-Trp; X, X-α-gal; A, aureobasidin A (AbA). (D) Co-immunoprecipitation assays verified the interaction between CgRAR and CgRXR protein. WB analysis using anti-myc and anti-flag on total protein extracts (“Input”) and on eluted proteins after immunoprecipitation (IP) with anti-flag magnetic beads.




DISCUSSION

Retinoic acid is an important hormone playing critical roles in the processes of organogenesis, neuronal differentiation, and embryonic development in vertebrates (Duester, 2008; Kam et al., 2012; Janesick et al., 2015). The important roles of RA signaling were also found in physiological process in mollusks, such as maturation of neurons, imposex, and formation of central synapses (Nishikawa et al., 2004; Vesprini et al., 2015; Rothwell et al., 2017). RARs are the primary receptors that sense RA ligand and regulate target gene transcription in chordates. However, the RA signaling mechanism in non-chordate animals, especially in some mollusks, seems different from that in chordates (André et al., 2019).

To help predict the possible function of CgRAR, tissue expression pattern was first examined in adult oysters under normal indoor culture environment in this study. A universal distribution of CgRAR gene was detected in different tissues of oyster, with a higher expression in gonads and hemocytes (Figure 1A). Since both gonads and hemocytes are tissues closely related to the processes of reproduction, differentiation, and development, we speculated that the elevated expression of CgRAR in these two tissues suggested that CgRAR might be involved in the development process of C. gigas. In chordates, RARs and RXRs form a heterodimer to regulate the expression of target genes in the perception of ATRA (Niederreither and Dolle, 2008; Gutierrez-Mazariegos et al., 2014). A recent study revealed that CgRXR is widely expressed in all tissues examined in Pacific oyster, with the highest relative expression in the mantle and lowest in gonads (Huang et al., 2020). Thus, the main function of CgRAR and CgRXR may not be exactly the same.

All-trans-RA exposure activates the mRNA expression of both CgRAR and CgRAR in Pacific oyster (Figure 1B). This result indicates that transcriptions of both CgRAR and CgRXR can be respond to ATRA exposure. It is worth noting that activation at the transcriptional level does not mean that CgRAR and CgRXR proteins can sense and bind to ATRA ligands. Whether CgRAR and CgRXR function in this process and what role they play need to be further studied.

Both RARs and RXRs belong to the nuclear receptor family and can regulate target gene transcription in the nucleus in vertebrates (Bastien and Rochette-Egly, 2004). A recent study demonstrated that CgRXR localized in the nucleus in the human cell line (Huang et al., 2020). CgRAR–GFP fusion plasmid was constructed and transferred into HEK293T cells to explore the subcellular location of CgRAR. The results showed that CgRAR was also localized in the nucleus in the human cell line (Figure 2). Therefore, we speculate that CgRAR’s function in the nucleus may be to regulate the transcription of target genes as a transcription factor.

In vertebrates, RA–RAR–RXR complex targets RARE of downstream genes, activating or repressing gene transcription (Kastner et al., 1995; Cunningham and Duester, 2015). Several studies have shown that RAR gene identified in some mollusks, including T. clavigera, Patella vulgata, N. lapillus, and C. gigas, lose the ability to bind ligand RA. In addition, the transcriptional activity of these RARs cannot be activated by RA (Urushitani et al., 2013; Juliana et al., 2014; Vogeler et al., 2017; André et al., 2019). It is reported that the RAR–RXR heterodimer still has the ability to bind RAREs and recruit co-repressors to negatively regulate transcription in the absence of ligand (Niederreither and Dolle, 2008). In this study, the physical interaction between CgRAR and CgRXR was confirmed by Y2H assay and Co-IP analysis (Figure 3). Whether CgRAR or CgRAR–CgRXR heterodimer regulate target gene transcription in the nucleus remains to be further studied. Taken together, this study indicates that CgRAR localized in the nuclear and can interact with CgRXR to form a heterodimer complex. The transcription of CgRAR can respond to ATRA, and CgRAR may function during the development process. This work may help to better understand the possible functions of CgRAR and to provide data reference for the further research.
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Increasing evidence has revealed accumulated ammonia will cause adverse effects on the growth, reproduction, and survival of aquatic animals. As a marine benthic mollusk, the razor clam Sinonovacula constricta shows better growth and survival under high ammonia nitrogen environment. However, little is known about its adaptation mechanisms to high ammonia stress in an integrated mariculture system. In this study, we analyzed the association between the polymorphism of glutamate dehydrogenase gene (GDH), a key gene involved in ammonia nitrogen detoxification, and ammonia tolerance. The results showed that 26 and 22 single-nucleotide polymorphisms (SNPs) of GDH in S. constricta (denoted as Sc-GDH) were identified from two geographical populations, respectively. Among them, two SNPs (c.323T > C and c.620C > T) exhibited a significant and strong association with ammonia tolerance, suggesting that Sc-GDH gene could serve as a potential genetic marker for molecular marker–assisted selection to increase survival rate and production of S. constricta. To observe the histological morphology and explore the histocellular localization of Sc-GDH, by paraffin section and hematoxylin–eosin staining, the gills were divided into gill filament (contains columnar and flattened cells) and gill cilia, whereas hepatopancreas was made up of individual hepatocytes. The results of immunohistochemistry indicated that the columnar cells of gill filaments and the endothelial cells of hepatocytes were the major sites for Sc-GDH secretion. Under ammonia stress (180 mg/L), the expression levels of Sc-GDH were extremely significantly downregulated at 24, 48, 72, and 96 h (P < 0.01) after RNA interference. Thus, we can speculate that Sc-GDH gene may play an important role in the defense process against ammonia stress. Overall, these findings laid a foundation for further research on the adaptive mechanisms to ammonia–nitrogen tolerance for S. constricta.
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INTRODUCTION

In practice, some improper management methods such as high-density stocking and overfeeding lead to gradual ammonia nitrogen accumulation in rearing water, which are extremely toxic to the health of aquatic organisms. Ammonia is usually present in ionized ([image: image]) and unionized (NH3) states in water, and NH3 diffuses easily across membrane and into hemolymph of aquatic animals (Randall and Tsui, 2002). A number of studies have demonstrated that ammonia exposure resulted in histopathologic changes in gill and liver of Oreochromis niloticus (Benli et al., 2008), Cyprinus carpio (Peyghan and Takamy, 2002), and Portunus pelagicus (Romano and Zeng, 2006). Similarly, the gills of sliver catfish exposed to ammonia levels above LC50 (96 h) resulted in edema and fusion of the secondary lamellae (Miron et al., 2008). Additionally, the ammonia exposure induces oxidative stress and then further causes endoplasmic reticulum stress and apoptosis in the hepatopancreas of Litopenaeus vannamei (Liang et al., 2016). A similar pattern was observed in Ruditapes philippinarum showing that ammonia can destroy the stability of lysosomal membrane and cause cell apoptosis of the gills (Cong et al., 2017). However, the histocellular localization of genes associated with ammonia–nitrogen excretion in the gills and liver has been rarely reported. It should also be mentioned that Opsanus beta and Porichthys notatus exhibited remarkably different levels of the branchial expression of nitrogen transporters, both with regard to urea transporter proteins and Rhesus glycoprotein proteins, in accord with their disparate approaches to nitrogen metabolism (Bucking et al., 2013). Similarly, the changes of protein expression in the Na+/K+-ATPase and Rhesus glycoprotein C like of sea lamprey (Petromyzon marinus) gill during metamorphosis suggested that the methods of excreting ammonia were fundamentally changed (Sunga et al., 2020). Another study on immunofluorescence indicated that ammonium transporters might participate in ammonia excretion instead of ammonia absorption and assimilation in Tridacna squamosa (Boo et al., 2018). However, to date, little research focuses on the action site of genes related to detoxification metabolism of benthic mollusks exposed to high ammonia.

The razor clam Sinonovacula constricta is an economically important bivalve species along the coast of west Pacific Ocean, which has become one of the most popular seafood because of its delicious taste. In China, the clam yield is mainly obtained by polyculture with shrimps or crabs in seawater pond (Xie et al., 2011; Li et al., 2016). S. constricta, as a benthic bivalve, often lives in the sand mud from the surface to a depth of 40–50 cm in a comprehensive aquaculture system, so it always faces more severe ammonia nitrogen than other species because of the deposition and decay of surplus food and dead organisms in the sediment. However, it is still unclear about its underlying molecular mechanism to ammonia nitrogen detoxification. Long-term exposure to ammonia eventually leads to increased susceptibility of adult bivalves and embryos to contaminant stress or reduced reproductive capacity (Keppler, 2007), although mollusks have a high tolerance to pollutants (Saha et al., 2000). By comparing several marine bivalves, it has been found that the benthic species, such as R. philippinarum (Cong et al., 2019) and Corbicula fluminea (Zhang et al., 2019), had higher ammonia nitrogen tolerance than adhesive ones, such as oyster (Epifanio and Srna, 1975) and scallop (Widman et al., 2008). In this regard, different mollusks may have specific adaptive strategies to high concentration of ammonia.

It is commonly known that glutamate dehydrogenase (GDH) is a mitochondrial enzyme and widely exists in plants (Kanamori et al., 1972), animals (Spanaki and Plaitakis, 2012), and microorganisms (Kanamori et al., 1987). It can catalyze the reversible reaction α-ketoglutarate + NH3 + NADH ⇆ glutamate + NAD+ and is allosterically regulated by leucine, pyridine, adenine, and guanine nucleotides (Smith et al., 2001). In general, GDH maintains the low concentration of ammonia in the body by converting excess ammonia into glutamate when the concentration of ammonia nitrogen is higher than normal level (Cooper, 2012). Researches on the GDH gene in aquatic animals mainly focus on fish and crustaceans, such as Monopterus albus (Tng et al., 2010) and Penaeus monodon (Yang et al., 2015). By contrary, GDH gene has been rarely studied in mollusks. In our previous study, we found that the expression of Sc-GDH was significantly increased under acute ammonia stress (P < 0.05). Further, the results of quantitative real-time polymerase chain reaction (qRT-PCR) showed that the expression of Sc-GDH was higher in the gill and hepatopancreas than other tissues (P < 0.05) (Zhang et al., 2020). Therefore, we speculated that Sc-GDH gene is involved in ammonia tolerance by influencing the active site. To investigate this hypothesis, in this study, we identified the polymorphisms of Sc-GDH gene and analyzed its association with ammonia tolerance. Then, the histological structure of gills and hepatopancreas was observed, in order to further explore the histocellular localization of Sc-GDH protein by immunohistochemistry method. Furthermore, we performed an RNA interference (RNAi) experiment to analyze the expression levels of Sc-GDH. These works would help us understand ammonia adaptation mechanism and develop a viable source for the breeding of new ammonia-tolerant variety in S. constricta.



MATERIALS AND METHODS


Ethics Statement

The razor clams S. constricta used in this work were collected from the genetic breeding research center of Zhejiang Wanli University, China. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Zhejiang Wanli University, China.



Ammonia Challenge and Sample Collection

Two geographical populations of S. constricta with an average shell length of 63.26 ± 1.73 mm from the coastal areas of Ninghai, Zhejiang province (ZJ), and Changle, Fujian province (FJ), in China were collected and raised in the genetic breeding research center of Zhejiang Wanli University. All these clams were acclimatized in seawater with a salinity level of 22 at 22 ± 0.5°C with aeration and were fed with Chaetoceros muelleri in the morning and evening.

For ammonia challenge experiments, 1,200 individuals from each population were divided into five groups (240 clams per group): the control group (CG) and four ammonia stress groups (AG). The CG tank was filled with 500 L of natural seawater, while the four AG tanks were filled with 500 L of seawater with a high concentration of ammonia (180 mg/L), according to the 96-h LC50 values (Zhang et al., 2020). The ammonia concentration in the AG was adjusted by adding NH4Cl (Sangon, Shanghai, China) solution to the seawater, and the pH value was calibrated to 7.87 ± 0.23 by 10% NaOH solution. All the clams were monitored to eliminate the dead individuals every 2 h. The stress exposure lasted for 120 h. The surviving clams throughout the challenge experiment in the AGs of each population were classified as tolerant group (TG). Afterward, the gills of selected samples were dissected and immediately frozen in liquid nitrogen for RNA extraction. Moreover, the gills and hepatopancreas of six surviving individuals from the AG and CG from ZJ population were collected for paraffin section and immunohistochemistry test.



Primers and PCR Amplification

Total RNAs were extracted from gills using Trizol reagent (Omega, United States) according to the manufacturer’s instructions. RNA purity was measured using the NanoDrop 2000 spectrophotometers (Thermo Scientific, United States). RNA degradation and contamination were monitored on agarose electrophoresis. First-stand cDNA was synthesized from total RNA using PrimeScript RT reagent kit with gDNA Eraser (Takara, Japan). The thermal cycles were conducted in a PCR instrument (Bio-Rad, United States). Gene-specific primers were designed based on the sequence of Sc-GDH gene (GenBank accession no. MK451702) (Table 1). The amplifications were performed in a total volume of 25 μL, which contained 12.5 μL of Taq PCR Master Mix (Sangon, Shanghai, China), 1 μL of each primer (10 μM), 9.5 μL of PCR-grade water, and 1 μL of cDNA template. The PCR was carried out with the following conditions: 35 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 1 min and a final extension of 72°C for 10 min. After amplification, the PCR products were detected by electrophoresis on 1% agarose gels. Specific PCR products were purified and sequenced.


TABLE 1. Primers and sequences of the experiments.
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Association Analysis Between the Single-Nucleotide Polymorphisms of Sc-GDH and Ammonia Tolerance

In the above ammonia challenge experiment, 96 and 132 survived individuals in FJ and ZJ population were regarded as the TGs, respectively. At the same time, 100 and 121 individuals in FJ and ZJ population were selected as CGs, respectively. Then, the total RNAs of all samples from the TGs and CGs were extracted, synthesized into cDNA, performed PCR amplification, and sequenced. The nucleotide sequences of the Sc-GDH from different individual clams were aligned using Mutation Surveyor. To detect the single-nucleotide polymorphisms (SNPs), χ2 of SPSS 22 software was employed to determine statistical significance. The observed heterozygosity (Ho), expected heterozygosity (He), effective allele (Ne), and polymorphism information content (PIC) of these SNPs were calculated by Popgen32. The Hardy–Weinberg equilibrium and associated loci linkage disequilibrium (LD) of these SNPs were analyzed by SHEsis online1 (Shi and He, 2006; Li et al., 2009).



Paraffin Section, Hematoxylin–Eosin Stain, and Immunofluorescence Staining

To test the cellular localization of Sc-GDH as well as the histological morphology in gills and hepatopancreas, the conventional paraffin sections, hematoxylin–eosin (H&E) staining, and immunofluorescence staining were performed. The tissues were fixed in 4% paraformaldehyde at 4°C for 24 h and then dehydrated with graded alcohol, transparent, infiltration paraffin, and paraffin-embedded. Paraffin sections (4 μm) were deparaffinized first and stained with hematoxylin (8 min) and eosin (1 min), respectively, and then photographed under an optical microscope (Nikon Eclipse 80i, Japan). In addition, paraffin sections were deparaffinized prior to immersion in 10 mM sodium citrate buffer for 20 min for antigen retrieval at a subboiling temperature (96°C). Sections were then blocked for 1 h in blocking solution (5% albumin from bovine serum) at room temperature, followed by primary antibody (antibody rabbit anti-GDH, produced privately by HuaBio, Zhejiang, 1:200) incubation (overnight, 4°C). Optimum primary antibody dilutions were predetermined by known positive control tissues. A known positive control section was included in each step to ensure proper staining. Primary antibody was detected by secondary antibodies Alexa Flour 488 donkey anti–rabbit immunoglobulin G (Invitrogen, A21206) and diluted at 1:250. Nuclei were stained with DAPI (Beyotime, Shanghai, China). The cells were observed and photographed under a fluorescence microscope (Nikon Eclipse 80i, Japan).



RNA Interference

Three hundred healthy adult clams selected from the genetic breeding research center of Zhejiang Wanli University (the average shell length was 62.43 ± 1.45 mm) were divided into three groups; the adductor muscles of all individuals of each group were injected with 5,000 ng diluted small interfering RNA (siRNA) of Sc-GDH (siRNA-GDH, Sangon, Shanghai, China), 5,000 ng diluted siRNA-negative control (NC), or 5,000 ng DEPC treated water (DEPC-W, blank control) and then were continuously cultured for 120-h exposure to 180 mg/L ammonia nitrogen seawater in three 500-L tanks (the management measures during the period are the same as above). The hepatopancreas tissues from six clams per treatment group were removed at 0, 24, 48, 72, 96, and 120 h postinjection.

For each sample, triplicate qRT-PCR reactions with iTaqTM universal SYBR® Green Supermix (Bio-Rad, CA, United States) following the manufacturer’s instructions were performed on Roche LightCycler® 480 System (Roche Diagnostics, Basel, Switzerland). Each containing 2 μg of total RNA as a template was performed with cycling conditions: 95°C for 10 min, 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 1 min, and a final extension at 72°C for 10 s. The relative expression levels of Sc-GDH were calculated by the 2–Δ Δ Ct method. The ribosomal protein S9 (RS9) gene was used as an internal reference gene (Zhao et al., 2018). All PCR primers used in this study are listed in Table 1.




RESULTS


Association Analysis Between SNPs of Sc-GDH and Ammonia Tolerance

In the ammonia challenge experiment, the first dead clam was observed in ZJ population at 24 h after ammonia stress, and the mortality rate was steadily increased and reached its apex level at 88–90 h. There were no mortalities found in the CG during the experiment. In this study, a total of 26 and 22 SNPs were detected by sequence comparisons in ZJ and FJ population, respectively (Supplementary Table 1). Each SNP was named after the rank-number of bases from the first base of mRNA sequence of Sc-GDH to the mutation locus for convenience. All loci of the two populations were synonymous mutations. The sample size, percent genotypes, and variation type of SNPs with significant differences of Sc-GDH in each population are shown in Table 2. The c.323T > C and c.620C > T were significantly different in genotype frequency between AG and TG in each population (P < 0.05) (Table 2), speculating that they are strongly associated with ammonia tolerance. The sequencing peak map showed that there were two highly consistent peaks at the mutation locus, which makes the c.323T > C and c.620C > T changes from homozygous to heterozygous (Figure 1).


TABLE 2. Genotype, gene frequency, and variation type of SNPs in Sc-GDH.
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FIGURE 1. Two single-nucleotide polymorphisms (SNPs) of Sc-GDH gene. Peaks of normal and two mutated forms of c.323T > C and c.620C > T locus in Sc-GDH.


Of the 26 SNPs in ZJ population, 23 were transversions, whereas 20 transversions were found in 22 SNPs of FJ population (Supplementary Table 1). In addition, the Ho, He, Ne, and PIC values of these SNPs in two populations are shown in Supplementary Table 2. The c.323T > C represented a moderately polymorphic in ZJ population, whereas the c.620C > T indicated a moderately polymorphic in both two populations (Table 3). Further, the LD analysis revealed the linkage relationship (D’ > 0.75) between the c.323T > C and c.620C > T in both populations.


TABLE 3. Population genetic parameters of variable loci in Sc-GDH.
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Histological Morphology and Histocellular Localization of Sc-GDH in Gills and Hepatopancreas

The histological observation of clam gills and hepatopancreas by paraffin section and H&E staining showed that nuclei were stained with hematoxylin (blue–purple), and the cytoplasm and components of the extracellular matrix were stained with eosin (red) (Figure 2). Gills were made up of cilia and filaments composed of a single layer of epithelial cells and their surrounding blood lumen. Among them, the epithelium of gill filaments was flat cells in about half of the area near the gill lumen; the remaining epithelial cells could be subdivided into columnar cells of frontal and lateral cilia according to the position of cilia (Figure 2A). Then, we proceeded to examine the expression and histocellular localization of Sc-GDH in the gills from S. constricta. The fluorescein isothiocyanate (FITC)–labeled antibody (antibody mouse anti-rabbit) selected in this study can specifically label Sc-GDH protein in tissues and display green fluorescence. Compared with the FITC staining (green) in the CG, the columnar cells in lateral cilia of gill in the AG showed a strong and positive signal (Figure 3).


[image: image]

FIGURE 2. Paraffin section observation of gills in panel (A) and hepatopancreas in panel (B) in the Sinonovacula constricta. LC, lateral cilia; CCLC, columnar cells of lateral cilia; FC, flat cells; CCFC, columnar cells of frontal cilia; L, lumen; HS, hepatic sinusoid; EC, endothelial cells; H, hepatocytes. Scale bars were 50 μm.
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FIGURE 3. Immunofluorescence of Sc-GDH in the gills of S. constricta. Sc-GDH protein was stained with the anti-GDH antibody in green, and nuclei were stained with DAPI in blue. The merged images were co-localized with Sc-GDH protein (green) and DAPI (blue) in the columnar cells of lateral cilia of gills. CC, columnar cells. Scale bars were 50 μm.


Similarly, the histological structure of hepatopancreas was observed, and histocellular localization of Sc-GDH was performed. Hepatopancreas was made up of individual hepatocytes, which was irregularly elliptical sphere in shape, and hepatic sinusoid was formed between each hepatocyte cell. The wall of hepatic sinusoid was made up of endothelial cells, which enhances the permeability of hepatic sinusoid, and was conducive to the material exchange between hepatocyte cell and blood (Figure 2B). In addition, the different size of the lumens in the hepatocyte cells also increases the possibility of the material exchange between hepatocyte cell and blood (Figure 2B). On this basis, Sc-GDH was detected in endothelial cells of hepatic sinusoid in AG and showed positive signal, whereas CG exhibited extremely low expression of Sc-GDH (Figure 4). The combination diagram showed that the green and the blue signal did not coincide, indicating that Sc-GDH was not expressed in the nucleus (Figures 3, 4).


[image: image]

FIGURE 4. Immunofluorescence of Sc-GDH in the hepatopancreas of S. constricta. Sc-GDH protein was stained with the anti-GDH antibody in green, and nuclei were stained with DAPI in blue. The merged images were co-localized with Sc-GDH protein (green) and DAPI (blue) in the endothelial cells of hepatic sinusoid. EC, endothelial cells. Scale bars were 50 μm.




Expression of Sc-GDH After RNAi Silencing

RNA interference technology was used further investigate Sc-GDH function in the hepatopancreas. The results showed that a variation trend of the mRNA expression level of Sc-GDH was roughly the same in NC and DEPC-W. In addition, the mRNA expression level of Sc-GDH in siRNA-GDH was significantly lower than that in NC at 24, 48, 72, and 96 h (P < 0.01), which correspondingly downregulated to approximately 58.83, 71.41, 65.25, and 43.30% (Figure 5). However, there were no significant differences at 96–120 h.


[image: image]

FIGURE 5. Relative expression of Sc-GDH genes in the hepatopancreas after RNA interference. Vertical bars represented the mean ± SD (n = 4). ∗∗Extremely significant difference between siRNA-GDH and NC (P < 0.01).





DISCUSSION

Up to now, researches on the GDH gene in aquatic animals mainly focus on fish and crustaceans, such as Oncorhynchus mykiss (Wright et al., 2007), Periophthalmodon schlosseri, Boleophthalmus boddaerti (Ip et al., 2005), Clarias gariepinus (Wee et al., 2007), L. vannamei (Qiu et al., 2018), and Macrobrachium rosenbergii (Dong et al., 2020). However, the related studies on mollusks are very scarce. In this study, we inferred that Sc-GDH gene may be related with the antiammonia response of clams, and selected it as a candidate gene to detect the SNPs associated with ammonia tolerance traits in S. constricta. Furthermore, we explored the cellular localization of Sc-GDH in gill and hepatopancreas. In addition, to investigate the functions, the expression responses of Sc-GDH were determined under ammonia stress. To our knowledge, these studies were first carried out in S. constricta.

It has been proposed that SNP, a molecular genetic marker of the third generation, has a good application prospect in population genetic analysis of aquatic animal, molecular marker–assisted selection (MAS) and biological evolution (Wenne, 2017). Increasing evidence has shown that some SNPs are associated with growth, disease resistance, and other economic traits of clams (He et al., 2012; Siva et al., 2012, 2016; Nie et al., 2015; Niu et al., 2015; Yao et al., 2020; Zhao et al., 2020). For instance, a synonymous mutation SNP c.852A > G of insulin-like growth factor 2 mRNA-binding protein gene in Patinopecten yessoensis showed a significant association with the growth traits (Ning et al., 2018), while two SNPs HbIIA-E2-146 and HbIIB-E2-23 of the hemoglobin gene (Hb) in Tegillarca granosa were associated with the Vibrio parahaemolyticus resistance (Bao et al., 2013). The +2248T/C and +2365T/C of interferon regulatory factor 2 (IRF-2) gene in freshwater mussel Hyriopsis cumingii were significantly related to Aeromonas hydrophila resistance (Wang et al., 2013). Because of the advantages with high genetic stability and high detection accuracy among many molecular markers, SNP marker has been widely used in the MAS of mollusks varieties with economic traits (Syvänen, 2001). In this study, we found that two SNP loci (c.323T > C and c.620C > T) showed a significant association with the ammonia tolerance of razor clams. Given that the genetic selection program with the increasing ammonia tolerance in S. constricta is still in the infancy, our findings suggest that the SNP c.323T > C and c.620C > T of Sc-GDH gene could be served as a potential genetic marker for MAS to increase survival rate and clam production.

As we all know, GDH plays a vital role in the metabolic pathway of ammonia nitrogen detoxification (Spanaki and Plaitakis, 2012). In this study, 26 SNPs were found in the CDS region of Sc-GDH (1 per 61 bp) in ZJ population, whereas 22 SNPs (1 per 72 bp) were observed in FJ population. The difference in numbers of SNP loci between two populations may be due to the genetic divergence or deviation of sequencing. The screenings of SNP in bivalves indicated that there was a high frequency of SNPs (1 per 40 bp) and insertion/deletion (1 per 33 bp) polymorphisms in ESTs (Saavedra and Bachère, 2006). Several studies suggested that average density of SNPs was estimated to be 1 per 60 bp in coding regions and 1 per 40 bp in noncoding regions in Crassostrea gigas (Sauvage et al., 2007). Identical conclusions were obtained in this study, reflecting that bivalves have abundant genetic variation. Moreover, the frequency of C–T was much higher than A–G one, which can be explained by that C in C&G sequence spontaneously exchanging to T via methylation (Yebra and Bhagwat, 1995; Yoon et al., 2001). Furthermore, the preference for tRNA binding to degenerate cordons in gene translation is not random; synonymous mutations may alter or reduce gene translation efficiency (Kimchi-Sarfaty et al., 2007). It has been shown that the synonymous mutations can be used to encode additional information to affect the speed or accuracy of mRNA translation, mRNA folding, mRNA splicing, and protein folding through translation pausing, thus changing its function (Supek et al., 2014; Zwart et al., 2018). In this regard, the two synonymous mutations with significant trait differences found in this study suggest their promising applications in the selective breeding of new varieties.

Immunohistochemistry can visualize target protein to achieve histocellular localization, which has become the most effective method for protein expression localization (Lugos et al., 2020). As we all know, the hepatopancreas tissue is an essentially digestive and detoxification organ (Wu et al., 2013). Under a high concentration of ammonia situation, edema, serious vacuolization, and local necrosis occur in liver, which in turn affect its detoxification function and even cause the death of fish (Hargreaves and Kucuk, 2001; Mishra and Mohanty, 2008). Similarly, in this study, Sc-GDH protein distributions altered after ammonia stress, which were mostly expressed in the cytoplasm endothelial cells of hepatocytes. Identical conclusions were found in the livers of chicken and mouse (Akutsu and Miyazaki, 2002; Vázquez-Martínez et al., 2017). Collectively, these findings indicate that Sc-GDH in the hepatopancreas of razor clam plays a key role in response to external ammonia entering the bodies.

RNA interference has evolved into a powerful tool for probing the functions of genes (Hannon, 2002), which has successfully led to the silence of homologous genes (Fire et al., 1998). Studies have shown that RNAi inhibition of PmTNFR1 and PmTNFR5 downregulated the downstream genes, which suggested that they mediated the NF-κB signaling pathway and were closely related to immune defense in the pearl oyster (Wu et al., 2020). Similarly, the silencing experiment of LvGrx 2 expression indicated that it was involved in the regulation of oxidative defense and antioxidant system in shrimp under ammonia stress (Zheng et al., 2019). In our previous study, Sc-GDH gene expression in hepatopancreas after exposure to ammonia stress (180 mg/L) was significantly higher than that of the controls (Zhang et al., 2020). In this study, we successfully silenced the expression of Sc-GDH by injecting siRNA, with 71.41% interference efficiency in AG at 48 h. Therefore, we propose to evaluate the long-term interference by injecting siRNA-GDH in the razor clam every 48 h to explore the downstream genes related to detoxification metabolism of ammonia stress in the future.

In conclusion, two SNPs in the CDS region of Sc-GDH gene were significantly associated with ammonia tolerance in two geographical populations, which could serve as candidate markers for MAS selection of ammonia-tolerant clams. In addition, the main secretion location of Sc-GDH was observed in the columnar cells of gill filaments and the endothelial cells of hepatocytes. Finally, we found that 48 h was the best effect duration on inhibiting Sc-GDH gene expression. These findings would contribute to clarify the role of Sc-GDH in ammonia tolerance and provide a foundational knowledge on the detoxification metabolism of razor clams under ammonia stress.
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Heterosis is a widely distributed phenomenon in mollusks. It is vital in aquaculture by bringing beneficial traits into hybrids. People have utilized the heterosis theory in aquaculture for years. However, the molecular basis of heterosis remains elusive. Evident growth and survival heterosis were shown in the hybrid (“Dongyou-1”) of two Haliotis diversicolor geographic genotypes (Japan and Taiwan). To explore the molecular basis underlying the hybrid abalone’s heterosis, we conducted comparative mRNA and miRNA transcriptional analysis in the hybrid and parental genotypes. Differentially expression analysis identified 5,562 differentially expressed genes (DEGs) and 102 differentially expressed miRNAs (DEMs) between the three genotypes. 1,789 DEGs and 71 DEMs were found to be non-additively expressed in the hybrid. Meanwhile, both the expression level dominance pattern (ELD) and expression level overdominance pattern (ELOD) were found in the DEGs and DEMs, showing the existence of dominance and overdominance models in the hybrid’s transcriptome and post-transcriptional regulation. Functional analysis showed the non-additively expressed genes, ELD genes, and ELOD genes were significantly enriched in growth, immunity, and stress response related pathways, while some of the pathways were regulated by the mRNA-miRNA interactions. The expression levels of FGF, C1Q, HC, CAT, SEGPX, and MGST were significantly up-regulated in the hybrid compared to the middle parent value. In conclusion, we identified the existence of non-additivity, dominance, and overdominance models in the transcriptome and miRNAome of the H. diversicolor hybrid; these models facilitate the advantageous parental alleles’ integration into the hybrid, contributing to the hybrid’s growth and survival heterosis.

Keywords: heterosis, abalone, Haliotis diversicolor, transcriptome, miRNAome, growth, resistance


INTRODUCTION

Heterosis, or hybrid vigor, refers to the phenomenon that hybrids often show advantages in growth, fitness, or resistance relative to the parents (Chen, 2013). Heterosis is widespread in plants and animals, such as Arabidopsis, maize, rice, cotton, mice, donkey, chicken, dog, oyster, abalone, and mussel (Chen, 2013; McKeown et al., 2013). Farmers and researchers have utilized the heterosis theory to improve agricultural species’ genotypes and phenotypes for years (Goff, 2011; Veitia and Vaiman, 2011; Baranwal et al., 2012; McKeown et al., 2013). Heterosis is also common in the interspecific hybrids of abalones. For example, H. discus hannai ♀ × H. discus ♂ and H. discus hannai ♀ × H. fulgens were superior in growth or viability than the parents (Inoue et al., 1986; You et al., 2015). The reciprocal hybrids of H. gigantea and H. discus hannai were more resistant to heat and bacteria than the parents (Luo et al., 2010; Liang et al., 2014, 2018). Besides, heterosis also exists in the intraspecific hybrids of abalones. For instance, the hybrid of the H. discus hannai China genotype and Japan genotype showed more considerable shell length, shell width, wet weight, and a higher survival rate (17.9, 22.1, 61.9, and 80%, respectively) compared to the China genotype (Zhang et al., 2004). Some abalone hybrids have been successfully applied in abalone aquaculture due to their superior traits (You et al., 2015; Cook, 2019).

Although abalone heterosis is important in aquaculture, its molecular mechanisms remain unclear. Traditional analyses of molluscan species’ heterosis mainly focused on the relationship between isozyme heterozygosity and heterosis, or heterosis-related genes and proteins. For example, a positive correlation between organisms’ isozyme heterozygosity and growth rate was identified in mussels and oysters (Gentili and Beaumont, 1988; Hedgecock et al., 1995, 1996). The hybrid H. discus hannai ♀ × H. gigantea ♂ had higher activities of immunity-related enzymes (superoxide dismutase, acid phosphatase, alkaline phosphatase, and myeloperoxidase) and higher mRNA level of heat shock protein 70 gene upon heat stress compared to the parents (Liang et al., 2014). Similarly, the hybrid Haliotis discus hannai ♀ × H. fulgens ♂ showed higher phenoloxidase activities, superoxide dismutase, and higher mRNA levels of several immunity-related genes compared to the maternal genotype (Shen et al., 2020). These studies give us a deeper understanding of molluscan heterosis by identifying heterosis-related molecules. However, to have a comprehensive understanding of molluscan heterosis, we need to conduct further genome-scale studies of heterosis using omic tools.

Transcriptome sequencing is the most frequently used omic tool in heterosis studies. It has been utilized in the heterosis studies of many species such as Arabidopsis, rice, wheat, corn, fish, and oyster (Hedgecock et al., 2007; Goff, 2011; Chen, 2013; Gao et al., 2013). Although different species have different parent-hybrid gene expression variations, some common trends could still be concluded. The parental alleles’ expression in the hybrid could be divided into several patterns: additivity, non-additivity, dominance, and overdominance (Baranwal et al., 2012). For the non-additivity, dominance, and overdominance patterns, the heterozygote’s gene expression value is unequal to the middle parental expression value (MPV) (Chen, 2010); in other words, a new allelic expression pattern is generated in the hybrid. Hence, the non-additivity, dominance, and overdominance patterns are vital to the heterosis generation (Springer and Stupar, 2007; Fujimoto et al., 2012). The differentially expressed genes (DEGs) among parents and hybrids are functionally enriched in various biological pathways such as “cell growing and aging”, “stress response”, and “signal transduction” (Chen, 2013). These pathways are closely related to organisms’ growth, fitness, and resistance. Besides, the role of microRNAs (miRNAs) in the heterosis generation obtains much attention in recent years. miRNAs can negatively regulate gene expression through epistasis (Sha et al., 2014). The miRNAs expression variation between hybrids and parents has been investigated in many species such as Arabidopsis, wheat, and corn (Greaves et al., 2012; Chen, 2013). A common finding is the number of non-additively expressed miRNAs (NEMs) in hybrids positively correlates with the parents’ genetic distance. The NEMs could further cause allele expression changes in hybrids (Groszmann et al., 2011, 2013; Ng et al., 2012). To conclude, the transcriptional analysis could help us understand how parental mRNAs and miRNAs are integrated and expressed in hybrids. Meanwhile, the joint analysis of transcriptional data and physiological data could help us identify essential genes or pathways related to the heterosis generation.

Haliotis diversicolor is an important economic abalone species cultured in China’s continental coasts. This species was initially introduced from Taiwan and then successively cultured for several generations. However, due to frequent inbreeding, the TW’s survival rate continuously declined. To solve this problem, we introduced several different geographical genotypes of H. diversicolor to hybridize with TW. The hybrid genotypes showed significantly different growth and survival traits compared to the parents. Within the hybrid genotypes, the hybrid of H. diversicolor Taiwan genotype and Japan genotype (JP) showed the most desirable traits; it was TW-like in growth and JP-like in survival (You et al., 2015). This hybrid (named DY) has been widely used in China’s abalone aquaculture. However, we know little about the molecular mechanisms underlying DY’s heterosis. In this study, we conducted comparative transcriptional analysis in DY and its parents (JP and TW) to compare the mRNAs and miRNAs differences between the three genotypes. We wish to identify the important biological molecules and functions determining DY’s heterosis and investigate the miRNA-mRNA interactions in the abalone’s heterosis generation.



MATERIALS AND METHODS


Abalones and Phenotype Measurements

Abalones of the three H. diversicolor genotypes (JP, TW, and DY) were used. The abalone breeding and cultivation were performed at “Fuda” abalone company in Jinjiang City, Fujian Province, China. The artificial fertilization of JP ♀ × JP ♂, TW ♀ × JP ♂, and TW ♀ × TW ♂ was conducted in October 2015. The obtained abalone seeds were labeled and mixed cultured under the same conditions (reared in running seawater; fed with fresh alga Gracilaria confervoides; salinity 33‰; pH 8.0) for 2 years. The three genotypes’ survival rates were recorded every month from October 2016 to March 2017. The shell length and wet weight of 100 abalones from each genotype were measured in October 2017.



Acclimation

For each genotype, 30 abalones with a normal appearance and good vitality were used for the following experiments. The abalones were acclimated under the controlled laboratory conditions (reared in still seawater with aeration, the seawater was replaced every day; fed with fresh alga Gracilaria confervoides; temperature 24 ± 1°C; salinity 33‰; pH 8.0) for 14 days. No abalone was dead during the acclimation.



RNA Extraction

For each genotype, ten abalones were used for the transcriptome and miRNAome sequencing. Total RNA was extracted from each abalone’s muscle using the TRIpure reagents (Invitrogen, United States). The RNA quality was tested using 1% agarose gels and Agilent 2,100 Bioanalyzer (Agilent Technologies, United States). The ten RNA samples from each genotype were equally mixed together (400 ng RNA from each sample) and then equally divided into two RNA pools (2 μg RNA for each pool). The two RNA pools were then used to construct the cDNA library and small RNA library separately.



cDNA Library Construction and mRNAs Sequencing

For each genotype, one RNA pool, as described below, was used for the poly (A) + mRNA selection using oligo (dT) magnetic beads (Invitrogen, United States). The cDNA library was constructed using the ScriptSeq kit (Epicentre, United States). For the mRNAs sequencing, a total of three cDNA libraries were constructed. The libraries were amplified by 12–15 cycles of PCR and then sequenced in two lanes on the HiSeq 2,500 sequencer (Illumina, United States) at BGI-tech company (Shenzhen, China).



De novo Assembly and Functional Annotation

The generated raw reads were first filtered by removing the adaptors, ambiguous reads (those with ≥10% ambiguous nucleotides), and low-quality reads (those containing ≥20% bases whose quality scores ≤10) then assembled using Trinity (Grabherr et al., 2011), with min_kmer_cov set to 2 and other parameters set to defaults. The obtained contigs and unigenes were then aligned to the non-redundant (NR) protein database, Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) using KAAS (Mao et al., 2005; Moriya et al., 2007), with an E-value cut-off of 10–5.



Differentially Expression Analysis

The read counts were normalized as FPKM (Fragments Per Kilobase of exon model per Million mapped reads) values. Then statistical analyses were applied on FPKM of genes in the parents and hybrid using DEseq1. DEGs between any two populations were defined to have a significant expression level against each other (fold-change ≥1.5, p-value ≤ 0.01). Non-additively expressed genes (NEG) and NEMs in the hybrid were defined to have a significantly different expression level against MPV (fold-change ≥1.3, p-value ≤ 0.01).



Small RNAs Sequencing

As described before, the three RNA pools (one from each genotype) were used to construct three small RNAs libraries for small RNAs sequencing according to the manufactures of TruSeq Small RNA Sample Prep Kits (Illumina, United States). For each library, 1 μg of total RNA was used. The three libraries were then sequenced on the HiSeq 2500 sequencer (Illumina, United States) at BGI-tech company (Shenzhen, China).



Bioinformatic Analysis of Small RNAs Sequencing Data

The 49 nt sequence tags from Hiseq sequencing went through the data cleaning analysis to get credible clean tags without adaptor and unknown nucleotides (>10%). Only 18–32 nt sequences were used for further study. Then the length distribution of the clean tags and common and specific sequences between samples were summarized. Then clean tags were aligned to the Rfam database2 using bowtie (Langmead et al., 2009) to identify miRNA sequences. The known miRNA sequences were obtained by aligning the clean tags to the miRNase database3 by BLAST4, and the novel miRNA sequences were predicted using miRDeep2 (Friedländer et al., 2012).



Differentially Expression Analysis and Target Genes Prediction

Differentially expressed miRNAs (DEMs) between the parents and hybrid were analyzed as the method described in “2.7 Differentially expression analysis”. The target genes of the DEMs were identified by targetscan (García et al., 2011), miRanda5, PITA6, and RNAhybrid (Rehmsmeier et al., 2004). The overlapping target genes predicted by the software were kept for further analysis.



Twelve Expression Patterns of DEGs and DEMs

To further dissect parental alleles’ expression in DY, the DEGs and DEMs between the parents and hybrid were binned into 12 categories according to the previous studies (Rapp et al., 2009; Zhang et al., 2019). To investigate the possible miRNA-mRNA interactions for abalone heterosis, we achieved the negative interaction between the DEMs and DEGs by integrating DEGs’ expression profiles and DEMs with the DEMs targeting genes information as described before (Zhang et al., 2019).



Functional Analysis of DEGs and DEMs

Gene Ontology analysis of the DEGs and DEMs (target genes of the DEMs) was conducted by Blast2GO7 with a significant threshold of FDR < 0.05. KEGG pathway analysis of the DEGs and DEMs was performed through the hypergeometric test using the corrected p-value < 0.05 by KOBAS (Mao et al., 2005).



Expression Profiles of Growth, Immune, and Stress Response Genes

Based on NR annotation data and previous studies (Song et al., 2015; Wang et al., 2018b; Bouallegui, 2019), 30 growth-related genes, 52 immunity-related genes, and 29 stress response genes were identified in the three genotypes. For comparison, each genotype’s gene expression level was normalized by comparing to the MPV. Besides, each gene group (genes with the same functions) was clustered between the three genotypes based on the Pearson correlation algorithm.



Data Visualization

Heat maps of gene expression were drawn using Morpheus8 while the genes were clustered based on the Pearson correlation algorithm. Venn diagrams were drawn by Venny9.



Real-Time PCR Validation

To validate the RNA-seq results, we assessed the expression levels of six DEGs (unigene 34268, unigene 47208, unigene 47561, unigene 32067, unigene 19086, and unigene 49863) and six DEMs (miR-4755-5p, miR-6317, miR-7255-5p, miR-4326, miR-2836, and miR-263b) by real-time PCR, according to the method described below (Liang et al., 2018). Briefly, the real-time PCR experiment was conducted in a 7500 fast qPCR system (ABI, United States) using specific qPCR reagents (Thermo, United States). The cycling parameters used were: 95°C for 7 min, 35 cycles at 95°C for 20 s, and 60°C for 1 min. The relative mRNA level of target genes was calculated based on the Ct values of this gene and β-actin normalized to that of the cDNA standard.



RESULTS


Phenotypes of the Three H. diversicolor Genotypes

The three genotypes’ survival rates from October 2016 to March 2017 are shown in Supplementary Figure 1. During the 6 months, the JP or DY’s survival rate was significantly higher than that of TW. By March 2017, JP, DY, and TW’s survival rates were 93.56, 95.56, and 37.56%, separately. The DY’s shell length and wet weight were similar to that of TW, higher than that of JP (Supplementary Table 1). These results suggest DY has JP-like resistance and TW-like growth ability.



Summary of Transcriptomes and miRNAomes

After the sequencing quality control, an average of 54 million raw reads and 52 million clean reads were obtained for each transcriptome sample. The average Q20 percentage of the samples was 97.01% (Supplementary Table 2). After assembling, 85,979, 75,220, and 72,936 unigenes were generated (with an average length of 750, 667, and 672 nt) in JP, DY, and TW, respectively. The N50 of all unigenes was 2,166, and the mean unigene length was 1,075 nt (Supplementary Table 3).

An average of 11,455 thousand raw reads and 11,318 thousand clean reads were obtained for each miRNAome sample. Most of the reads were 20–30 bp in length (Supplementary Table 4). After alignment and target genes prediction, 3,186, 2,903, and 3,142 known miRNAs were identified in JP, DY, and TW, corresponding to 68,633, 68,623, and 68,632 target genes, respectively. 20, 14, and 9 novel miRNAs were identified in JP, DY and TW, corresponding to 34,363, 31,985, and 26,692 target genes, respectively (Supplementary Table 5).



DEGs and DEMs

Differentially expression analysis identified 3,661, 3,048, 1,778 DEGs and 65, 63, and 68 DEMs between JP and TW, DY and JP, and DY and TW, separately (Figure 1). The DEGs numbers suggest a distant gene expression pattern between the two parental genotypes, while DY’s gene expression pattern was more like TW other than JP. The number of DEMs was almost the same between any two genotypes. Besides, there were 99 overlapping DEGs and one overlapping DEM between the three genotypes.
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FIGURE 1. Number of (A) differentially expressed genes and (B) differentially expressed miRNAs between the three H. diversicolor genotypes.


A total of 1,789 NEGs and 71 NEMs were identified. Heatmap clustering shows most of the NEGs could be divided into two patterns (Figure 2): (1) Overdominance/Underdominance, including “DY > TW > JP”, “DY > JP > TW”, “DY > JP = TW”, “DY < JP < TW”, “DY < TW < JP”; and (2) Dominance, including “DY = JP < TW”, “DY = TW < JP”. Most of the NEMs were dominant patterned (“DY > JP = TW”, “DY < JP < TW”) or underdominant patterned (“DY = JP < TW”, “DY = TW < JP”). These findings indicate the coexist of non-additivity, dominance, overdominance, and underdominance models in the hybrid’s transcriptome and miRNAome.
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FIGURE 2. Heatmap clustering of the (A) non-additively expressed genes and (B) non-additively expressed miRNAs between the three H. diversicolor genotypes. Relative gene expression levels in the three genotypes were normalized to the middle parental value MPV. Red and blue bars represent up- and down-regulated expression levels of individual gene, respectively. Green boxes indicate genes/miRNAs with overdominant or underdominant expression patterns: (1) “DY > TW > JP;” (2) “DY > JP > TW;” (3) “DY > JP = TW;” (4) “DY < JP < TW;” or “DY < JP = TW;” and (5) “DY < TW < JP.” Pink boxes indicate genes/miRNAs with dominant expression patterns: (6) “DY = JP < TW” and (7) “DY = TW < JP.”




Functional Analysis of NEGs

The NEGs were mainly enriched in “biological process” category GO terms. The “development process”, “chromosome”, and “phosphoric ester hydrolase activity” were the most enriched GO terms in the biological process, cellular component, and molecular function categories, respectively (Supplementary Figure 2). KEGG pathway analysis of the NEGs identified 35 significantly enriched pathways (p < 0.05) (Figure 3). Most of the enriched pathways were related to “organismal systems (digestive, endocrine, excretory, immune, sensory, and circulatory systems)”, “diseases (immune, infectious, neurodegenerative, and cardiovascular diseases)”, and “metabolisms (amino acid, xenobiotics, and carbohydrate metabolisms)”. The enrichment results suggest the hybrid is different from the parents’ average performance (MPV) in growth, immunity, and stress-response-related biological functions; these differences may contribute to the DY’s superior phenotypic traits.


[image: image]

FIGURE 3. KEGG pathway enrichment of the NEGs. This figure consists of the pathways, the second-class hierarchy, and the first-class hierarchy. The first-class hierarchy and second-class hierarchy rank from top to bottom according to the number of pathways included in the hierarchy. The pathways rank from top to bottom according to the enrichment significance of each pathway. Each bar represents the enrichment count of transcripts in a KEGG pathway. *EIP, environmental information processing; CP, cellular processes; GIP, genetic information processing.




Twelve Expression Patterns of DEGs and Functional Analysis

The 12 categories are shown in Figure 4: (1) Additivity (I and II); (2) Expression level dominance by JP (ELD-J, III and IV); (3) Expression level dominance by TW (ELD-T, V and VI); (4) Expression level underdominance (ELUD, VII, VIII, and IX); and (5) Expression level overdominance (ELOD, X, XI, and XII). Notably, a large number of ELD patterns were identified, with the proportion of 52.28% (1,226/2,345) in DEGs and 61.64% (45/73) in DEMs. The second large category was the ELOD pattern, with the proportion of 8.70% (204/2,345) in DEGs and 24.66% (18/73) in DEMs. Besides, the number of ELD-T patterns was significantly higher than that of ELD-J patterns in DEGs, while in DEMs the two patterns had similar numbers. These findings indicate the widespread of ELD and ELOD patterns in the hybrid’s transcriptome and miRNAome.
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FIGURE 4. Twelve differential expression patterns in the DEGs and DEMs between the hybrid abalone and its parents. ELD-J: expression level dominance by JP; ELD-T: expression level dominance by TW; ELUD: expression level underdominance; ELOD: expression level overdominance; J: JP; D: DY; T: TW.


Gene Ontology analysis showed the ELD-J genes were mostly enriched in “biological adhesion” and “gland development” (biological processes); “extracellular region” and “late endosome” (cellular components); “isomerase activity” and “binding-related activities” (molecular functions). The ELD-T genes were most enriched in “development process” and “organ development” (biological processes), “non-membrane-bounded organelle” (cellular components), “binding-related activities” (molecular functions). The ELOD genes were mainly enriched in “transport-related processes” (biological processes), “membrane-related components” (cellular components), and “transmembrane-related functions” (molecular functions) (Supplementary Figures 3–6). These results suggest the ELD-J and ELOD genes are more related to cellular interaction and signaling transduction functions, while the ELD-T genes are more related to growth and development functions.

KEGG pathways analysis identified 11, 11, 7, and 18 significant (p < 0.05) pathways from the ELD-J, ELD-T, ELOD, and ELUD genes separately (Figure 5 and Supplementary Figure 7). Pathways enriched from the ELD-J genes were mainly related to “diseases (immune disease)”, “organismal systems (digestive, nervous, and circulatory systems)”, and “environment information processes”. Pathways enriched from ELD-T genes were mostly related to “diseases (cardiovascular, infectious, and neurodegenerative diseases)” and “metabolism (carbohydrate and lipid metabolisms)”. Pathways enriched from the ELOD genes were mainly related to “metabolisms (amino acid, cofactors, and vitamins metabolisms)”, “organismal systems (digestive, endocrine, immune, and excretory systems)”, and “environmental information processing (signal transduction, signaling molecules, and interaction)”. The above pathways’ functions are closely related to organisms’ growth, immune response, and organism’s reaction to external environments. Hence, the ELD and ELOD genes are crucial to the DY’s heterosis generation.
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FIGURE 5. KEGG pathway enrichment of the (A) ELD-J genes, (B) ELD-T genes, and (C) ELOD genes. *EIP, environmental information processing; CP, cellular processes; OS, organismal systems; GIP, genetic information processing.


Interestingly, by comparing the pathways enriched from the ELD and ELOD genes with those enriched from the NEGs, we found 63.67% (7/11) of the ELD-J pathways, 45.46% (5/11) of the ELD-T pathways, and 50.00% (9/18) of the ELOD pathways were overlapped with the NEGs pathways (Supplementary Datasheet 1). The overlapped ELD pathways were mostly related to “immune disease”, “nervous and circulatory systems”, and “signaling molecules and interaction”, while the overlapped ELOD pathways were mainly related to “amino acid metabolism” and “organismal systems (digestive, endocrine, immune, and excretory systems)”. The above results suggest the ELD and ELOD patterns partially act together with the non-additivity pattern in altering the hybrid’s growth, immunity, and stress response related functions, which might be a vital mechanism for the emergency of abalone heterosis.



Interactions Between DEGs and DEMs

As Figure 6 shows, the most common class in the miRNA-mRNA interactions was ELD-J “IV(19)–III(173),” involving 19 DEMs and 115 DEGs. Besides, 50.32% of the ELD-J genes (157/312), 27.68% of the ELD-T genes (253/914), and 43.58% of the ELOD/ELOD genes (112/257) were involved in the miRNA-mRNA interactions, suggesting a significant role of miRNA regulation in the parent-hybrid DEGs in favoring of the paternal expression genes and transgressive expression genes.
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FIGURE 6. Possible negative miRNA-mRNA interactions based on the 12 expression patterns.


Gene Ontology analysis showed the ELD-J pairs genes were mostly enriched in “cell adhesion” and “biological adhesion” (biological processes); “nucleolus” (cellular components); “DNA binding” and “transcription regulator activity” (molecular functions). The ELD-T pairs genes were most enriched in “development process” and “organ development” (biological processes), “organelle” (cellular components), “binding-related activities” (molecular functions). The ELOD/ELUD pairs genes were mainly enriched in “DNA integration” (biological processes), “respiratory-related complexes” (cellular components), and “oxidoreductase activity (NADPH)” (molecular functions) (Supplementary Figures 8–10). The enriched GO terms of ELD, ELOD, and ELUD pairs genes are quite similar to that of the ELD, ELOD, and ELUD genes.

KEGG pathway analysis identified 17, 6, and 10 significant pathways (p < 0.05) from the ELD-J pairs (52 + 282), ELD-T pairs (202 + 182), and transgressive regulation pairs genes (90 + 82) respectively (Figure 7). The pathways related to “organismal systems (nervous, circulatory, excretory, and digestive)” and “metabolisms (glycan, cofactors and vitamins, and amino acid)” were enriched from the ELD-J pairs genes, while pathways related to “diseases (cardiovascular and infectious)” and “environmental information processing” were enriched from the ELD-T and ELOD/ELOD pairs genes. By comparing the KEGG pathways enriched from the ELD and ELOD genes with those enriched from ELD pairs and ELOD pairs genes, we found 54.55% (6/11) of the ELD-J pathways, 45.45% (5/11) of the ELD-T pathways (45.45%), and 44.44% (8/18) of the ELOD pathways overlapped with the corresponding miRNA-mRNA pairs pathways (Supplementary Datasheet 1). These results suggest the significant miRNA regulations in the DEGs’ expression; these miRNA-mRNA interactions may partly contribute to DY’s heterosis through inheriting or transgressive regulation mechanisms.
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FIGURE 7. KEGG pathway enrichment of the (A) ELD-J pairs genes, (B) ELD-T pairs genes, and (C) ELOD/ELUD pairs genes. ∗EIP, environmental information processing; GIP, genetic information processing; CP, cellular processes.




Expression of Growth, Immunity, and Stress Response Related Genes

As is shown in Figures 8–10, most of the growth-related genes showed higher expression levels in DY and TW other than JP. Notably, the fibroblast growth factor receptor gene (FGFR) was overdominant expressed in DY. These results confirm the existence of dominance and overdominance models in DY’s growth-related genes expression.
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FIGURE 8. Relative expression of growth-related genes in the three H. diversicolor genotypes. Relative gene expression levels in the three genotypes were normalized to the MPV. Red and blue bars represent up- and down-regulated expression fold change against the MPV, respectively. ∗represents the significant difference of the gene expression level compared to the MPV.
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FIGURE 9. Relative expression of immunity-related genes in the three H. diversicolor genotypes. * represents the significant difference of the gene expression level compared to the MPV.
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FIGURE 10. Relative expression of stress response genes in the three H. diversicolor genotypes. * represents the significant difference of the gene expression level compared to the MPV.


DY had a significant maternal expression of most immunity-related genes (13 out of the 20 gene groups) and a significant paternal expression of most stress response genes (four out of the seven gene groups). This indicates the similar survival phenotype of JP and DY (Supplementary Figure 1) might be due to their similar expression of stress response molecules, other than immunity-related molecules. Besides, we also found DY has significantly higher expression levels of complement C1 gene (C1QI2), hemocyanin gene (HC-2), catalase gene (CAT), glutathione peroxidase gene (SEGPX), and glutathione s-transferase gene (MGST1) than MPV. These genes might also be the important molecules related to DY’s heterosis generation.



Validation of the mRNA and miRNA Sequencing

The expression levels of six DEGs (ELD_J+, Unigene 34268; ELD_J−, Unigene 47208; ELD-T+, Unigene 47561; ELD-T−, Unigene 32067; ELUD, Unigene 19086; ELOD, Unigene 49863) and six DEMs (ELD_J+, miR-4755-5p; ELD_J−, miR-6317; ELD-T+, miR-7255-5p; ELD- T-, miR-4326; ELUD, miR-2836; and ELOD, miR-263b) were in accordance with their expression patterns revealed by the mRNA and miRNA sequencing (Supplementary Figures 11, 12), proving the reliability of the sequencing results.



DISCUSSION

In recent years, transcriptional analysis has been conducted in various aquatic species to compare the allelic expression variations between the parents and hybrids, such as brook charr (Bougas et al., 2010, 2013), putterfish (Gao et al., 2013), grouper (Sun et al., 2016a, b), crucian (Ren et al., 2016), and bream (Zheng et al., 2019). However, the transcriptional analysis of molluscan heterosis was only reported in the oysters (Hedgecock et al., 2007; Yang et al., 2018) and the sea cucumber (Wang et al., 2018a). In this study, we compared the growth and survival phenotypes of two H. diversicolor genotypes and the hybrid, analyzed the transcriptomes and miRNAomes of the three genotypes, and predicted the miRNA-mRNA interactions. We wish to explore the molecular mechanisms of the H. diversicolor heterosis through this study and lay the foundation for molluscan heterosis analysis.

DY integrated profitable maternal growth and paternal advantageous survival phenotypes (Supplementary Figure 1 and Supplementary Table 1). In our previous study, DY was JP-like in low-temperature and air exposure resistance (You et al., 2019). The hybrids’ inheritance of parental advantages is not uncommon in mollusks. For example, the F1 hybrid of H. discus hannai and H. kamtschatkana was fast in growth like H. discus hannai and strong in resistance like H. kamtschatkana (Hoshikawa et al., 1998). The F1 hybrid of H. discus hannai and H. gigantea had maternal growth superiority and paternal resistance superiority (Luo et al., 2010; Liang et al., 2014, 2018). A similar phenomenon was also observed in the oyster (Guo et al., 2008), mussle (Beaumont et al., 2004), and scallop (Zheng et al., 2006). The hybrids’ vigorous phenotypes may result from the interactions between two distant parental subgenomes.

A total of 5,562 DEGs and 102 DEMs were identified between the three genotypes (Figure 1), indicating a significant fluctuation in the hybrid’s transcriptome and miRNAome during hybridization. Besides, 1,789 NEGs and 71 NEMs were identified (Figure 2). Non-additively expression (NE) is important in the heterosis formation as it represents a novel expression pattern in hybrids (Guo et al., 2006; Meyer et al., 2012). NE is thought to originate from the interactions between two parental genomes. These interactions result in the hybrid’s unequal gene expression values compared with the average parental expression values (Hochholdinger and Hoecker, 2007; Chen, 2013). NE is commonly seen in mollusks’ hybrids, such as oysters (Hedgecock et al., 2007; Yan et al., 2017) and pearl oysters (Yang et al., 2018). In our previous proteomic analysis of the three Haliotis diversicolor genotypes, 20 proteins were non-additively (overdominance) expressed in the hybrid, consisting 43.48% of the total identified proteins (Di et al., 2013). Functional analysis showed the mollusks’ NEGs were frequently enriched in protein metabolism, energy regulation, and stress response related pathways. In this study, the abalone’s NEGs were also enriched in biological processes, and their functions were closely related to organismal development, diseases, and metabolisms (Figure 3 and Supplementary Figure 2). These findings suggest the contribution of NEGs to DY’s phenotypic superiorities. Besides, we also identified 71 NEMs. NEMs have been proven crucial regulators in hybrids’ heterosis formation (Barber et al., 2012; Fang et al., 2013). Although research data of abalone miRNAs is quite limited, we could still classify the 71 NEMs into three functional categories according to the miRNA studies of other species: (1) Development, metabolism, and energy homeostasis: miR-196, miR-263, miR-9, miR-278, let-7i, and miR-33 (Reinhart et al., 2000; Hornstein et al., 2005; Aurelio and Stephen, 2006; Rayner et al., 2010; Nian et al., 2019; Zhou et al., 2020); (2) Immune response: miR-150, miR-1, miR-133, miR-4326, miR-152, miR-200, and miR-891 (Xiao et al., 2007; Xu et al., 2007, 2017; Yang et al., 2007; Park et al., 2008; Tsuruta et al., 2011; Liao et al., 2019); and (3) Stress response and oxidation resistance: miR-2898, miR-885, and miR-466 (Aliaksandr et al., 2012; Alural et al., 2014; Deb and Sengar, 2020). The NEMs’ functions also pattern with DY’s vigorous phenotypes, highlighting the role of miRNA regulation in the abalone heterosis formation.

The ELD and ELOD expression patterns have been identified in the hybrids of oyster (Hedgecock et al., 2007), pearl oyster (Yang et al., 2018), and various fish species (Bougas et al., 2013; Gao et al., 2013; Ren et al., 2016; Sun et al., 2016a; Zhang et al., 2019). In this study, large amounts of ELD and ELOD genes were also identified in the hybrid abalone (Figure 4). Interestingly, the ELD-J genes were mostly high-parent patterned (type III) rather than low-parent patterned (type IV), while the ELD-T genes were mostly low-parent patterned (type VI). In the yellow catfish and the Cyprinidae’s hybrids, both the maternal and paternal ELD genes were high-parent patterned (Zhou et al., 2015; Zhang et al., 2019). The authors of the two studies propose the hybrids may inherit advantageous molecules from both parents to obtain heterosis. In our case, the hybrid abalone may inherit more advantageous alleles from the paternal genotype other than the maternal genotype. Besides, the number of ELOD genes was much higher than ELUD genes, indicating the overdominance models are more common in the hybrid than the underdominance models. This phenomenon agrees with the yellow catfish and Cyprinidae studies. The overdominance model is an essential mechanism of transgressive heterosis by creating a more robust heterozygous gene expression pattern (Baranwal et al., 2012; Chen, 2013). Moreover, the ELD and ELOD patterns were also found in the DEMs (Figure 6), indicating the dominance and overdominance models exist in the transcriptome and post-transcriptional regulation of the hybrid abalone.

Most of the ELD genes, ELOD genes, ELD pairs genes, and ELOD pairs genes were functionally related to metabolisms, organismal developments, diseases, and environmental information processing (Figure 5). Considering the DY’s heterosis in growth and survival, we could discuss these genes by three functional categories: (1) Growth and development, (2) Immune defense, and (3) Stress response.

(1) Growth and development

The growth-related pathways were mostly enriched from ELD-T and ELOD genes, including metabolism, growth, digestion related pathways. ELD-J genes were also enriched in two metabolism pathways even though the enrichment significances were relatively small (Figure 5). These pathways are crucial for organisms to keep normal growth functions (Gao et al., 2013). In other aquatic species, ELD or ELOD genes’ functions are also frequently related to growth (Zhang et al., 2017; Wang et al., 2018b). Hence, hybrids’ growth heterosis could result from their similar growth-related functions with the more robust progeny, or their transgressive functions beyond both parents. In this study, DY was TW-dominant in the carbohydrate and lipid metabolisms; overdominant in the protein and lipid digestions, amino acids, and vitamins metabolisms. These dominant or overdominant biological functions may work together in forming DY’s growth phenotypes. Besides, the “carbohydrate metabolism,” “cell growth and death,” and “amino acid metabolism” pathways were also enriched from the ELD-T pairs and ELOD/ELUD pairs genes (Figure 7), suggesting the existence of miRNA regulations in these biological functions. The overlapping of ELD gene pathways and ELD pairs genes pathways was also observed in the hybrid yellow catfish (Zhang et al., 2019).

The 30 growth-related genes were mostly ELD-T, or ELOD expressed in DY (Figure 8). The dominant or overdominant expression of growth-related genes was identified in almost all the comparative transcriptional analyzes between hybrids and parents (Di et al., 2013, 2015; Sun et al., 2016a; Zhang et al., 2017; Wang et al., 2018a; Zheng et al., 2019). Functions of the ELD and ELOD genes differed within different species, showing the different heterosis generation mechanisms. Notably, the FGFR gene was overdominant expressed in DY. The FGFR family genes are tyrosine kinase receptors controlling the functions of fibroblast growth factor (FGF) genes by binding and activating processes (Dailey et al., 2005; Beenken and Mohammadi, 2009). Four FGFR transcripts were found to be highly expressed in DY, indicating DY’s superior FGF-related functions. The proteomic analysis of the three H. diversicolor genotypes also found several growth-related proteins to be overdominant expressed (ATP synthase subunit, fructose-bisphosphate aldolase, and triosephosphate isomerase) or partial dominant expressed (enolase, arginine kinase, and taurine dehydrogenase) in the hybrid (Di et al., 2013). These results suggest the ELD and ELOD expression patterns of growth-related molecules exist in the hybrid’s transcriptional and proteomic levels.

(2) Immune defense

In molluscan heterosis studies, the immunity-related molecules draw less attention than the growth-related molecules. However, the immune ability is also crucial to hybrids by improving the organisms’ resistance (Miller et al., 2015; Ma et al., 2018; Zhao et al., 2019). In our study, the diseases related pathways were mainly enriched from the ELD-J and ELD-T genes, suggesting the integration of parental immune characteristics into the hybrid. The ELOD genes were also enriched in several immunity-related pathways, indicating the DY’s transgressive performance in some immune functions. However, DY’s survival phenotype highly conformed with JP and differed from TW (Supplementary Figure 1). Hence, DY’s immunity-related molecules’ expression may not be enough to explain its survival heterosis toward TW. Besides, the “infectious disease” and “immune disease” pathways were also enriched from the ELD pairs and ELOD/ELUD pairs genes, suggesting the role of miRNA regulations in some immunity-related pathways during hybridization.

The mollusks’ immunity-related molecules could be divided into three functional categories: pattern recognition receptors, signaling molecules, and effector molecules (Wang et al., 2013a; Song et al., 2015; Bouallegui, 2019). Of the 52 immunity-related genes investigated, DY and TW had lower expression levels of most genes (11 out of the 19 gene families) than JP. However, DY showed an overdominant expression pattern in two genes, C1QI2 and HC-2 (Figure 9). The C1Q gene is a classic peptidoglycan recognition protein gene containing the versatile charge pattern recognition globular C1Q domain in the C-terminus, engaging a wide range of ligands and trigger a serial of immune responses (Wang et al., 2013a; Song et al., 2015). Hemocyanins are multifunctional proteins existing in invertebrate hemolymph, which contribute to mollusks’ innate immunity through phenoloxidase-like activities (Zhuang et al., 2015). Hence, DY may have transgressive performances in the complement system and hemocyanin-related functions. Interestingly, in aquatic species, unlike growth-related genes, which usually show overdominant expression patterns in the hybrids, the immunity-related genes seem more likely to be dominant or partial-dominant expressed in the hybrids (Yan et al., 2017; Zhang et al., 2017; Yang et al., 2018; Shen et al., 2020). This phenomenon might be due to aquatic hybrids’ immune system characteristic, which needs further investigation.

(3) Stress response

The stress response molecules, including antioxidant enzymes and acute-phase molecules, protect organisms’ cells from the damage of excess reactive oxygen species (ROS) or superoxide anion (O2–) generating upon environmental stressors, or help organisms maintain regular molecular and cellular homeostasis (Aguirre et al., 2005; Vaák and Meloni, 2011; Wang et al., 2013b). In our study, the “environmental information processing” pathways were enriched from the ELD-J and ELOD genes (Figure 5). Environmental information processing is usually the first step of organisms’ stress responses. These results suggest DY is JP-dominant or overdominant in stress response related functions. This hypothesis is further supported by the expression of the 29 stress response genes in the hybrid. DY showed JP-dominant or overdominant expression in most gene groups. Notably, the CAT, SEGPX, and MGST genes were highly expressed in DY compared with the MPV. These genes are antioxidant enzyme genes whose functions include removing excess ROS (Chelikani et al., 2004), reducing organic hydroperoxide and hydrogen peroxidase (Arthur, 2000), and catalyzing the nucleophilic attack of the glutathione’s sulfur atom in organisms (Blanchette et al., 2007). Oxidative stress is common for mollusks as they mostly live in high-velocity water environments. Hence, the ability to reduce oxidative stress is crucial for mollusks to maintain physiological equilibrium. Similarly, in the abalone hybrid of H. discus hannai and H. gigantea, three antioxidant enzymes were found to be overdominant expressed (Di et al., 2015). The positive relationship between the hybrid abalone’s stronger antioxidant functions and its superior survival rates could be concluded.



CONCLUSION

This study investigated the transcriptomes and miRNAomes of two H. diversicolor geographic genotypes and their hybrid (Figure 11). Evident non-additivity, ELD, and ELOD expression patterns were identified in the DEGs and DEMs, showing the widespread existence of dominant and overdominant models in the hybrid’s heterosis formation. Functional analysis of the ELD and ELOD genes illustrated DY had maternal growth-related functions and paternal stress-response functions. Meanwhile, DY was overdominant in several functional pathways. The existence of miRNA regulation was found in several important functional pathways. The role of FGF, C1Q, HC, CAT, SEGPX, and MGST genes in the abalone heterosis generation is noteworthy. Our study provides a case of molecular heterosis study in mollusk species, which may help disclose the mysteries underlying this complex phenomenon.


[image: image]

FIGURE 11. Hypothetical model of heterosis in the hybrid H. diversicolor “Dongyou-1.”
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Phenotypic plasticity is an adaptive mechanism used by organisms to cope with environmental fluctuations. Pacific abalone (Haliotis discus hannai) are large-scale farmed in the temperate area of northern China and in the warmer waters of southern China. RNA-seq and comparative transcriptomic analysis here were performed to determine if the northern and southern populations have evolved divergent plasticity and if functional differences are associated with protein synthesis and growth-related biological progress. The DNA methylation (5mC) landscape of H. discus hannai from the two populations using whole genomic bisulfite sequencing (WGBS), exhibited different epigenetic patterns. The southern population had significant genomic hypo-methylation that may have resulted from long-term acclimation to heat stress. Combining 790 differentially expressed genes (DEGs) and 7635 differentially methylated genes (DMGs), we found that methylation within the gene body might be important in predicting abalone gene expression. Genes related to growth, development, transduction, and apoptosis may be regulated by methylation and could explain the phenotypic divergence of H. discus hannai. Our findings not only emphasize the significant roles of adaptive plasticity in the acclimation of H. discus hannai to high temperatures but also provide a new understanding of the epigenetic mechanism underlying the phenotypic plasticity in adaptation to climate change for marine organisms.
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INTRODUCTION

Phenotypic plasticity involves the ability of organisms to assume different phenotypes, without genotype changes, that facilitates adaptation to environmental variation (Pfennig et al., 2010). Phenotypic plasticity allows rapid adaptation to changing environments and is an important adaptive mechanism for organisms facing the challenges of environmental fluctuations, especially for marine organisms (Li A. et al., 2018; Li L. et al., 2018). Fine-scale adaptive divergence has been observed in populations of marine species facing rapid environmental changes (Place et al., 2012; Kenkel et al., 2013; Li L. et al., 2018). Drastic global climate changes impose a strong selection on marine organisms, especially temperature changes (Sandoval-Castillo et al., 2020; Takeuchi et al., 2020). Populations of some species possess phenotypic plasticity that may buffer the negative impacts of environmental changes. However, there are few published studies on the molecular mechanisms underlying phenotypic plasticity in response to these environmental changes.

The transcriptome provides a useful approach to quantify the plasticity of populations with divergent phenotypic traits that live in heterogeneous environments (Zhou et al., 2012). Alternatively, analysis of DNA methylation shows that it may be capable of regulating gene activity and then shaping fitness-related phenotypic plasticity in species of oysters and fish (Metzger and Schulte, 2016; Wang et al., 2021). Combining transcriptome analysis and DNA methylation may provide a better understanding of the adaptive potential of species (Harrisson et al., 2014).

The Pacific abalone (Haliotis discus hannai) is an important aquaculture species in China. It had also been introduced into United States and Chile and accounts for more than 95% of the global abalone production. The commercial culture of H. discus hannai in northern China began in the 1980s (Guo et al., 1999). Pacific abalone farming in China has now been extended to subtropical areas (East China Sea), and the abalone population has successfully adapted to the warm water temperatures after 20 years of domestication and selective breeding (Deng et al., 2010; Chen et al., 2017; Chen N. et al., 2018). We previously demonstrated that Pacific abalone from the southern China population had higher thermal tolerance than that from the northern China population. This study was accomplished using the Arrhenius breakpoint temperature (ABT) of cardiac performance (Chen N. et al., 2018), and the results showed phenotypic plasticity divergence in H. discus hannai. Large-scale domestication aquaculture activities indicated that Pacific abalone could be a good model for characterizing the mechanisms underlying adaptive phenotypic plasticity in response to elevated temperature.

In the present study, we identified adaptive growth phenotypic divergence in the CNN and CNS populations of H. discus hannai associated with long-term cultivation. We also investigated transcriptome differences at gene expression levels using RNA-seq. We examined genomic DNA methylation as a potential epigenetic mechanism underlying phenotypic divergence by whole-genome bisulfite sequencing (WGBS). The association between an altered transcriptome and dynamic methylation increases our understanding of the phenotypic plasticity that helps organisms cope with environmental changes. Our study provides valuable insights into the phenotypic plasticity of H. discus hannai and facilitates new understanding of the potential roles of DNA methylation in phenotypic plasticity in marine invertebrates during acclimation to changing environment.



MATERIALS AND METHODS


Growth Performances Differences Between CNS and CNN

The Pacific abalone from southern China (CNS) and northern China (CNN) populations were used here. CNN was the offspring of wild populations from northern China (CNN), while CNS was colonized in warm water after a 20-year period of selection and artificial breeding. The juvenile abalones were collected from CNN (shell length: 19.26 ± 0.49) in Liaoning Province and CNS (shell length: 20.91 ± 0.33) in Fujian province in April 2019. Then abalones from each population were cultivated in 10 suspended sea cages at the Fuda abalone farm in Fujian Province for 1 year. All abalones were fed with Gracilaria once every 3 days, with all the residual food particles and fecal debris removed. The sea surface temperature (SST) was recorded every day and then used to calculate the monthly SST. The shell length, and total weight of each individual (randomly selected 90 abalones for each population) were measured and recorded at four intervals including Apr 2019, July 2019, December 2019, and April 2020.



Sample Collection, RNA/DNA Extraction and Sequencing

Ten adult abalones from CNN (shell length: 63.91 ± 5.46) and CNS (shell length: 65.12 ± 4.56) were chosen, respectively, and cultured in a thermostatic pool at 20 °C. After 7 days of rearing, all of abalones were dissected on Jan 5th, 2018. Since gills of abalone were considered to be sensitive to environmental changes, and available in other mollusks transcriptome study (Chen N. et al., 2018; Zhang X. et al., 2019; Liu et al., 2020). Therefore, we chose the gills as target tissues in our study, and the gills were frozen immediately in liquid nitrogen and then stored at −80°C. Only gills from three samples were randomly selected as biological replicates from each population, which were used for RNA and DNA isolation. Total RNA was isolated using TRIzol Reagent (Life Technologies, Grand Island, NY, United States) followed by DNase I treatment using Qiagen (Valencia, CA, United States) RNeasy Mini columns. The extracted RNA samples were analyzed using a BioAnalyzer (Agilent, CA, United States), and only high-quality RNA samples (RIN > 7) were selected for library preparation. Samples were sequenced independently with the Illumina HiSeq X10 (Illumina, San Diego, CA, United States) by Novogene (Beijing, China).

DNA was isolated using the Universal Genomic DNA Extraction Kit (TaKaRa, DV811A). The purity of DNA was evaluated using ND2000 to ensure that the A260/A280 ratio of DNA was in the range of 1.8 ∼ 2.0. Purified DNA was used for the whole genomic bisulfite sequencing (WGBS) library using a DNA bisulfite conversion kit (TIANGEN, Beijing). The library was then sequenced with an Illumina Hiseq X10 platform (Illumina, San Diego, CA, United States) by Novogene (Beijing, China).



RNA-Seq Data Analysis

To prepare sequence reads for alignment, sequence adaptors were removed from sequences using Fastp (Chen S. et al., 2018). Sequence reads with a high-quality score were mapped to the Pacific abalone genome (unpublished data) using HISAT2 (Pertea et al., 2016). After the removal of the spike-in controls, an average of 59,760,883 reads were sequenced for each library preparation. There were ∼88.1% sequence reads aligned to the transcriptome. Differential expression analysis was performed using DESeq2 (Love et al., 2014), with a false discovery rate (FDR) ≤ 0.005 and fold change ≥ 2 considered as significantly differentially expressed genes (DEG) between two groups.



WGBS Data Analysis

Sequencing data were first filtered to remove low-quality reads and aligned to the Pacific abalone reference genome using Bismark2 (Krueger and Andrews, 2011). The methylation level (ML) of the sequence was defined by the following formula: ML(C) = reads(mC)/(reads(mC) + reads(C)). Differentially methylated regions (DMRs) were identified based on the methylation information for each site using DSS software (Park and Wu, 2016) with parameters (smoothing.span = 200, delta = 0, p.threshold = 1e-05, minlen = 50, minCG = 3, dis.merge = 100, pct.sig = 0.5). According to the distribution of DMRs through the genome, we defined the DMRs ambient genes as the DMGs whose gene body region (from TSS to TES) or promoter region (upstream 2 kb from the TSS) had an overlap with the DMRs.



Functional Enrichment Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of genes related to DEGs and DMRs were implemented by the clusterProfiler R package (Yu et al., 2012). The significance of the GO terms and pathways was determined by a modified Fisher’s exact test (p < 0.05).



Statistical Analysis

Statistical analyses of study data were performed using the stats R package. All phenotypic traits of abalones from the CNN and CNS populations were shown as mean ± standard deviation (SD). T-test analysis was performed on all data to test for significant differences (p < 0.05) between groups.




RESULTS


Phenotypic Traits Measurements

We studied the physical responses to ambient temperature conditions in the CNN and the CNS populations of H. discus hannai. The growth of these abalones was measured from April 2019 to April 2020 (Figure 1). The lengths and weights of abalones from CNS were both significantly greater than those from CNN, probably due to the warm temperature of the sea surface in the summer could be beneficial to the growth of CNS. After overwintering, however, an opposite observation was gained in Apr 2020. The lengths and weights from CNN abalones were both significantly greater than those from CNS, since CNN abalones used to inhabit cold water.
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FIGURE 1. (A) Line plot showing the variation of sea surface temperature (SST) from April 2019 to 2020, representing the abalones cultivation environment. (B) Bar plot showing the shell length data of H. discus hannai from the CNN population and CNS population. (C) Bar plot showing the total weight data of H. discus hannai from the CNN and CNS populations. The blue bar indicates CNN population and the red bar indicates CNS. *P < 0.05 between two groups.




RNA Sequencing and Mapping

For RNA-seq analysis, a total of 303.68 M reads were generated after critical quality control using fastp, leading to the Q20 varying from 92.23 to 97.93%. An average of 82.97% of the clean data for each sample was mapped to the annotated H. discus hannai reference genome (unpublished data), of which 71.18–73.2% had a unique alignment and 5.14–6.1% had multiple alignment positions on the genome (Table 1). After alignment, the abundance of the whole gene was estimated to read count values and normalized by the TPM method.


TABLE 1 Summary of the RNA-seq data.
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Comparative Transcriptome Analysis in CNN and CNS

Principal component analysis (PCA), based on the normalized gene expression profiles, was conducted. The PCA plot showed that the global patterns of the transcriptomes differed between CNN and CNS populations (Figure 2A). The PC1 explained 36.5% of the variation and revealed a strong relationship between the divergent gene expression pattern of Pacific abalone and geographic distribution. A total of 1,591 genes that belonged to the top 30% contributing genes in the PC1 were identified. KEGG enrichment analysis showed that these genes were significantly enriched in the ErbB signaling pathway, prolactin signaling pathway, regulation of actin cytoskeleton, toll-like receptor signal pathway, and apoptosis (Figure 2B), which are associated with growth and immunity.
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FIGURE 2. (A) Principal component analysis (PCA) of all normalized gene expression levels (TPM) clustered by geographic distribution, demonstrating different transcriptomic patterns of H. discus hannai in the two populations. The blue scatters indicate the CNN population and the red one indicates the CNS population. (B) Scatter plot showing the top 20 enriched KEGG pathways, resulting from the top 30% contributing genes within the PC1.


To determine the transcriptome difference between the two abalone populations, a total of 790 differentially expressed genes (DEGs) (Supplementary Table 1)were identified using DESeq2 R package with | logFC| > 1 and a p < 0.05 (Figure 3A). Among these 790 DEGs, most genes (69.6%) were continuously downregulated in the CNN population relative to the CNS population, while only 245 genes were upregulated in CNN. Notably, KEGG enrichment analysis revealed that the top-rank significant pathways also focused on similar biological progresses related to transduction [tight junction, ErbB signaling pathway, cell adhesion molecules (CAMs)], growth (prolactin signaling pathway, regulation of actin cytoskeleton), and neurodevelopment (neurotrophin signaling pathway) (Figure 3B).
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FIGURE 3. (A) Heatmap for the 790 DEGs between the two populations. Rows are genes, and columns are abalone derived from two populations. (B) Scatter plot showing the top 20 enriched KEGG pathways, resulting from the DEGs between the two populations.




Dynamic Characters of DNA Methylation in CNN and CNS

We explored the DNA methylation patterns in CNN and CNS abalones using whole genomic bisulfite sequencing (WGBS). These generated a total of 267.98 Gb clean data with an approximately 30× coverage for each sample. The unique mapping efficiencies of these samples varied from 54.56 to 59.06%, and the reads with at least 5 × coverage across the genome accounted for nearly 67.27% of the total reads of each sample. In general, DNA methylation of abalone was primarily found in CG context (83%), and few were found in CHH and CHG contexts (where H is adenine, thymine, or cytosine) (Table 2). The general methylation landscapes of CNN and CNS are shown in Figure 4A, which were calculated independently corresponding to different genome features. Impressively, the average methylation levels at all three contexts were higher in CNN than in CNS (Figure 4A).


TABLE 2 Summary of the genome-wide methylation sequencing data.
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FIGURE 4. (A) Distributions of DNA methylation levels across the whole H. discus hannai genomic regions between CNN and CNS populations. (B) Circos plot showing the distribution of DNA methylation difference at CG context between CNN and CNS populations across H. discus hannai chromosome-scaled genome. The four circles from outer to inner represent chromosomes of H. discus hannai, the methylation levels of the CNN population, the differences of methylation level between CNN and CNS population (CNN vs. CNS), and the methylation levels of the CNS population, respectively. (C) Scatter plot showing the top 20 enriched GO terms derived from the GO enrichment analysis of DMGs. (D) Scatter plot showing the top 20 enriched KEGG pathways derived from KEGG enrichment analysis of DMGs.


To identify the DNA methylation changes through the whole genome between CNN and CNS, we investigated the differential methylation regions (DMRs) using DSS with a smooth method. A total of 96,565 DMRs (Figure 4B and Supplementary Table 2) were observed and almost all genomic regions were subject to methylation difference. Of these, 50165 CG DMRs, 139 CHG DMRs, and 471 CHH DMRs were significantly hyper-methylated in CNN compared with CNS. Also, 44890 CG DMRs, 432 CHG DMRs, and 468 CHH DMRs were significantly hyper-methylated in CNS. Additionally, the exploration of genomic regions subjected to methylation changes revealed that DMRs were mainly located on repeat region (96565), gene body (16648), and promoter (2011).

To study the potential impact of the DNA methylation differences on the genes, a total of 7635 differentially methylated genes (DMGs) were identified, with the gene body or promoter subject to methylation difference. GO enrichment results showed that most DMGs were significantly enriched in some growth-related terms, such as (GO:0007018) “microtubule-based movement,” (GO:0004672) “protein kinase activity,” and (GO:0035023) “regulation of Rho protein signal transduction” (Figure 4C). Besides, KEGG analysis indicated that major enriched pathways were associated with the ErbB signaling pathway, ABC transporters, MAPK signaling pathway, apoptosis, and FoxO signaling pathway (Figure 4D).



Relationship Between Altered Transcription and Dynamic DNA Methylation

To examine the relationship between DEGs and DMGs in all contexts (CG, CHH, CHG), a total of 253 genes were identified through the examination of overlap of the DEGs and DMGs (Supplementary Table 3), which were derived from gene body and promoter regions (Figure 5A). To further investigate the correlation between expression difference and methylation difference, 108 hyper-methylated and downregulated genes, 28 hypo-methylated and upregulated genes, 41 hyper-methylated and upregulated genes, and 76 hypo-methylated and downregulated genes were identified. These data suggested that relatively more genes had a negative correlation between expression and methylation (Figure 5B). The methylation levels and expression profiles of these overlapped genes in CNN and CNS are shown in a heatmap (Figure 5C). Functional analysis of these DEGs associated with DNA methylation showed that the top-ranking enriched pathways mainly included the ribosome, ErbB signaling pathway, MAPK signaling pathway, regulation of the actin cytoskeleton, and prolactin signaling pathway (Figure 5D), indicating that DNA methylation may play key roles in growth phenotypic divergence between CNN and CNS abalones through transcriptional regulation.
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FIGURE 5. (A) Venn plot of overlapped genes of DMGs and DEGs between CNN and CNS populations. (B) Scatter plot showing the correlation between the expression log2 fold change and methylation difference in the 253 overlapped genes of DMGs and DEGs between CNN and CNS populations across the H. discus hannai chromosome-scaled genome. (C) Heatmap showing the methylation levels (ML) and expression profiles (TPM) of the 253 overlapped genes in CNN and CNS populations. (D) Scatter plot showing the top 20 enriched KEGG pathways derived from KEGG enrichment analysis of the 253 overlapped genes.





DISCUSSION

Many studies have demonstrated that long-term environmental changes can lead to dynamics in transcriptome and epigenetic marks. This may result in fine-scale adaptive divergence among populations and help organisms acclimate to the environment (Kenkel and Matz, 2016; Zhou et al., 2018). Our previous study showed that CNS population abalones had greater thermal tolerance abilities than those from the CNN population (Chen N. et al., 2018). This was probably due to the 20-year domestication of CNS in the warm seawater of southern China (Chen et al., 2017). In the present study, a comparison of the average population growth rate showed that the CNS population (1.71 g/month) grew faster than the CNN population (1.26 g/month) in the summer, while the CNN population grew faster (6.01 g/month) than the CNS population (2.24 g/month) in the winter. These data indicated that the two abalone populations exhibited divergent phenotypic plasticity and demonstrated that CNS abalones grow better in warm seawater. The Pacific abalones in China are considered to be a good model to study the impact of divergence in the transcriptome and DNA methylation on phenotypic plasticity in acclimation to a changing environment.

To study the potential molecular mechanisms underlying the divergent phenotypic traits, we performed comparative transcriptome analysis on CNN and CNS abalones and found distinct gene expression patterns in the PCA results. PC1 revealed a strong relationship between the divergent gene expression patterns and geographic distributions. Additional functional analysis of the top 30% contribution to PC1 revealed that most genes were significantly enriched in the pathways related to growth, immunity, and signal transduction. The 790 DEGs also were enriched on similar pathways, such as the ribosome, prolactin signaling pathway, regulation of the actin cytoskeleton, ErbB signaling pathway, toll-like receptor signal pathway, and apoptosis.

Ribosomal proteins are reported to participate in the cellular process of translation and protein synthesis, suggesting vital roles in the growth and development of the organisms (Szakonyi and Byrne, 2011; Lee et al., 2018). Comparative analysis of oysters also indicated that ribosomal proteins may be important in the regulation of growth (Zhang F. et al., 2019). We found 19 proteins that were enriched in the ribosome with significant up-regulation in the CNN population compared to the CNS population. This indicated that conserved ribosomal proteins may play a role in differential efficiency of transcription and protein synthesis. The prolactin signaling pathway has also been shown to play an important role in the growth, development, reproduction, and immune modulation of animals by regulating diverse downstream signaling modules, including JAK/STAT, RAS/RAF/MAPK, and PI3-Kinase/AKT (Radhakrishnan et al., 2012; Bernard et al., 2015; Gorvin, 2015). The functional analysis showed that 12 genes were enriched in this pathway and expressed at high levels in the CNS population. For example, the Forkhead box protein O (FOXO) protein, belonging to the Forkhead family of transcription factors, is important in the regulation of gluconeogenesis and glycogenosis by insulin signaling (Carter and Brunet, 2007). The widespread expression of diverse Fox genes in Patinopecten yessoensis suggested that FOX might participate in the regulation of embryo and larval development of mollusks (Wu et al., 2020). Along with the upregulation of FOXO in CNS, the remaining 11 growth-related transcription factors were also found to be expressed at higher levels, including proto-oncogene tyrosine-protein kinase Src (SRC), nuclear factor NF-kappa-B p105 subunit (NFKB1), and signal transducer and activator of transcription (STAT1, STAT5A). The enhanced expression of these growth-related transcription factor genes may contribute to the efficiency of metabolism and protein synthesis, eventually resulting in the growth-related phenotypic divergence between CNN and CNS.

The methylation landscape of H. discus hannai showed that DNA methylation is primarily located on the CG, CHH, and CHG components of the genome. Similar results have been documented in the oyster (Wang et al., 2014; Wang et al., 2021). However, the genomic distribution of DNA methylation in H. discus hannai is widespread and different from the mosaic methylation patterns observed in Crassostrea gigas (Wang et al., 2014). Interestingly, the comparison of DNA methylation levels between CNN and CNS showed that CNN exhibited generally higher DNA methylation levels across different genomic regions. This suggested that CNS abalones may have altered genomic methylation patterns and represent general genomic hypo-methylation in acclimation to the warm temperatures of southern China. Similar methylation patterns were detected in oysters, where intertidal oysters mainly showed genomic hypo-methylation compared to hyper-methylation in subtidal oysters, probably due to their response to heat shock (Wang et al., 2021). These findings suggest that marine mollusks may alter their phenotypic plasticity in DNA methylation in response to warm temperature acclimation. This can be used as a potential biomarker for phenotypic plasticity.

Examination of the widespread DMRs showed that the repeat regions were most subject to epigenetic dynamics, and this may be attributed to the adjacent characteristics between CG and repeats. We found that more DMRs occurred in the gene body than in promoter regions. GO enrichment analysis of DMGs showed that altered methylated genes were significantly overrepresented in microtubules, protein kinase, and nucleotide compound-related GO terms. The KEGG enrichment results indicated that these DMGs were significantly enriched in ABC transporters, MAPK signal pathways, the FoxO signal pathway, and apoptosis, which is similar to the enrichment of DGEs. These results suggest that the CNN and CNS abalone populations exhibit epigenetic divergence. The ATP-binding cassette transporters (ABC transporters) are a classic transport system consisting of membrane proteins that are responsible for ATP-powered translocation (Rees et al., 2009). We found that 54 genes enriched in ABC transporters contained 53 ABC genes that can be classified into six subfamilies (A through G except for E). Among the 53 ABC genes, 26 genes were hyper-methylated in CNS and this may explain the development differences in H. discus hannai in response to heat stress. This result suggests that methylation differences on ABC genes can indirectly lead to phenotypic divergence. These findings enhance our understanding of the transport cycle in H. discus hannai and suggest that epigenetic regulation may be essential in mediating altered nutrient transport and cell survival under changing environmental conditions.

We studied the relationship between methylation and expression by examining the correlation between the fold changes of DEGs and the methylation difference of DMGs. There was a total of 253 overlapped genes, and all the overlapped genes could be found in the DMGs derived from the altered methylated gene body. This was in contrast to very few derived from promoters and suggested that methylation within the gene body might play an important role in predicting gene expression in abalones. Other animal studies showed that the hyper-methylation of promoters could repress gene expression (Dixon et al., 2018). However, gene body methylation is considered to be one of the essential mechanisms that determine the regulation of gene expression. In this study, we found that relatively more genes showed a negative correlation between expression and methylation. Additionally, KEGG enrichment analysis demonstrated that these 253 specific genes were mainly engaged in the ribosome, prolactin signaling pathway, regulation of actin cytoskeleton, ErbB signaling pathway, and apoptosis.

Seven genes were involved in the apoptotic process, with 5 genes (Lam, Sept4, Lrp11, Ripk1, H-RAS) being hyper-methylated and downregulated, providing evidence that DNA methylation can suppress gene expression. Studies on corals and oysters have illustrated the vital roles of apoptosis in response to high temperature, enhancing survival (Kvitt et al., 2016; Wang et al., 2021). These results indicated that apoptotic processes are regulated by DNA methylation and can contribute to thermal adaptation in abalone (Elmore, 2007). Epigenetic dynamics may be involved in the thermal plasticity of H. discus hannai. Incorporating altered expression and dynamic DNA methylation, our results reveal a potential epigenetic mechanism underlying the adaptive phenotypic plasticity of H. discus hannai.



CONCLUSION

H. discus hannai from CNN and CNS populations exhibit divergent phenotypic traits to enable its acclimation to different environments. To study the molecular basis for the phenotypic divergence of H. discus hannai, comparative transcriptome and DNA methylation analysis were performed on CNN and CNS. CNN and CNS represented divergent expression patterns with dynamic methylation differences. This suggested that the 20-year domestication of CNS might have accelerated its divergence from CNN in phenotypic traits and expression patterns. Functional analysis of DEGs and DMGs demonstrated that the processes of protein biosynthesis and metabolism are potentially regulated by methylation, which may contribute to the growth-related physiological plasticity of H. discus hannai. This study provides insights into the phenotypic plasticity of H. discus hannai and the potential roles of DNA methylation in phenotypic plasticity in marine invertebrates acclimating to changing environments.
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Transformer-2 (Tra-2) is an upstream regulatory element of the sex regulation mechanism in insects and plays a critical role in sex formation. To understand the role of tra-2 in Hyriopsis cumingii, the full-length Hctra-2 (1867 bp) was obtained from the gonads, and sequence alignment with other species showed that HCTRA-2 protein had a highly conserved RRM domain. Phylogenetic analysis showed that the HCTRA-2 protein was a close relative to of the mollusks TRA-2 protein. The qRT-PCR of tissue-specific expression pattern showed that the Hctra-2 was abundant in gonads, and the expression in testes was higher than that in ovaries (p < 0.01). It suggests that Hctra-2 may play a potential regulatory role in gonadal development of H. cumingii. In the early gonadal development, the Hctra-2 expression was the highest on the third day after fertilization and increased slightly from 4 months to 5 months, which may be related to the embryonic sex determination and early gonadal development. In situ hybridization showed that Hctra-2 mRNA signals were present in both male and female gonads. After silencing Hctra-2 by RNAi, the expression levels of Hcfem-1b and Hcdmrt were changed. It is speculated that there may be a certain relationship between them, which plays an important role in the sex regulation of H. cumingii. Our research will help to deepen our understanding of the shellfish sex determination mechanisms.

Keywords: Hyriopsis cumingii, transformer-2, gonadal development, sex determination, in situ hybridization, RNA interference


INTRODUCTION

Hyriopsis cumingii is a pearl-cultured species unique to China. The pearl cultivated by it has smooth and delicate nacre quality and bright color, which is the best one among freshwater mussels (Wang et al., 2007). Interestingly, male and female mussels showed different traits in the culture, and the quality of pearl produced by males was better than that of females (Zhao et al., 2013). Therefore, it is of great significance to raise the pearl yield and quality by using sex control technology. However, the research on the regulation mechanism of H. cumingii sex determination is limited, which hinders the development of sex control breeding technology.

In shellfish, there are androgyny, hermaphroditism, or sex reversal in their sex (Yue et al., 2020). This complex and changeable sex type provides us with a lot of rich research resources and brings some challenges to the study of sex. In recent years, the rapid development of sequencing technology has brought new hope to shellfish sex research. Some genes related to sex determination and differentiation have also been identified in shellfish, such as foxl2, tra, dmrt, fem-1, soxe, soxh, and wnt4 (Naimi et al., 2009; Shi et al., 2015, 2018; Li et al., 2016; Galindo-Torres et al., 2018). Among these genes, the tra was an upstream component of the sex-regulatory mechanism in many species, playing a crucial role in the regulation of sex formation mechanisms. In Caenorhabditis elegans, tra-1 and tra-2 promote female fates (Wang and Kimble, 2001). The regulatory pathway of sex determination is mainly composed of her-1, tra-2, fem-1, fem-2, fem-3, and tra-1. The specific regulatory mechanism is as follows: the ratio of sex chromosome and autosome is the primary signal of sex regulation (Farboud et al., 2013). The signal acts on her-1, which is differentially expressed between two genders. In male XO individuals, her-1 expression is very high, which inhibits the transmembrane receptor protein of TRA-2. Then, the complex formed by the proteins of FEM-1, FEM-2, FEM-3, and CUL-2 binds with the specific site of tra-1, which makes the individual develop into male. In XX hermaphrodite, her-1 expression is very low or even not expressed, so the TRA-2 protein is active. The combination of TRA-2 and the complex containing FEM-1, FEM-2, and FEM-3 proteins makes the expression of TRA-1 protein, and the organism develops toward hermaphroditism (Kuwabara, 2007; Starostina et al., 2007; Mapes et al., 2010). In Drosophila, the regulation of sex is as follows: X: A > sex lethal (sxl) > tra/tra-2 > doublesex (dsx), and fruitless (fru) (Suzuki, 2010). Sex determination is determined by the ratio of X chromosome number to autosomal number. In females, the presence of two X chromosomes activated the expression of sxl. Subsequently, sxl regulates the splicing of tra pre-mRNA transcripts to produce RNA encoding full-length and functional TRA proteins (Sosnowski et al., 1989). Together with tra-2, tra promotes female-specific splicing of dsx and prevents fru synthesis (Camara et al., 2019). In drones, the sxl is inactivated, resulting in the lack of active TRA proteins. Therefore, dsx and fru precursor mRNA default to male-specific splicing, and ontogeny is male (Grmai et al., 2018).

In aquatic species, there are few studies on tra-2, and its action on sex is not clear. In Macrobrachium nipponense, Mntra-2a was highly expressed in both male and female gonads, and its expression was located in oocytes and spermatocytes. It may play an important role in the embryonic development and early gonadal development (Wang et al., 2019). In Fenneropenaeus chinensis, Fctra-2c may participate in female sex determination in a concentration-dependent manner (Li et al., 2012). In medaka (Oryzias latipes), tra-2 transcripts (tra-2a and tra-2b) were mainly expressed in hermaphroditic germ cells before and during their sex differentiation, indicating that both tra2a and tra2b may be involved in the sex differentiation (Shiraishi et al., 2004). Cqtra-2 may play a role in sexual differentiation in the redclaw crayfish (Cherax quadricarinatus), which is mainly expressed in the ovary and gradually increases with embryonic development (Cai et al., 2020).

In this study, we identified Hctra-2 in H. cumingii and analyzed their expression distribution in different tissues and developmental stages of males and females. Besides, the effect of Hctra-2 silencing via RNAi on the expression of Hcfem-1b and Hcdmrt was investigated. These results will be helpful to understand the sex regulation mechanism of H. cumingii, and provide a basis for exploring the sex of shellfish.



MATERIALS AND METHODS


Animals and Sample Preparation

All the samples used in the study (including juveniles at different developmental stages and mature mussels) were from Zhejiang Weiming aquaculture farm. All experimental processes were approved by the Institutional Animal Care and Use Committee (IACUC) of Shanghai Ocean University, Shanghai, China.

The samples were taken back from the farm to the laboratory and placed in the water at 26 ± 2°C for 3 days. The gonads, gills, liver, kidney, mantle, foot, and adductor tissues of adult mussels were collected. Embryonic samples were scraped from the gills of H. cumingii at 1 day, 3 days, 5 days, 7 days, 9 days, and 10 days after fertilization. In the juvenile, samples were taken periodically according to different ages. All samples were immediately frozen in liquid nitrogen and stored at - 80°C for RNA extraction.



Full-Length Cloning of Hctra-2

Hctra-2 was derived from the transcriptome library. First, we verified the correctness of partial Hctra-2 sequence. Total RNA was extracted from frozen tissues with RNA prep pure tissue Kit (Tiangen, China). The cDNA was synthesized according to the manufacturer’s protocol of the PrimeScript RT reagent Kit with gDNA Eraser kit (TaKaRa, Japan). Using Tra-F and Tra-R (Table 1) as primers, the sequence of Hctra-2 was amplified by PCR under the following conditions: 94°C for 3 min, followed by 35 cycles of 95°C for 30 s denaturation, 55°C for 30 s of annealing, and 72°C for 2 min extension. After PCR, the amplified targeted-DNA was subcloned into the pMD19 vector (TaKaRa, Japan) for sequence confirmation. The full-length cDNA sequence of Hctra-2 was amplified by the SMARTer RACE 5'/3' Kit (Clontech, United States). The primers used for race amplification were T2-3' and T2-5', and the sequences are shown in Table 1. The reaction products obtained from the RACE kit instructions were purified by 1% agarose gel electrophoresis and connected to the carrier pMD19 vector and then transformed into Escherichia coli DH5α competent cells. Finally, the positive clones were screened for sequencing. Splicing 3' and 5' sequences to obtain the full-length sequence of Hctra-2.



TABLE 1. Primers for the present study.
[image: Table1]



Bioinformatics Analysis of Hctra-2

The open reading frame (ORF) Finder program performs1 open reading frame determination and amino acid sequence acquisition of Hctra-2. The nucleotide and amino acid sequence similarity between Hctra-2 sequence and homologous species was analyzed by BLAST program2; TMHMM Server v2.0 program3 predicted transmembrane structure of prediction protein; SignalP 4.14 predicted the presence and the location of signal peptides in prediction protein; ProtParam program5 predicted various physical and chemical parameters of protein; and ClustalW 1.8 and BioEdit were used for multiple comparisons of amino acid and coding nucleotide sequences. The phylogenetic tree was constructed by Neighbor-joining (NJ; Zhang and Sun, 2008) method in Mega 6.0, and the confidence values among species were calculated by Bootstrap repeated 1,000 times (Zhang and Sun, 2008).



Expression Studies of Hctra-2

Quantitative real-time reverse transcription PCR was used to analyze the expression level of Hctra-2 in different tissues and years of H. cumingii. The EF-lα was used as the internal reference. qT2-F and qT2-R were used as primers. cDNA synthesis and quantification of each mixed sample were performed using PrimeScript RT reagent Kit with gDNA Eraser kit (TaKaRa, Japan) and TB Green Premix Ex Taq II (Takara, Japan), respectively. The total qRT-PCR volume of 20 ul contained 10 ul TB Green Premix Ex Taq, 0.8 ul forward primer, 0.8 ul reverse primer, 6.8 ul ddH2O, and 1.6 ul cDNA. Amplification was performed using a BIO-RAD CFX96 instrument under the following conditions: pre-denaturation at 95°C for 15 min, degeneration at 95°C for 10 s, annealing at 60°C for 30 s (40 cycles), collecting signals during the extension phase, and each cycle increased 0.5°C for 5 s from 65°C to 95°C, followed collecting the fluorescence signal of the dissolution curve. The target gene and reference gene’s relative expression level was calculated using 2 −△△CT method with three replicates for each group. Use Prism 8.0 software to draw pictures. T-test calculated significant difference; p < 0.05 was considered statistically significant.



In situ Hybridization

In the experimental group, the probe primers of Hctra-2 were qT2-F and IT2-R (Table 1). In the control group, the probe primers were IT2-F and qT2-R (Table 1). In vitro transcription was performed using a T7 High Efficiency Transcription Kit (Transgen, China). DIG RNA Labeling Mix was used for probe labeling. Samples of mature gonads (male and female; 2 years old) were fixed twice in 4% paraformaldehyde, then transferred to 20% sucrose solution, sliced with a cryo slicer, and stored at −20°C. In situ hybridization was performed according to the Enhanced Sensitive ISH Detection Kit II (Boster, United States). Hybridization signals were observed and photographed under the microscope.



Knockdown of Hctra-2 by dsRNA-Mediated RNA Interference

Double-stranded RNA (dsRNA) of Hctra-2 was prepared for the experiment of H. cumingii injection. The primers were dsTra-F1, dsTra-R1, dsTra-F2, and dsTra-R2 (Table 1). Firstly, the target sequence was obtained by PCR amplification, and the single-stranded RNA (ssRNA) was synthesized by T7 transcription kit in vitro. Then, dsRNA was synthesized according to the Ribo RNAMax-T7 in vitro transcription kit. The steps are as follows: mix the same amount of ssRNA into the PCR instrument and heat at 70°C for 10 min resulted in the binding of two reverse complementary ssRNAs to form dsRNA. The excess ssRNA was removed according to the procedure of Ribo RNAMax-T7, and dsRNA was dissolved in 1 × PBS. The control dsRNA was GFP sequence which had no homology with Hctra-2, and the primer sequence is shown in Table 1.

The experiment was divided into two groups: the experimental and the control groups, each with 10 mussels. Farm them in plastic bins. On day 1, day 6, and day 11, 100 μl (400 ng/μl) Hctra-2 dsRNA was injected into the adductor of H. cumingii using a microsyringe of 1 ml, respectively. RNA was extracted from gonads, and the expression of Hctra-2, Hcfem-1b, and Hcdmrt after injection of Hctra-2 dsRNA was detected by qRT-PCR. The primers for Hcfem-1b and Hcdmrt were designed based on the sequencing information of the transcriptome data of H. cumingii. The details are shown in Table 1.




RESULTS


Molecular Identification of Hctra-2 and Sequence Analysis

A partial sequence (about 600 bp) of Hctra-2 cDNA was amplified by PCR using primers Tra-F and Tra-R. Based on the cDNA sequence, 5' and 3' RACE gene-specific primers (T2-3' and T2-5') were designed to amplify the 3' and 5' untranslated region sequence. After sequence splicing, the Hctra-2 full-length cDNA 1867 bp (GenBank no. MH931228) was obtained, in which the ORF was 894 bp, the 5' untranslated region (UTR) was 92 bp, and the 3' UTR was 881 bp (Figure 1). The ORF of Hctra-2 was predicted to encode a protein with 297 amino acids with a predicted molecular weight of 34661.2 and a theoretical isoelectric point of 11.02. The protein has no signal peptide or transmembrane structure. The 65–125 amino acid of Hctra-2 protein is the SR1 domain, and the 128–226 amino acid is a conserved RNA recognition motif (RRM) domain, followed by the linker region (amino acid position 227–243; Figure 1).

[image: Figure 1]

FIGURE 1. Nucleotide and deduced amino acid sequence of Hctra-2 gene from Hyriopsis cumingii. Lowercase indicated 3' and 5' UTRs; uppercases was coding region, where the upper indicated the nucleotides sequence and the lower showed the amino acids. *Represented stop codon; putative polyadenylation signals (AATAAA) were underlined. The gray region was the RRM domain. The green region shows the SR1 domain. The blue region shows the linker.




Multiple Alignment and Phylogenetic Analysis

The amino acid sequence of Hctra-2 was analyzed by blast. The results showed that the similarity of Hctra-2 among different species was high (65–79%), among which Mizuhopecten yessoensis (79.66%) was the highest. Even in humans and mice, the sequence similarity reached 69.6 and 54.7%. TRA-2 sequences of Mytilus coruscus (CAC5410763.1), Crassostrea gigas (XP_034314418.1), M. yessoensis (OWF38207.1), and Pecten maximus (XP_033761757.1) were selected from NCBI database. ClustalW in BioEdit software was used to compare the multi-sequence alignment of TRA-2. The alignment results showed that the TRA-2 of most shellfish was composed of about 300 amino acids (Figure 2), all of which contained the RRM domain, which was highly conserved and located in the same position. Similar to other species, the ribonucleoprotein 1 (RNP-1) has also been found in HCTRA-2, which is very conserved in RRM proteins (Shiraishi et al., 2004; Hu et al., 2020). Phylogenetic tree analysis showed that TRA-2 protein of H. cumingii clustered with C. gigas, M. coruscus, and other bivalves. Mollusks, such as Octopus sinensis and Sepia pharaonis, are classified with fish and mammals (Figure 3).

[image: Figure 2]

FIGURE 2. Multiple alignment of Hctra-2 amino acid sequence from H. cumingii with other species. Identical amino acid residues are highlighted in black, and similar amino acids are highlighted in gray. *Means that the amino acids at this site are the same in all the species compared.


[image: Figure 3]

FIGURE 3. NJ phylogenetic tree of amino acid sequences of Hctra-2 gene in different species. NJ law contribution was made by MEGA6.0; the number on the node was bootstrap test confidence value repeated 1,000 times.




Tissue-Specific Distribution of Hctra-2 in Adult

Quantitative real-time reverse transcription PCR was performed using primers spanning the ORF of Hctra-2. In all tissues of female mussels, the expression of Hctra-2 was high in gonad and liver, followed by gill and kidney, and lower in adductor, mantle, and foot. In male mussels, the expression of Hctra-2 was higher in gonad and liver, then in adductor and gill, and lower in kidney, mantle, and foot. Compared with male and female mussels, except for kidney and foot, the expression of Hctra-2 was significantly different (p < 0.05), especially in gonad, liver, adductor muscle, and mantle (p < 0.01; Figure 4).

[image: Figure 4]

FIGURE 4. Tissues expression of Hctra-2 gene in adult male and female H. cumingii. Results are expressed as mean ± SD, and significance of comparison is defined as p < 0.05 (*) or p < 0.01 (**) by Student’s t-tests.




Expression Pattern in Different Developmental Stages of Embryos and Juveniles

Hctra-2 expression at different developmental stages in embryos and juveniles (from the fertilized egg up to 8 months old) was detected. The results showed that the expression of Hctra-2 was high in the fertilized eggs, then reached the highest level on the third day, decreased rapidly on the sixth day, and remained at a low steady level until 3 months old. The Hctra-2 expression level increased slightly at the age of 4 to 5 months old and tended to be stable at 6 months old (Figure 5).

[image: Figure 5]

FIGURE 5. Relative expression of Hctra-2 gene in different developmental periods. (D: days; 0–10 days is embryonic period; M: months; 1–8 mouths is Juveniles).




Localization of Hctra-2 in Mature Gonads

Cell localization of Hctra-2 in testis and ovary was detected by in situ hybridization. Figures 6A,D show the testes and ovaries morphology of H. cumingii stained with HE (hematoxylin-eosin). The male germ cells (from spermatogonia to mature sperm) and female germ cells (from oocyte to mature egg) at different developmental stages can be seen in the figure. Figures 6B,C are the control group and the experimental group of male mussels, respectively. Compared with the control group, the Hctra-2 mRNA purple signals in the experimental group were obvious, and the signals were located on spermatogonia and spermatocytes, but no signal was found on spermatids and sperms. Figures 6E,F are the control group and the experimental group in the female gonad, respectively. Compared with the control group, the hybridized signal of Hctra-2 mRNA appeared in the nucleus and membrane of oocytes and mature ova in the experimental group.
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FIGURE 6. In situ hybridization of Hctra2 gene in testes and ovaries in H. cumingii. (A) testes stained with HE. (B) Male control group. The sense probes acting on testes. (C) Male experience group. The antisense probes acting on testes. (D) Ovaries stained with HE. (E) Female control group. The sense probes acting on ovaries. (F) Female experience group. The antisense probes acting on ovaries. Fc, follicles; Sg, spermatogonia; Sc, spermatocyte; St, spermatid; Sp, sperm; Og, oogonium; Oc, oocyte; and Mo, mature ovum.




The Expression Profile of Hctra-2, Hcfem-1b, and Hcdmrt After RNAi

We studied the role of Hctra-2 in the sex regulation of H. cumingii by RNAi. The dsRNA transcribed and synthesized in vitro was injected into the gonads of H. cumingii. The results showed that the silencing efficiency of the dsHctra-2 was 70.6% in males and 55.8% in females (Figures 7A,B), which indicated that the dsRNA-mediated gene silencing was effective. We also observed the changes in expression of Hcfem-1b and Hcdmrt after Hctra-2 knockout. Compared with the negative control group, the expression level of the Hcfem-1b in testes and ovaries decreased significantly, and the silencing efficiency reached 79.9% in males and 79.0% in females (Figure 7C,D). The expression level of the Hcdmrt in the male gonads of the experimental group was 44.7% lower than that of the control group (Figure 7E), and the expression level in female gonads was 16.7% higher than that in the control group (Figure 7F).
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FIGURE 7. Effects of dsHctra-2 injection on the expression of Hctra-2, Hcfem-1b, and Hcdmrt genes in testes and ovaries of H. cumingii. dsGFP, treated with dsGFP and used as RNAi control group; dsHctra-2, treated with dsRNA of Hctra-2 as RNAi experiment group. (A) The expression of Hctra-2 gene in testes. (B) The expression of Hctra-2 gene in ovaries. (C) The expression of Hcfem-1b gene in testes. (D) The expression of Hcfem-1b gene in ovaries. (E) The expression of Hcdmrt gene in testes. (F) The expression of Hcdmrt gene in ovaries. Results are expressed as mean ± SD, and significance of comparison is defined as p < 0.05 (*) or p < 0.01 (**) by Student’s t-tests.





DISCUSSION

In this study, we cloned and identified 1867 bp of the Hctra-2, including 881 bp 3'-UTR, 92 bp 5'-UTR and 894 bp ORF corresponding to 297 amino acids. Hctra-2 has a conserved RRM domain (98 amino acids) and linker region (17 amino acids), but only one RS domain (RS1) contains 61 amino acids (Figure 1). The RNP-1 and RRM domains are generally considered to be involved in the recognition of single-stranded RNA and can affect many pre-mRNA selective splicing (Kim et al., 2000; Lee et al., 2017). Like in the Anastrepha fruit flies, the RRM domain of TRA-2 protein confers the tra-tra2 complex to interact with tra and dsx pre-mRNAs to regulate sex-specific splicing (Martín et al., 2011). RS domain is rich in serine and arginine dipeptides (Zhang and Sun, 2008), its main function is to mediate splice site recognition and splicing regulation, and its potency is proportional to the number of repeats of RS dipeptides (Philipps et al., 2003; Long and Caceres, 2009). This indicates that the RS and RRM domains in Hctra-2 endow it with a certain splicing function. The linker region is a characteristic domain of TRA-2 proteins (Dauwalder et al., 1996). We compared the putative HCTRA-2 protein of H. cumingii with M. coruscus, C. gigas, M. yessoensis, and P. maximus. Figure 2 shows the alignment of these TRA2 proteins with different numbers of amino acids: H. cumingii 297, M. coruscus 289, C. gigas 298, M. yessoensis 324, and P. maximus 232. This difference in the number of amino acids was caused by changes in the sequence of TRA-2 amino acids except for the RRM domain and the linker (78 and 17 amino acids, respectively). The homology and conservation of the RRM domain and linker domain in these species suggest the functional similarity of the tra-2 in bivalves. Compared with other species, the linker sequence of HCTRA-2 amino acid has no RS2 domain behind it, which is similar to the Estra-2c of Eriocheir sinensis (Luo et al., 2017). The absence of the RS2 domain in Hctra-2 indicates a weak ability to recognize in the precursor mRNAs.

The expression pattern of Hctra-2 in different tissues and development stages was analyzed by qRT-PCR. Firstly, the tissue distribution showed that the Hctra-2 expression in gonads was higher than in somatic tissues. And Hctra-2 showed sexual dimorphism in gonads (Figure 4). The Hctra-2 expression level in the testis was significantly higher than that in the ovary. This expression pattern is consistent with that of M. nipponense in Arthropoda (Wang et al., 2019). It suggests that Hctra-2 may play a potential regulatory role in gonadal development of H. cumingii. But in many other species, tra-2 has a high expression pattern of ovary, such as P. chinensis (Li et al., 2012), Aedes albopictus (Li et al., 2019), E. chinensis (Luo et al., 2017), and aquatic firefly (Sclerotia aquatilis; Nguantad et al., 2020). The different expression patterns of tra-2 indicate that its regulation of gonadal development is different among species.

The transcripts changes of the Hctra-2 were further observed during embryonic development and early gonadal development (Figure 5). During embryonic development, the expression of Hctra-2 was high at fertilized eggs, peaked at day 3, and then decreased. Studies based on the embryonic development of H. cumingii showed that the embryo on the third day after fertilization is in cleavage stage (Hong et al., 2007). Interestingly, Mntra-2a was also highly expressed in the cleavage stage of M. nipponense embryos (Wang et al., 2019). This indicates that Hctra-2 is very active in embryo division. In a study of Bactrocera dorsalis, the expression level of tra was increased at the fifteenth hour of embryonic development, suggesting that sexual identity may be established at this stage of embryogenesis (Hong et al., 2007). We speculate that Hctra-2 may be involved in sex determination at early embryonic stage. In the early stage of gonadal development, Hctra-2 showed a slight increase at 4 months of age (Figure 5). Ting (2016) found that the gonad tissue of H. cumingii began to appear around 5 months of age, suggesting that Hctra-2 may be involved in the regulation of early gonad development.

The histological location of Hctra-2 in gonad was analyzed by ISH. Hctra-2 mRNA was detected in spermatogonia and spermatocytes in the testes (Figure 6C) and in the membrane and nucleus of ovary oocytes and mature ova (Figure 6F). The expression position of Hctra-2 signals is similar to that of tra-2 in M. nipponense (Wang et al., 2019). These results showed that Hctra-2 was closely related to spermatogonia proliferation, meiosis of spermatocytes and oocytes, and ova maturation, further confirming that Hctra-2 was involved in the gonadal development of H. cumingii. In addition, no Hctra-2 mRNA signal was observed in sperm, while in egg, the signals were concentrated in the nucleus and cell membrane. This suggests that the high expression of Hctra-2 in the fertilized egg is caused by the ova. In Nasonia vitripennis, Nvtra2 was also found in early embryos (<3 h old), suggesting that the mother provides Nvtra2 to the egg and is critical for embryo viability (Geuverink et al., 2017). Studies of Bdtra-2 of Bactrocera dorsalis have shown that Bdtra-2 transcripts are contributed maternally and activated by the zygote in the developing embryos (Laohakieat et al., 2020). Therefore, we hypothesized that in H. cumingii, Hctra-2 might be provided by the mother and involved in embryo sex determination during cleavage. However, whether Hctra-2 is a key gene involved in sex determination needs to be further verified.

In this study, Hctra-2 was silenced by RNAi to explore further the role of Hctra-2 in the sex regulation of H. cumingii. After injection of Hctra-2 dsRNA, the expression of Hcfem-1b and Hcdmrt was observed (Figure 7). These two genes were selected because we know that tra is upstream of fem in C. elegans sex determination process. The activity of TRA-2 protein can directly determine whether it interacts with the FEM protein complex, thus influencing the sex of C. elegans (Zanetti and Puoti, 2013). Secondly, in most insects, tra forms a conserved central axis of sex determination (Verhulst et al., 2010) and plays a key role in sex determination and maintenance by regulating dsx mRNAs (Shukla and Palli, 2013). Both doublesex and mab-3-related transcription factor (dmrt) and dsx belong to the dmrt family, and their roles in sex determination and differentiation have been widely studied (Mawaribuchi et al., 2019; Panara et al., 2019). In addition, our previous study identified the homologous genes of Hcfem-1b (Wang et al., 2021) and Hcdmrt (Ge et al., 2020) of fem and dmrt. Therefore, we wonder whether there is such upstream or downstream regulatory relationship in H. cumingii? With this conjecture in mind, we used RNAi to investigate the interaction of tra-2, fem and dmrt in the regulation mechanism in H. cumingii.

RNA interference of Hctra-2 in both female and male mussels caused the down-regulation of Hcfem-1b expression (Figures 7C,D). This indicates that Hcfem-1b was downstream of Hctra-2 and maintained the consistency of synergistic changes with it. However, when the expression of Hcdmrt was detected, it was found that the Hcdmrt was significantly decreased in males (Figure 7E) and increased in females (Figure 7F). In Bemisia tabaci, RNAi with Bttra2 also affects the expression of Btdsx. And, the silencing of Bttra2 or Btdsx resulted in male genital deformities (Guo et al., 2018). We were also found that Cqdsx was significantly reduced in the RNAi of CqTra2 in redclaw crayfish (Cai et al., 2020). These results indicate that Hcdmrt is also regulated by Hctra-2, but the regulation is different between the sexes. So, is there a regulatory relationship between Hcfem-1b and Hcdmrt? Here, we propose a hypothesis, and its correctness needs further explored. We found that dsx is regulated by fem in honeybee sex determination process. Honeybee sex is determined by the heterozygosity of complementary sex determiner (csd; Beye et al., 2003; Gempe and Beye, 2011). The csd of honeybee is homologous with the drosophila tra (Liu et al., 2012). In females, csd can produce active CSD protein, which can cleave fem to produce functional FEM protein and then promote female splicing of dsx transcript and induce female development. On the contrary, the males lack active CSD protein, the fem transcripts are spliced into male form, dsx pre-mRNA is spliced into the male expressing DSX protein, and the individual develops toward male (Beye et al., 2003; Beye, 2004). Moreover, combined with the silencing efficiency of the genes, the silencing efficiency of Hcfem-1b in testes and ovaries was 79.9 and 79.0%, respectively (Figures 7C,D). The silencing efficiency of Hcdmrt in testes was 44.7% (Figure 7E) and increased by 16.7% in ovaries (Figure 7F). Thus, Hcfem-1b has a higher silencing efficiency, and it is most likely to be directly downstream of Hctra-2, while Hcdmrt is indirectly downstream of it. Therefore, we boldly speculate that there is a cascading regulatory relationship among these three genes, namely, Hctra-2 > Hcfem-1b > Hcdmrt. The difference in this regulatory relationship between males and females is the effect of Hcfem-1b on Hcdmrt. Hcfem-1b may positively regulate Hcdmrt in males and negatively regulate Hcdmrt in females. But at present, this is our preliminary guess, and the specific way of regulation and its role in gender regulation is our goal in the next stage.



CONCLUSION

In this study, the full length of Hctra-2 of H. cumingii was cloned. The results of gene sequence analysis and multiple sequence alignment showed that Hctra-2 was highly conserved in RRM domain and linker region, and the amino acid sequence similarity among different species was high. The phylogenetic tree showed that tra-2 was closely related to mollusks. The qRT-PCR results indicated that Hctra-2 may play an important role in gonadal development and early embryonic development. The probe signal of Hctra-2 mRNA was found in both male and female gonads, which further indicated that Hctra-2 was involved in gonadal development. RNAi experiments explored the relationship between two sex-related genes (Hcfem-1b and Hcdmrt) and Hctra-2. We speculated that there was a cascade regulatory relationship between them, and the way of action was different between males and females. However, the specific way of this regulatory relationship and its impact on gender regulation still to be further studied.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://www.ncbi.nlm.nih.gov/genbank/, MH931228.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Shanghai Ocean University, Shanghai, China.



AUTHOR CONTRIBUTIONS

XW completed the sample collection. YW and JG conceived and designed the experiments, analyzed the data, interpreted the results, and wrote the manuscript. GW and JL provided feedback on discussion and results. All authors have given approval to the final version of the manuscript.



FUNDING

This study was supported by the National Key R&D Program of China (grant number 2018YFD0901406), the National Natural Science Foundation of China (grant number 31772835), and the China Agriculture Research System of MOF and MARA.


ACKNOWLEDGMENTS

The authors are thankful for the samples provided by the Weiming aquaculture farm.



ABBREVIATIONS

tra-1 and tra-2, transformer-1 and transformer-2; qRT-PCR, quantitative real-time reverse transcription PCR; RNAi, RNA interference; fem-1, fem-2, and fem-3, feminization-1, feminization-2, and feminization-3; dmrt, doublesex and mab-3-related transcription factor; foxl2, forkhead box l2; her-1, hermaphroditization-1; cul-2, cullin 2; dsx, doublesex; fru, fruitless; sxl, sex lethal; dsRNA, double-stranded RNA; ssRNA, single-stranded RNA; ORF, open reading frame; UTR, untranslated region; HE, hematoxylin-eosin; RRM, RNA recognition motif; csd, complementary sex determiner; Fc, follicles; Sg, spermatogonia; Sc, spermatocyte; St, spermatid; Sp, sperm; Og, oogonium; Oc, oocyte; Mo, mature ovum; ISH, in situ hybridization.


FOOTNOTES

1https://www.ncbi.nlm.nih.gov/orffinder/

2https://blast.ncbi.nlm.nih.gov/Blast.cgi

3http://www.cbs.dtu.dk/services/TMHMM/

4http://www.cbs.dtu.dk/services/SignalP/

5https://web.expasy.org/protparam/



REFERENCES

 Beye, M. (2004). The dice of fate: the csd gene and how its allelic composition regulates sexual development in the honey bee, Apis mellifera. BioEssays 26, 1131–1139. doi: 10.1002/bies.20098 

 Beye, M., Hasselmann, M., Fondrk, M. K., Page, R. E., and Omholt, S. W. (2003). The gene csd is the primary signal for sexual development in the honeybee and encodes an SR-type protein. Cell 114, 419–429. doi: 10.1016/S0092-8674(03)00606-8 

 Cai, L., Zheng, J., Jia, Y., Gu, Z., Liu, S., Chi, M., et al. (2020). Molecular characterization and expression profiling of three transformer-2 splice isoforms in the Redclaw crayfish, Cherax quadricarinatus. Front. Physiol. 11:00631. doi: 10.3389/fphys.2020.00631

 Camara, N., Whitworth, C., Dove, A., and Van Doren, M. (2019). Doublesex controls specification and maintenance of the gonad stem cell niches in drosophila. Development 146:170001. doi: 10.1242/dev.170001 

 Dauwalder, B., Amaya-Manzanares, F., and Mattox, W. (1996). A human homologue of the drosophila sex determination factor transformer-2 has conserved splicing regulatory functions. Proc. Natl. Acad. Sci. U. S. A. 93, 9004–9009. doi: 10.1073/pnas.93.17.9004

 Farboud, B., Nix, P., Jow, M. M., Gladden, J. M., and Meyer, B. J. (2013). Molecular antagonism between X-chromosome and autosome signals determines nematode sex. Genes Dev. 27, 1159–1178. doi: 10.1101/gad.217026.113 

 Galindo-Torres, P., García-Gasca, A., Llera-Herrera, R., Escobedo-Fregoso, C., Abreu-Goodger, C., and Ibarra, A. M. (2018). Sex determination and differentiation genes in a functional hermaphrodite scallop. Mar. Genomics 37, 161–175. doi: 10.1016/j.margen.2017.11.004 

 Ge, J., Wu, C., Xia, S., Guo, P., Wang, G., and Li, J. (2020). Identification and expression analysis of Dmrta2-2 Gene in Hyriopsis cumingii. Genomics Appl. Biol. 39, 33–41. doi: 10.13417/j.gab.039.003941

 Gempe, T., and Beye, M. (2011). Function and evolution of sex determination mechanisms, genes and pathways in insects. BioEssays 33, 52–60. doi: 10.1002/bies.201000043 

 Geuverink, E., Rensink, A. H., Rondeel, I., Beukeboom, L. W., Louis, V., and Verhulst, E. C. (2017). Maternal provision of transformer-2 is required for female development and embryo viability in the wasp Nasonia vitripennis. Insect Biochem. Mol. Biol. 90, 23–33. doi: 10.1016/j.ibmb.2017.09.007

 Grmai, L., Hudry, B., Miguel-Aliaga, I., and Bach, E. A. (2018). Chinmo prevents transformer alternative splicing to maintain male sex identity. PLoS Genet. 14:e1007203. doi: 10.1371/journal.pgen.1007203

 Guo, L., Xie, W., Liu, Y., Yang, Z., Yang, X., Xia, J., et al. (2018). Identification and characterization of doublesex in Bemisia tabaci. Insect Mol. Biol. 27, 620–632. doi: 10.1111/imb.12494 

 Hong, W., Yi, B., Jiale, L., and Jianju, W. (2007). A primary study on the morphological changes of embryo of Hyriopsis cumingii in nurturing pouch of outer gill. J. Shanghai Fish. Univ. 16, 219–223.

 Hu, Y., Jin, S., Fu, H., Qiao, H., Zhang, W., Jiang, S., et al. (2020). Functional analysis of a SoxE gene in the oriental freshwater prawn, Macrobrachium nipponense by molecular cloning, expression pattern analysis, and in situ hybridization (de Haan, 1849). 3 Biotech 10:10. doi: 10.1007/s13205-019-1996-x

 Kim, I., Muto, Y., Watanabe, S., Kitamura, A., Futamura, Y., Yokoyama, S., et al. (2000). Interactions of a didomain fragment of the drosophila sex-lethal protein with single-stranded uridine-rich oligoribonucleotides derived from the transformer and sex-lethal messenger RNA precursors: NMR with residue-selective [5-2H] uridine substitutions. J. Biomol. NMR 17, 153–165. doi: 10.1023/A:1008357028116 

 Kuwabara, P. E. (2007). A complex solution to a sexual dilemma. Dev. Cell 13, 6–8. doi: 10.1016/j.devcel.2007.06.004 

 Laohakieat, K., Isasawin, S., and Thanaphum, S. (2020). The transformer-2 and fruitless characterisation with developmental expression profiles of sex-determining genes in Bactrocera dorsalis and B. correcta. Sci. Rep. 10:17938. doi: 10.1038/s41598-020-74856-6

 Lee, K. C., Jang, Y. H., Kim, S. K., Park, H. Y., Thu, M. P., Lee, J. H., et al. (2017). RRM domain of arabidopsis splicing factor SF1 is important for pre-mRNA splicing of a specific set of genes. Plant Cell Rep. 36, 1083–1095. doi: 10.1007/s00299-017-2140-1 

 Li, X., Jin, B., Dong, Y., Chen, X., Tu, Z., and Gu, J. (2019). Two of the three transformer-2 genes are required for ovarian development in Aedes albopictus. Insect Biochem. Mol. Biol. 109, 92–105. doi: 10.1016/j.ibmb.2019.03.008 

 Li, S., Li, F., Wen, R., and Xiang, J. (2012). Identification and characterization of the sex-determiner transformer-2 homologue in Chinese shrimp, Fenneropenaeus chinensis. Sex. Dev. 6, 267–278. doi: 10.1159/000341377 

 Li, Y., Zhang, L., Sun, Y., Ma, X., Wang, J., Li, R., et al. (2016). Transcriptome sequencing and comparative analysis of ovary and testis identifies potential key sex-related genes and pathways in scallop Patinopecten yessoensis. Mar. Biotechnol. 18, 453–465. doi: 10.1007/s10126-016-9706-8

 Liu, Z. Y., Wang, Z. L., Yan, W. Y., Wu, X. B., Zeng, Z. J., and Huang, Z. Y. (2012). The sex determination gene shows no founder effect in the giant honey bee, Apis dorsata. PLoS One 7, 1–5. doi: 10.1371/journal.pone.0034436

 Long, J. C., and Caceres, J. F. (2009). The SR protein family of splicing factors: master regulators of gene expression. Biochem. J. 417, 15–27. doi: 10.1042/BJ20081501 

 Luo, D., Liu, Y., Hui, M., Song, C., Liu, H., and Cui, Z. (2017). Molecular characterization and expression profiles of four transformer-2 isoforms in the Chinese mitten crab Eriocheir sinensis. Chin. J. Oceanol. Limnol. 35, 782–791. doi: 10.1007/s00343-017-6071-z

 Mapes, J., Chen, J. T., Yu, J. S., and Xue, D. (2010). Somatic sex determination in Caenorhabditis elegans is modulated by SUP-26 repression of tra-2 translation. Proc. Natl. Acad. Sci. U. S. A. 107, 18022–18027. doi: 10.1073/pnas.1004513107

 Martín, I., Ruiz, M. F., and Sánchez, L. (2011). The gene transformer-2 of sciara (diptera, nematocera) and its effect on drosophila sexual development. BMC Dev. Biol. 11:19. doi: 10.1186/1471-213X-11-19

 Mawaribuchi, S., Ito, Y., and Ito, M. (2019). Independent evolution for sex determination and differentiation in the DMRT family in animals. Biol. Open 8:041962. doi: 10.1242/bio.041962

 Naimi, A., Martinez, A. S., Specq, M. L., Mrac, A., Diss, B., Mathieu, M., et al. (2009). Identification and expression of a factor of the DM family in the oyster Crassostrea gigas. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 152, 189–196. doi: 10.1016/j.cbpa.2008.09.019

 Nguantad, S., Chumnanpuen, P., Thancharoen, A., Vongsangnak, W., and Sriboonlert, A. (2020). Identification of potential candidate genes involved in the sex determination cascade in an aquatic firefly, Sclerotia aquatilis (coleoptera, lampyridae). Genomics 112, 2590–2602. doi: 10.1016/j.ygeno.2020.01.025 

 Panara, V., Budd, G. E., and Janssen, R. (2019). Phylogenetic analysis and embryonic expression of panarthropod Dmrt genes. Front. Zool. 16:23. doi: 10.1186/s12983-019-0322-0

 Philipps, D., Celotto, A. M., Wang, Q. Q., Tarng, R. S., and Graveley, B. R. (2003). Arginine/serine repeats are sufficient to constitute a splicing activation domain. Nucleic Acids Res. 31, 6502–6508. doi: 10.1093/nar/gkg845 

 Shi, J., Hong, Y., Sheng, J., Peng, K., and Wang, J. (2015). De novo transcriptome sequencing to identify the sex-determination genes in Hyriopsis schlegelii. Biosci. Biotechnol. Biochem. 79, 1257–1265. doi: 10.1080/09168451.2015.1025690 

 Shi, Y., Liu, W., and He, M. (2018). Proteome and transcriptome analysis of ovary, intersex gonads, and testis reveals potential key sex reversal/differentiation genes and mechanism in scallop Chlamys nobilis. Mar. Biotechnol. 20, 220–245. doi: 10.1007/s10126-018-9800-1

 Shiraishi, E., Imazato, H., Yamamoto, T., Yokoi, H., Abe, S. I., and Kitano, T. (2004). Identification of two teleost homologs of the drosophila sex determination factor, transformer-2 in medaka (Oryzias latipes). Mech. Dev. 121, 991–996. doi: 10.1016/j.mod.2004.04.013 

 Shukla, J. N., and Palli, S. R. (2013). Tribolium castaneum transformer-2 regulates sex determination and development in both males and females. Insect Biochem. Mol. Biol. 43, 1125–1132. doi: 10.1016/j.ibmb.2013.08.010 

 Sosnowski, B. A., Belote, J. M., and Yckeown, M. (1989). Sex-specific alternative splicing of RNA from the transformer gene results from sequence-dependent splice site blockage. Cell 59, 449–459. doi: 10.1016/0092-8674(89)90426-1

 Starostina, N. G., Lim, J., Schvarzstein, M., Wells, L., Spence, M. A., and Kipreos, E. T. (2007). A CUL-2 ubiquitin ligase containing three FEM proteins degrades TRA-1 to regulate C. elegans sex determination. Dev. Cell 13, 127–139. doi: 10.1016/j.earlhumdev.2006.05.022

 Suzuki, M. G. (2010). Sex determination: insights from the silkworm. J. Genet. 89, 357–363. doi: 10.1007/s12041-010-0047-5 

 Ting, X. (2016). Study on DUI occurring and gonad development of freshwater pearl mussels. master’s thesis. China: Shanghai Ocean University.

 Verhulst, E. C., van de Zande, L., and Beukeboom, L. W. (2010). Insect sex determination: it all evolves around transformer. Curr. Opin. Genet. Dev. 20, 376–383. doi: 10.1016/j.gde.2010.05.001 

 Wang, Y. Y., Duan, S. H., Dong, S. S., Cui, X. Y., Wang, G. L., and Li, J. L. (2021). Comparative proteomic study on fem-1b in female and male gonads in Hyriopsis cumingii. Aquac. Int. 29, 1–18. doi: 10.1007/s10499-020-00605-1

 Wang, Y., Jin, S., Fu, H., Qiao, H., Sun, S., Zhang, W., et al. (2019). Molecular cloning, expression pattern analysis, and in situ hybridization of a transformer-2 gene in the oriental freshwater prawn, Macrobrachium nipponense (de Haan, 1849). 3 Biotech 9:205. doi: 10.1007/s13205-019-1737-1

 Wang, S., and Kimble, J. (2001). The TRA-1 transcription factor binds TRA-2 to regulate sexual fates in Caenorhabditis elegans. EMBO J. 20, 1363–1372. doi: 10.1093/emboj/20.6.1363 

 Wang, G., Yuan, Y., and LI, J.-L. (2007). SSR analysis of genetic diversity and phylogenetic relationships among different populations of Hyriopsis cumingii from the five lakes of China. J. Fish. China 12, 12–18.

 Yue, C., Li, Q., Yu, H., Liu, S., and Kong, L. (2020). Restriction site-associated DNA sequencing (RAD-seq) analysis in pacific oyster Crassostrea gigas based on observation of individual sex changes. Sci. Rep. 10:9873. doi: 10.1038/s41598-020-67007-4 

 Zanetti, S., and Puoti, A. (2013). Sex determination in the Caenorhabditis elegans germline. Adv. Exp. Med. Biol. 757, 41–69. doi: 10.1007/978-1-4614-4015-4_3

 Zhang, W., and Sun, Z. (2008). Random local neighbor joining: a new method for reconstructing phylogenetic trees. Mol. Phylogenet. Evol. 47, 117–128. doi: 10.1016/j.ympev.2008.01.019 

 Zhao, Y., Bai, Z., Fu, L., Liu, Y., and Li, J. (2013). Comparison of growth and pearl production in males and females of the freshwater mussel, Hyriopsis cumingii, in China. Aquac. Int. 21, 1301–1310. doi: 10.1007/s10499-013-9632-y


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Wang, Wang, Ge, Wang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 09 July 2021
doi: 10.3389/fmars.2021.657762





[image: image]

Genetic Recombination of the Mantle Color Pattern of Two Boring Giant Clam (Tridacna crocea) Strains

Junjie Wang1†, Zihua Zhou2,3,4,5†, Haitao Ma2,3,4,5, Jun Li2,3,4,5, Yanping Qin2,3,4,5, Jinkuan Wei2,3,4,5, Xingyou Li2,3,4,5, Qingliang Liao2,3,4,5, Yunqing Li2,3,4,5, Gongpengyang Shi2,3,4,5, Yinyin Zhou2,3,4,5, Yuehuan Zhang2,3,4,5* and Ziniu Yu2,3,4,5*

1Guangdong Provincial Key Laboratory for Healthy and Safe Aquaculture, Guangdong Provincial Engineering Technology Research Center for Environmentally-Friendly Aquaculture, Guangzhou Key Laboratory of Subtropical Biodiversity and Biomonitoring, School of Life Sciences, South China Normal University, Guangzhou, China

2Key Laboratory of Tropical Marine Bio-resources and Ecology, Guangdong Provincial Key Laboratory of Applied Marine Biology, South China Sea Institute of Oceanology, Innovation Academy of South China Sea Ecology and Environmental Engineering, Chinese Academy of Sciences, Guangzhou, China

3Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou, China

4University of the Chinese Academy of Sciences, Beijing, China

5Hainan Provincial Key Laboratory of Tropical Marine Biology Technology, Sanya Institute of Oceanology, Chinese Academy of Sciences, Sanya, China

Edited by:
Xiaotong Wang, Ludong University, China

Reviewed by:
Liqiang Zhao, Guangdong Ocean University, China
Karsoon Tan, Shantou University, China

*Correspondence: Yuehuan Zhang, yhzhang@scsio.ac.cn; Ziniu Yu, carlzyu@scsio.ac.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Aquatic Physiology, a section of the journal Frontiers in Marine Science

Received: 23 January 2021
Accepted: 03 June 2021
Published: 09 July 2021

Citation: Wang J, Zhou Z, Ma H, Li J, Qin Y, Wei J, Li X, Liao Q, Li Y, Shi G, Zhou Y, Zhang Y and Yu Z (2021) Genetic Recombination of the Mantle Color Pattern of Two Boring Giant Clam (Tridacna crocea) Strains. Front. Mar. Sci. 8:657762. doi: 10.3389/fmars.2021.657762

According to the RGB law display, the polymorphism of the giant clam mantle color pattern is through four iridocytes. The boring giant clam (Tridacna crocea) exhibits diverse mantle colors, including blue, green, purple, gold, and orange. In order to evaluate the genetic laws driving these mantle color patterns, a complete diallel cross between two color strains [blue strain (only blue iridocyte) and the yellow-green strain (yellow and green iridocytes)] was performed. Using a single-to-single mating system, two intra-strain crosses (BB and YY) and two reciprocal inter-strain crosses (BY and YB) were produced in triplicates. Higher fertilization rate and hatching rate were observed in all experimental groups, suggesting that there was no sperm–egg recognition barrier between the two strains. In the grow-out stage, the size of the reciprocal hybrids was larger than that of the two pure strains with a degree of heterosis. In addition, compared with the two pure strains, the hybrids have higher larval metamorphosis rate and higher survival rate. At 1 year of age, the mantle color pattern of pure strains showed 100% stable inheritance, while the reciprocal hybrids exhibited colorful patterns (a combination of blue, yellow, and green), suggesting that there was a genetic recombination of the mantle colors during the stable expression period. These results provide a theoretical basis for the formation of the mantle color of giant clam and its genetic segregation law, as well as provide guidance for genetic breeding of giant clams.

Keywords: Tridacna crocea, the boring giant clam, crossbreeding, mantle color’s pattern, genetic recombination


INTRODUCTION

Throughout nature, biophotonic structures have evolved sophisticated arrangements of pigments and structural reflectors that can manipulate light in animal skin, cuticle, feathers, and fur (Mäthger et al., 2013). These colors are found in a variety of animal taxonomy, from diminutive marine copepods to terrestrial insects and birds, and have attracted great research interest in recent years. Recent studies on biophotonic structures focuses on the characterization of nanostructures responsible for iridescence and the behavioral function of iridescent colors (Kinoshita and Yoshioka, 2005; Cuthill et al., 2017).

Recently, scientists have discovered that the mantle color of giant clams is the result of structural color, which is aroused by a display of different iridocytes according to the RGB law display (Ozog, 2009; Todd et al., 2009; Holt et al., 2014; Rossbach et al., 2020; Long et al., 2021). During the photosymbiotic process of giant clams, the forward scattering of iridocytes illuminates the internal zooxanthellae deeper inside the mantle, and the backward reflection produces the unique color of the giant clam mantle (Ghoshal et al., 2016). Although the giant clam iridocytes distributed in the mantle have been well studied, little is known about the genetic basis or pattern of mantle color inheritance (Kim et al., 2017; Mies, 2019). Scientists have observed that giant clam strains with blue and yellow-green color patterns can be stably inherited, and there are phenotypic differences between the two color strains (Zhou et al., 2020). However, it is unclear whether the mantle color pattern is segregated or genetically recombined with the pigmentation of the shells during natural replenishment process.

The iridophores in the mantle of the giant clams are composed of iridocytes, which contain stacks of regularly arranged platelets of uniform thickness (Griffiths et al., 1992). These platelets form a crystal lattice, which produces maximum light interference at wavelengths of about 400 nm or slightly higher than 400 nm. Interference may extend the reflected light into the blue and green parts of the visible spectrum (Griffiths et al., 1992; Neo et al., 2015; Rossbach et al., 2020). Iridocytes can be divided into four types (red, yellow, green, and blue) and can be expressed as one, two, or more types in a single individual (Ghoshal et al., 2016). Blue, yellow, and green iridocytes are common, while red iridocytes are rare (Zhou et al., 2020). In our study, we examined the blue strain (blue iridocytes) and kelly strain (green and yellow iridocytes) of the boring giant clams.

In order to determine the genetic law of the reciprocal hybrids between two mantle color patterns of boring giant clams, complete diallel crosses were carried out in triplicate using a single-to-single mating system. The fertilization, survival, metamorphosis, and growth of progenies of each group during the larval, nursery, and grow-out phases were compared. In this study, the use of inter-strain hybridization technique clearly revealed the occurrence and genetic laws of the mantle coloration of reciprocal hybrids. The findings of this study can provide guidance for the genetic breeding of giant clams.



MATERIALS AND METHODS


Broodstock Collection and Spawning

Sexually matured boring giant clams used as broodstock in this study were collected from Huangyan Island (East of Zhongsha Islands) (N 15.160812, E 117.760336) in the South China Sea. The clams were held in an insulated container filled with seawater and transported by boat to the Hainan Tropical Marine Life Experimental Station at the Chinese Academy of Sciences. Thirty parent clams from each of two mantle color strains (blue and yellow-green) were selected from the Huangyan Island population. The average shell length (SL) and total weight of the blue strain were 80.30 ± 7.96 mm and 165.32 ± 45.69 g, respectively, whereas the average SL and total weight of yellow-green clams were 89.53 ± 7.48 mm and 230.44 ± 72.56 g, respectively. The broodstock of these two strains was held separately in 2,000-L raceways and provided with gentle aeration and continuous flow of sand-filtered seawater from Sanya Bay, Hainan Island.

When these broodstocks from the two strains mature, they were induced to spawn by exposure to air for 10 min, followed by a temperature shock from 27.0 to 30.0°C. Once spawning was initiated, the individuals were placed separately in 5-L plastic beakers filled with seawater (30.0°C) and closely observed to collect uncontaminated eggs or sperm. Since Tridacninae is a simultaneous hermaphrodite animal (Braley et al., 2018), it is necessary to carefully collect sperm and eggs separately from each clam separately. If clams simultaneously release eggs and sperm, the eggs and sperm will be removed from the experiment. The collected sperm was filtered through a 25-μm mesh to ensure that there are no eggs. The collected eggs were set aside for at least 30 min before being inspected using a microscope. The eggs were discarded if fertilized. In total, the eggs or sperm of 18 individuals from each population were used in this study.



Cross-Fertilization

Four progenies, i.e., BB (B♀ × B♂), BY (B♀ × Y♂), YB (Y♀ × B♂), and YY (Y♀ × Y♂), were produced by factorial hybridization between the blue (B) and yellow-green strain (Y) clams. The fertilized eggs of each progeny were divided equally and placed into two 5-L beakers. A small number of fertilized eggs were sampled to evaluate the success rate of fertilization and the survival of D-stage larvae. The remaining fertilized eggs were suspended in a 100-L tank with a density of 30–40 eggs/ml for incubation. The water temperature and salinity were maintained at 28.6–29.7°C and 32 ppt, respectively. The entire experiment was repeated three times using three groups of broodstock, with each group consisting of one male and female blue and yellow-green stains (Table 1).


TABLE 1. Experimental design for the crossbreeding of the boring giant clam between the blue and yellow-green strains.

[image: Table 1]


Larval and Juvenile Rearing

Thirty hours after fertilization, D-stage larvae of each cohort (BB, BY, YB, and YY) were collected using a 60-μm sieve and maintained separately in 1,000-L tanks. The initial larval density was adjusted to 2 larvae/ml and maintained at this level by controlling the water volume. In the first 5 days, the larvae were fed with Isochrysis galbana at a density of 3,000 cells/ml/day. From the sixth to eight day, they were immersed in seawater containing symbiotic algae (zooxanthellae) at a density of 30 cells/ml for 2 h per day. The outdoor larval rearing tanks was equipped with gentle aeration, transparent polycarbonate roof sheeting, and a 50% light transmittance shade-cloth, of which reduced the daily-maximum photosynthetically active radiation (PAR) from 0 to 572.6 μmol/s/m2 [Dataflow Systems Pty Ltd. (Christchurch, New Zealand) light logger] (Braley et al., 2018; Militz et al., 2017, 2019). The water temperature and salinity were maintained at 28.5–29.7°C and 32 ppt, respectively.

Most larvae (≥90%) attached and developed secondary shells, feet, gills, and symbiotic system. They reached the juvenile stage on the 20th day. No substrate was used during the spat nursing stage. Larvae settle within 7 days, and then the newly settled spats were transferred to 1,000-L tanks filled with sand-filtered seawater, with maintained gentle aeration, water flow, and 50% natural lighting for 10 weeks. When the SL reached 3–5 mm, the spats were transferred to coral stone substrate and kept in 1,000-L tanks for another 4 weeks. When the SL of spat reached 8–10 mm, they were transferred to an artificial raceway system with continuous circulating water until they reach 1 year old. The water temperature and salinity were maintained at 25.7 to 30.2°C and 32 ppt, respectively.



Sampling and Measurements

The hatching index (cleaved rate and D-stage larva rate), survival rate (at days 7, 15, 90, and 360), and growth (egg diameter, D-stage larvae size, and spat size on the same day) of each group were determined following the method of Zhou et al. (2020). The survival rate on day 7 and day 15 was defined as the ratio of the number of individuals at different developmental stages to the number of D-stage larvae. The survival rate on day 90 and day 360 was defined as the ratio of the number of individuals at different stages to the number of spat on day 30.

On day 90, spats (SL approx. 3–5 mm) of each of the three replicates in each group (BB, YY, BY, and YB) were divided equally into 40 substrates (coral stone 16–18 cm in diameter) with a density of 30 individuals/substrate. In other words, there were 3,600 spats on 120 substrates for each group, and 14,400 spats on 480 substrates in the entire experiment. The substrates were cleaned monthly, dead clams were removed, and the density of each group was readjusted to maintain similar levels among the groups. As the spat grew, the density was reduced from 30 individuals/substrate to 15 individuals/substrate.



Spectroscopic Microscopy

Mantle iridocyte samples among each group were imaged and determined by microspectrophotometry under a Zeiss AxioObserver D1M inverted microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with a broadband halogen lamp (providing ample light in the measured range of 400–700 nm) that provided illumination. For spectroscopy, a small region of the sample (∼1-μm diameter) was imaged on the entrance slit (0.2 mm width) of the imaging spectrometer (Horiba JobinYvon iHR320; Horiba Group, Kyoto, Japan), with light entering the spectrometer dispersed horizontally by a grating (150 lines/mm, blazed for 500 nm). The resulting image was captured with a thermoelectrically cooled silicon charge-coupled device (Horiba JobinYvon Synapse detector) using an integration time of 0.05 s. The spectrum was obtained from an area less than a single iridocyte and normalized to a calibrated specular reflectivity standard (Ocean Optics STAN-SSH) for analyses. The 50 × objective was a Zeiss EC EpiPlan-NEOFLUAR lens with a numerical aperture of 0.8 and 3.8-μm depth of field. Other details of microspectrophotometer and analytical methods are as previously described in Ghoshal et al. (2016).



Statistical Analysis

Two-way analysis of variance (Fisher’s) was used for multiple comparisons to analyze the differences of the average hatching index, survival rate, and growth parameters among groups. In order to improve the normality and homoscedasticity, prior to analysis, the hatching rate and survival rate were arcsine-transformed, and the 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 tests, unless noted otherwise.

Mid-parental heterosis (H) was analyzed to evaluate the potential application of hybrids in aquaculture in the first year using the following formula (Zhang et al., 2007, 2017; Wang et al., 2011; Wang and Côté, 2012):

[image: image]

where XF1 represents the mean phenotypic value (SL, survival rate, etc.) of the reciprocal hybrids, while XBB and XYY represent the mean phenotypic value (SL, survival rate, etc.) of the blue and yellow-green strain progenies on the same day, respectively.

In order to determine the effects of egg origin (B vs. Y) and mating strategies (homozygous vs. heterozygous crosses) on the survival and growth of clams, a two-factor analysis of variance was used (Cruz and Ibarra, 1997; Zhang et al., 2007, 2017), as follows:

[image: image]

Here, Yijk is the mean SL, wet weight, or survival rate of k replicate from the i egg origin, and the j is the mating strategy. EOi is the effect of egg origin on SL (survival rate) (i = 1, 2). MSj is the effect of mating strategy on SL (survival rate) (j = 1, 2). (EO × MS)ij is the interaction effect between the egg origin and mating strategy, while eijk is the random observation error (k = 1, 2, 3).

Single-parent heterosis is the improved performance over the purebred offspring of the maternal strain, calculated using the following formula (You et al., 2015; Zhang et al., 2017, 2020b):

[image: image]
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where IBY and IYB indicate single-parent heterosis for the BY and YB offspring, respectively. XBB, XYY, XBY, and XYB indicate the mean phenotypic value (SL, survival rate, etc.) of BB, YY, BY, and YB, respectively.



RESULTS


Hatching Rate

There was no significant difference in the mean egg size between the blue strain (94.84 ± 2.53 μm) and yellow-green strain (95.30 ± 1.09 μm) (p > 0.05) (Table 2). Highly cleaved rates (>90%) were observed among all four groups, suggesting that there were no sperm–egg recognition barriers between the two strains. The D-stage larva rate of the YY group (81.26 ± 15.77%) was significantly lower (p < 0.05) than that of the other three groups, which was mainly affected by both mating strategies and egg origin.


TABLE 2. Hatching index, survival ability and metamorphism of two strain’s progeny (BB and YY) and their reciprocal hybrids (BY and YB), as well as heterosis (H and I).

[image: Table 2]


Survival Rate

On day 7, the mean survival rate of larvae in all four groups exceeded 90%, but the survival rate of the BY group was lower than that of other three groups. The heterosis of larval survival rate was −2.21%, and the single heterosis of the BY and YB progenies were −2.25 and −2.18%, respectively. The survival rate of larvae was affected by egg origin (Tables 2, 3). On day 15, the metamorphosis rates of BB (31.87 ± 10.57%) and BY (37.28 ± 16.84%) were significantly higher (p < 0.05) than those of YY (8.69 ± 5.81%) and YB (16.83 ± 10.48%). Mid-parental heterosis was 33.41%, and the single heterosis of the BY and YB groups were 16.98 and 93.67%, respectively. The rate of metamorphosis was primarily affected by egg origin (Tables 2, 3).


TABLE 3. Analysis of variance (ANOVA) showing the egg origin (EO) and mating strategy (MS) effects for survival and growth of each experimental group at different time points.

[image: Table 3]On day 90, the survival rates of progeny of all four groups were over 85%. The survival rates of the BY (94.61 ± 9.17%) and YB (90.45 ± 5.80%) progenies were significantly higher (p < 0.05) than those of the BB (85.10 ± 9.47%) and YY (87.72 ± 7.40%) progenies. Mid-parental heterosis was 3.86%, and the single heterosis of the BY and YB groups were 3.08 and 4.60%, respectively. The survival rate of spat was mainly affected by the interaction of egg origin and mating strategies (Tables 2, 3). On day 360, the survival rates of all four groups exceeded 80%, with the survival rates of reciprocal hybrids being slightly higher (p > 0.05) than those of the two pure strains. The mid-parental heterosis for survival was 3.37%, and the single heterosis of the BY and YB groups were 1.15 and 5.64%, respectively. The survival rate of giant clam spats was also affected by the interaction of egg origin and mating strategies (Tables 2, 3).



Growth Rate

Thirty hours after fertilization, the size of D-stage larvae of the BY group was smaller than that of the other three groups without a significant difference, showing obvious effects of mating strategies (Tables 3, 4). At the end of the planktonic stage, the SL of the BB group was the largest among the four groups with a significant difference, which was affected by the maternal effect (Tables 3, 4). On day 15, the SL of BY (257.33 ± 55.48 μm) and YB (230.38 ± 53.18 μm) was significantly larger (p < 0.05) than that of BB (215.03 ± 40.02 μm) and YY (203.70 ± 17.66 μm). The mid-parental heterosis was 16.47%, and the single heterosis of the BY and YB groups were 19.67 and 13.10%, respectively (Table 4).


TABLE 4. Growth index of of two strain’s progeny (BB and YY) and their reciprocal hybrids (BY and YB), at different days post-fertilization, as well as heterosis (H and I).

[image: Table 4]On day 90, the SL of reciprocal hybrid progeny was significantly larger (p < 0.05) than that of pure strains, showing the interaction effect of egg origin and mating strategies (Tables 3, 4). The mid-parental heterosis was 10.18%, and the single heterosis of the BY and YB groups were 9.86% and 10.50%, respectively (Table 4). On day 360, SL of BB (37.86 mm) was significantly smaller (p < 0.05) than that of other three groups (40.83–45.46 mm), which was affected by the interaction between egg origin and mating strategies (Tables 3, 4). The mid-parental heterosis was 12.35%, and the single heterosis of the BY and YB groups were 13.44 and 11.34%, respectively (Table 4).



Coloration

At 1 year of age, the mantle color of the BB progeny was 100% blue, and the blue iridocytes have a light absorption peak at 475 nm. The mantle color of the YY progeny was 100% yellow-green, and the yellow-green iridocytes have a light absorption peak range from 550 to 650 nm (Table 5 and Figures 1, 2). In contrast, the BY and YB progenies both showed mixed colors, including blue, yellow, and green colors. These iridocytes of all hybrids have two peaks at 475 and 550–650 nm (Table 5 and Figures 1, 2). In other words, the mantle color patterns of the reciprocal hybrids displayed genetic recombination, which can be defined as a phenomenon of the common dominant expression derived from two strains’ parents.


TABLE 5. Mantle coloration pattern of two strain’s progeny (BB and YY), and their reciprocal hybrids (BY and YB).

[image: Table 5]
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FIGURE 1. Photos of progeny for boring giant clam Tridacna crocea. (A) BB progeny. (B) YY progeny. (C) BY Progeny. (D) YB Progeny. The bar indicates 30 mm, and it applies to all samples in Figure 1.



[image: image]

FIGURE 2. Spectra from individual iridocytes from Tridacna crocea, corresponding to Figure 1. (A) BB progeny. (B) YY progeny. (C) BY Progeny. (D) YB Progeny. Each line indicates a single iridocyte’s color with one main peak in the outer mantle.




DISCUSSION


Performance Traits

Fertilization rate is a key parameter used to evaluate the commercial production potential of crossbreeding progeny (You et al., 2015). Our study demonstrates that using one of the mantle color strain as a sperm donor (two-way fertilization) can achieve a higher fertilization rate and hatching rate, which indicates that there is no reproductive isolation between blue and yellow-green mantle color strains (Zhou et al., 2020; Zhang et al., 2021).

Zhou et al. (2021) previously investigated the growth difference between blue and yellow-green mantle color strains of boring giant clams and concluded that in wild populations, the yellow-green broodstock is always larger than the blue broodstock. Generally, the heterosis of a crossbreed between two particular strains depends on the square of the difference in gene frequency between strains. If the crossed strains have no difference in gene frequency, there will be no heterosis, while when one allele is fixed in one strain and the other allele is fixed in another strain, the heterosis will be the greatest (Zhang et al., 2007; Wang et al., 2011; Wang and Côté, 2012; Ma et al., 2021). In our study, the size of the reciprocal hybrids was larger than the progenies of the two pure strains during the grow-out stage, and these hybrids obviously have heterosis with a simple epistatic effect. Since differently colored iridocytes in the mantle have different solar utilization efficiencies, they caused growth differences between the two pure strains and the reciprocal hybrids (Holt et al., 2014).

As an aquaculture animal, the viability of the boring giant clam is a very important performance trait, and it is known to be affected by the surrounding environment (Rawson and Feindel, 2012). In our study, the survival rate of reciprocal hybrids was higher than that of pure strains, which is manifested as a significant increase in the level of metamorphosis. The reciprocal hybrids have three iridocytes, while the blue and yellow-green strains have one or two iridocytes, which means that the hybrids have a higher degree of heterozygosity than other strains (Brake et al., 2004). The higher heterozygosity of the hybrid means higher physiological and immune levels, thus a higher survival rate than the progenies of two pure stains.



Inheritance of Mantle Color Patterns

The mantle coloration of giant clams can be divided into three stages: non-coloring period (days 0–60), coloring period (days 60–180), and stable expression period (>day 180) (Zhou et al., 2021). During the non-coloring period, no iridocytes occur, so the mantle color looks brown due to the accumulation of zooxanthellae. During the coloring period, iridocytes in the mantle begin to appear and increase in number, until they become visible to the naked eye about 6 months later. Interestingly, green iridocytes were found in early stage of both pure strains and reciprocal hybrids, suggesting that the green iridocyte may be ancestors of the others (Zhou et al., 2021).

After the early green iridocytes changed to blue (60–120 days), the mantle colors of the reciprocal hybrids were both blue during the coloring stage (120–180 days), which indicates that the expression of blue iridocytes is dominant in the mantle. The dominant expressions of phenotypic traits for progeny usually occur in the process of hybridization, which is likely to be an essential transitional phase in the overall life history of giant clams and may reflect the evolutionary strategy of nature. In some animals, particular color morphs may enhance camouflage, improve communication within species, and/or confer them a reproductive advantage (Korzan et al., 2008). Therefore, this staged dominant coloration is likely to be a camouflage, which may improve the survival rate of giant clam populations in wild coral reef areas (Fatherree, 2006; Neo et al., 2015).

During the stable expression period, the mantle color of two pure strains was 100% inherited, while all reciprocal hybrids have colorful colors in the mantle, which indicates that the genetic recombination of the mantle color has occurred. Genetic recombination usually occurs during meiosis, which involves the pairing of homologous chromosomes and is a key developmental program for gametogenesis (Brick et al., 2012). Novel phenotypic features are often formed in hybrid, which may accelerate the processes of species diversity via adaptive evolution (Abbott et al., 2013). In aquatic animals, the research on genetic recombination of body surface coloration is mainly focused on the ornamental carp (David et al., 2004). The mantle coloration of marine bivalves was only found on oysters and giant clams using hybridization or crossbreeding methods (Wang et al., 2015; Zhou et al., 2021). Furthermore, our results reveal that the colorful mantle of the giant clams may be caused by multiple random crossings between two individuals with different mantle colors during the reproductive stage.



Applicant Prospects

Giant clams are often covered with unique patterns and various colors. For a long time, why they look as fancy has been a mystery (Fatherree, 2006; Neo et al., 2015; Rossbach et al., 2021). In the aquarium market, the price of giant clam is partially determined according to the different mantle colors. For example, blue and purple giant clams are known as “amethyst,” and their price is four to five times that of others varieties. The blue Tridacna squamosa can be sold for $180/ind, because the blue T. squamosa is an interspecific hybrid and is rare in nature. It is derived from female T. squamosa and male Tridacna crocea. Recently, these hybrids with heterosis have been mass produced, and they have the mantle color of T. crocea and shell of T. squamosa (Zhou et al., 2020).

With the use of mantle color as an indicator, it is important to carry out genetic breeding of giant clams, because the specific mantle color of individual clam can significantly increase economic value (Frias-Torres, 2017). According to our study, the mantle color lines can be produced by selective breeding, crossbreeding, and interspecific hybridization, which can then be used to breed new varieties of giant clams (Zhang et al., 2020a,b; Zhou et al., 2021). Therefore, this study provides a basic understanding and analysis of the mantle coloring inheritance of the boring giant clam and provides practice for the breeding of new giant clam varieties.



CONCLUSION

First, we found that the mantle color of blue and yellow-green giant clams can be stably inherited. Reciprocal hybrids express genetic recombination in the mantle color pattern and showed common dominant expression. This discovery demonstrates the formation and evolution of the mantle color polymorphism of T. crocea and provides a new direction for understanding the environmental adaptability and genetic breeding of the boring giant clams in the coral reef area.
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Although defensins have been isolated from a variety of metazoan, their role in cellular immunity has not been answered. In the study, we found that the hemocytes of the Manila clams Ruditapes philippinarum release defensin (designated as Rpdef3) in response to Vibrio parahaemolyticus challenge. The antimicrobial Rpdef3 was proved to be involved in the extracellular traps (ETs) that hemocytes released in response to Vibrio challenge. Scanning electron microscopy observation proved the patterns how ETs eliminate invading bacteria. Furthermore, Rpdef3 involved in ETs had broad-spectrum antimicrobial effect on both Gram-negative bacteria and Gram-positive bacteria. ELISA assay revealed that Rpdef3 could bind lipopolysaccharides and peptidoglycan in a dose-dependent manner. As concerned to the antibacterial mechanisms, Rpdef3 can cause bacterial membrane permeabilization, leading to cell death. As a result, Rpdef3 might contribute to the trap and the elimination of invading Vibrio in clam ETs. Taken together, our study suggest that the formation of ETs is a defense mechanism triggered by bacterial stimulation, coupled with antibacterial defensin.
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INTRODUCTION

Antimicrobial peptides (AMPs) are essential part of the innate immune system in most organisms (Bulet et al., 2004). AMPs could be roughly divided into several groups based on their molecular structures and origins. The best-known ones included defensins, cecropins, crustins, and anti-lipopolysaccharide factors (Tharntada et al., 2008). Defensins are the first line of host innate immunity and eliminate invasive pathogens (Ayabe et al., 2004; Tincu and Taylor, 2004). Usually, they can be activated by interacting with the negatively charged membranes of bacteria, and leaded to the disruption of bacterial membrane and metabolic process (Boman et al., 1993; Park et al., 1998). Moreover, other immune functions of defensin have been also demonstrated in invertebrates, such as inducing inflammation, suppressing inflammatory responses, and modulating immune responses by forming complexes with cellular molecules including proteins, nucleic acids and carbohydrates (Schneider et al., 2005).

Extracellular traps (ETs) are web-like DNA structures released by activated immune cells (Nathan, 2006). This new type of cell death process with antibacterial effect is called ETosis (Guimaraes-Costa et al., 2012). The structures are decorated with antimicrobial proteins, such as histones, antimicrobial proteolytic enzymes, which contributes to trap and kill bacteria extracellularly (Papayannopoulos et al., 2010). In addition, defensins have also been proven to be one of the antibacterial protein components produced by ETs in human (Saitoh et al., 2012; Porto and Stein, 2016). Usually, ETs are released in response to invading pathogens, such as bacteria, viruses, fungi, and parasites (Von Kockritz-Blickwede and Nizet, 2009; Schonrich and Raftery, 2016; Silva et al., 2016). In the process, ETs might first entrap microbes and prevent their spread, and then concentrate antimicrobials to kill microbes (Papayannopoulos and Zychlinsky, 2009; McDonald et al., 2012; Yipp et al., 2012).

Ruditapes philippinarum is a widely distributed species in many countries. The pathogen infection and environmental pollution can cause mass death of Manila clams (Allam et al., 2002). Therefore, the study of the immune response characteristics of clams provides an important basis for disease control in aquaculture. In recent years, ETs have been found effective in combating against a variety of pathogenic bacteria and even the intracellular parasites (Neeli et al., 2009). Moreover, formation of ETs usually accompanies the production of higher levels of antimicrobial molecules that kill invaded pathogens (Hazeldine et al., 2014). Since the first discovery in mammalian neutrophils, ETosis has been found in immune cells of a variety of animals like mice, cats, chickens and fish. However, the presence of ETosis and its roles in the cell-mediated immune responses has not been explored in detail in invertebrates. As far as we know, clear evidence of the antibacterial peptides involved in ETosis have not been reported in Manila clams so far. In this study, a preliminary study was conducted to investigate the roles of ETs, associated with defensin production in response to Vibrio challenge in R. philippinarum. These findings will perhaps provide evidence for a better understanding innate immunity to pathogen invasion in clam.



MATERIALS AND METHODS


Hemocyte ET Formation

Ruditapes philippinarum with a shell length of 3.0–4.0 cm were collected from an aquaculture farm of Yantai, China and acclimated in the laboratory for a week. The clams were cultivated in tanks of aerated seawater at 20–22°C and fed with a mixture of Phaeodactylum tricornutum and Isochrysis galbana. After acclimation, hemolymph was withdrawn from the pericardial cavity into pre-cooled anticoagulant solution, which was prepared according to Han et al. (2021). The collected hemocytes (1 × 106 cells/mL) were mixed with cytochalasin D (10 μg/mL, Aladdin, China) to inhibit phagocytosis and cultured with Vibrio parahaemolyticus (1 × 103 and 1 × 106 CFU/mL) for 1 h. Then hemocytes were incubated with or without DNase I (1 U/mL, Promega, United States) for 15 min after bacterial challenge. Hemocytes only added with cytochalasin D served as the control group. 1 μM SytoX Green (Invitrogen, United States) was used to detect the DNA structure of formed ETs. After washing with PBS, the images were captured using Leica-DMi8 microscope. Fluorescence intensity was quantified as relative fluorescence units (RFU) by using a fluorescence plate reader (Thermo Fisher, Fluoroskan Ascent, United States) at an excitation wavelength of 485 nm and an emission wavelength of 525 nm.



Co-occurrence of DNA Traps and Rpdef3


Solid-Phase Peptide Synthesis of Rpdef3 and Antibody Preparation

The Rpdef3 (accession no. AFP49946) peptide was synthesized by using an automated solid peptide synthesizer as described previously (Yang et al., 2018). For antibody preparation, 6-weeks-old mice were intraperitoneally injected with Rpdef3 in complete Freund’s adjuvant (Sigma, United States). The method of the immunization of mice and the acquisition of antibody was performed as described previously (Yang et al., 2019b). Western blotting analysis was performed as described previously for the detection of antibody specificity (Yang et al., 2019a).



Detection of DNA Traps and Rpdef3 by Confocal Microscopy

The immunofluorescence staining assay was measured as proposed by Ng et al. (2013) with some modification. In brief, hemocytes (1 × 106 cells/mL) were co-cultured with V. parahaemolyticus (0, 1 × 103 and 1 × 106 CFU/mL) on glass slides at 4°C for 1 h. Then the adherent hemocytes on the slides were gently rinsed and fixed with 4% formaldehyde. Hemocytes were sequentially blocked with bovine serum albumin (5%, BSA) and incubated with anti-Rpdef3 antibody (1:1,000) and Alexa Fluor 488-labeled goat anti-mouse IgG (1:1,000, Beyotime, China). Cells were stained with DAPI to detect DNA. After washing with PBS, the fluorescence images of samples were observed using a confocal microscope (Carl Zeiss, Oberko-chen, Germany).




Antibacterial Activities of ETs and Rpdef3


Antibacterial Activity of ETs

The antibacterial activities of ETs were examined as reported previously with some modification (Zhao et al., 2017). To eliminate the interference of phagocytosis, cytochalasin D (10 μg/mL) was added into hemocytes before the experiment. The hemocytes treated with 1 U/mL DNase I were served as a control. V. parahaemolyticus (1 × 103 CFU/mL) were incubated with hemocytes for 0, 0.5, 1, and 2 h and transferred to 2216E agar plates. The colony counting method was used to count the number of viable bacteria.



Minimum Inhibitory Concentration

The antibacterial activity of Rpdef3 was determined by the detecting MIC of Rpdef3 against Gram-positive (Staphylococcus aureus and Micrococcus luteus) and Gram-negative bacteria (Vibrio anguillarum, Enterobacter cloacae, Vibrio harveyi, Proteus mirabilis, Enterobacter aerogenes, V. parahaemolyticus, Vibrio splendidus, and Escherichia coli). Briefly, twofold serially diluted Rpdef3 was added to sterile 96-well microtiter plates. The bacteria mentioned above were cultivated to an OD600 of 1.0 and diluted by 1,000 times. The bacterial suspension (10 μL) and broth medium (0.1 mL) were added to the plates. Those without Rpdef3 were used as blank control. The MIC was detected using a microplate reader (Tecan, Infinite M2000 pro, Switzerland) according to the method of Hancock1. The MIC was defined as the range between the highest concentration of the purified Rpdef3 observed for bacterial growth and the lowest concentration resulting in complete inhibition of bacteria growth.



Bactericidal Kinetics of Rpdef3

Escherichia coli was used as the test stain to determine the bacterial kinetics of Rpdef3 according to the previous method (Lv et al., 2020). Briefly, the cultured E. coli suspension was mixed with Rpdef3 (0.5 and 5 μM) and the samples were taken at 0, 10, 30, 60, 160, 400, and 1,000 min, respectively. Bacteria co-incubated with PBS were used as control. The mixtures were serially diluted and transferred to LB agar plates. The viable bacteria were counted by colony counting method.



Biofilm-Forming Ability

The formation of attached biofilms was measured using crystal violet staining method (Pratt and Kolter, 1998). E. coli MG1655 was co-cultured with Rpdef3 (0.005 and 0.05 μM) for 8 h and detected the absorbance at 620 nm. The biofilms were stained by crystal violet and the absorbance was immediately detected at 540 nm. Biofilm formation was detected by dividing the stained biofilm (OD540) by the growth of bacteria (OD620).




Antibacterial Mechanism of Rpdef3


Scanning Electron Microscopy Analysis

Hemocytes (1 × 106 cells/mL) were treated with LPS (500 ng/mL) for 30 min to form ETs. ETs isolated from hemocytes were dispersed into PBS by sonication, referring to the method of Song et al. (2019). The ETs suspension was diluted to 50 μg/mL and incubated with V. parahaemolyticus (1 × 106 CFU/mL) for 1 h or not. The suspension was dropped onto the slides and fixed with 2.5% glutaraldehyde. The samples were processed by ethanol gradient dehydration, critical point drying, gold spraying and observed in a scanning electron microscope (HITACHI, S-4800, Japan). In addition, to determine the effect of Rpdef3 on V. parahaemolyticus, V. parahaemolyticus were cultured and incubated with Rpdef3 (0.5 μM). SEM analysis of V. parahaemolyticus morphology was also performed as described above.



PAMP Binding Assay of Rpdef3

The binding activity of Rpdef3 to pathogen-associated molecular pattern (PAMP) was measured by ELISA (Yu et al., 2007). Briefly, peptidoglycan (PGN) or lipopolysaccharides (LPS) were added to the microtiter plate for 6 h, followed by a BSA (3%, 200 μL/well) blocked treatment. Then the plate was successively incubated with anti-Rpdef3 antibody (100 μL, 1:1,000) and goat-anti-mouse Ig-alkaline phosphatase conjugate (100 μL, 1:5,000, Southern Biotech, United States). PBS was added in blank control group, and pre-immune serum was added in negative control group. The samples were incubated with 0.1% p-nitrophenyl phosphate (100 μL, Sigma, United States) in dark for 30 min. The absorbance of the samples was detected at 405 nm using a microplate reader (Tecan, Infinite M2000 pro, Switzerland). Samples with P (sample)-B (blank)/N (negative)-B (blank) > 2.1 were considered positive (Zhang et al., 2020).



Membrane Permeability Assay of Rpdef3

The permeability of the outer membrane was measured by 1-N-phenylnaphtylamine (NPN) uptake method (Nievagomez et al., 1976). Shortly, E. coli ATCC 25922 were washed, resuspended and added with NPN (10 μM). The fluorescence value of the samples was recorded at an excitation wavelength of 350 nm and an emission wavelength of 420 nm using a fluorescence microplate reader (Thermo Fisher Scientific, United States). Then the samples were treated with Rpdef3 (0.5, 1.25, 2.5, and 5.0 μM) and recorded the fluorescence value. NPN uptake factor was calculated as the fluorescence value of the NPN uptake in the presence of Rpdef3 minus the NPN uptake in the absence of Rpdef3.



Electrochemical Assay of Rpdef3

Supported bilayer lipid membrane (s-BLMs) was constructed by coating freezing method (White, 1974; Ding et al., 1996). The self-assembled monolayer (SAM) was assembled by immersing the gold electrode into 2 mmol/L 1, 2-dipalmitoyl-sn-glycero-3-phosphothioethanol solution. The gold electrode was washed, dried and dripped with decane containing 5 μL of 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine solution. After frozen at –20°C, the electrode was immersed in potassium chloride solution and washed with water to prepare s-BLMs. The mixture of Rpdef3 and electrolyte (PBS) interacted with s-BLMs, and electrochemical measurement was performed using a three-electrode system by 660C Electrochemical Analyzer (CHI Instruments).




Statistical Analysis

All the data were presented as the means ± standard deviation of at least three replicates. The normality of data was warranted by Shapiro-Wilk test, and the homogeneity of variance was analyzed by Levene’s test. Means were analyzed with One-way analysis of variance (one-way ANOVA) followed by Duncan test using SPSS 17.0 software. The differences were considered as significant if P < 0.05.




RESULTS


Peptide Synthesis and Western Blotting Assay of Rpdef3

The Rpdef3 peptide was synthesized by solid-phase chemical synthesis technology and the intact lyophilized peptide was purified by reversed phase high performance liquid chromatography. The purity of the synthetic Rpdef3 peptide was approximately 95% (Supplementary Figure 1A). In addition, the products also matched the amino acid sequence of Rpdef3 (Supplementary Figure 1B). A clear band was detected in western blotting assay, suggesting that the antibody could work well with Rpdef3 protein (Supplementary Figure 1C).



The Formation of ETs Induced by V. parahaemolyticus

Clam hemocytes were treated with V. parahaemolyticus, and the formation of ETs was determined by SytoX Green fluorescent staining. It was observed that V. parahaemolyticus obviously stimulated the formation of ETs-like structures in hemocytes of Manila clams. When V. parahaemolyticus-induced ETs was incubated with DNase I, the ET structure was totally disappeared (Figure 1A). These results suggested that DNA was an essential component of ETs. As revealed in Figure 1B, the value of released DNA from hemocytes increased along with bacterial concentrations, indicating that V. parahaemolyticus induced the formation of ETs in a dose-dependent manner (P < 0.01). In addition, DNase I significantly inhibited the increase of DNA value induced by V. parahaemolyticus at the concentration of 1 × 106 CFU/mL (Figure 1B).
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FIGURE 1. Hemocytes release DNA in response to Vibrio parahaemolyticus stimulation. (A) V. parahaemolyticus induced ETs formation. Hemocytes treated with V. parahaemolyticus (1 × 103 and 1 × 106 CFU/mL) for 1 h. After SytoX staining for 5 min, the DNA released from hemocytes was observed using fluorescence microscope (b,c). Hemocytes were treated with DNase I after stimulated with V. parahaemolyticus (1 × 106 CFU/mL), and DNA released from hemocytes was stained by SytoX fluorescent dye and observed using fluorescence microscope (d). Unstimulated hemocytes were used as a blank control group (a). Arrows indicate ETs. Bar, 100 μm. (B) Quantitation of V. parahaemolyticus-inducted ETs. Hemocytes were stimulated with V. parahaemolyticus (1 × 103 and 1 × 106 CFU/mL) for 1 h, then the formation of ETs was examined with a fluorescence plate reader using an excitation wavelength of 485 nm and an emission wavelength at 525 nm. Date was presented as mean ± SD (N = 6). ∗ ∗P < 0.01.




Detection of DNA Traps and Rpdef3

As shown in Figure 2, DNA traps were released by hemocytes after the stimulation of V. parahaemolyticus (1 × 103 and 1 × 106 CFU/mL). More importantly, Rpdef3 was obviously observed around the formed DNA traps (Figure 2). The results proved that the ETs induced by V. parahaemolyticus were accompanied with the production of Rpdef3.
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FIGURE 2. Immunostaining of DNA traps and Rpdef3. Clam hemocytes were treated with V. parahaemolyticus (1 × 103 and 1 × 106 CFU/mL) for 1 h and stained for DNA (blue) and defensin (green). Bar, 100 μm.




Antibacterial Activities of ETs and Rpdef3

Hemocytes were incubated with V. parahaemolyticus (ETs-positive) for various times to examine the antibacterial abilities of ETs. As shown in Figure 3A, sharp decrease of bacterial number was detected at 0.5 h (P < 0.01), 1 h (P < 0.01), and 2 h (P < 0.01), indicating that ETs exhibited significant bactericidal activities against V. parahaemolyticus. Our SEM results showed visually that the ETs network structure of hemocytes was successfully separated, and this ETs structure could capture V. parahaemolyticus (Figure 3B).Rpdef3 exhibited a broad antibacterial spectrum and showed strong microbicidal activities against M. luteus, V. anguillarum and E. coli (Table 1). The bactericidal effect of Rpdef3 was tested by the time-killing experiment of E. coli. As shown in Figure 4A, the number of bacteria in the high-dose group decreased sharply, and the bacteria were almost killed within 400 min. The results indicated that Rpdef3 could exhibit obvious bactericidal activity on the examined bacteria. In addition, Rpdef3 reduced the biofilm diffusion of E. coli, indicating that Rpdef3 significantly reduced the formation of biofilm (Figure 4B).
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FIGURE 3. Antibacterial activities of ETs. (A) Hemocytes were stimulated with V. parahaemolyticus (1 × 103 CFU/mL) for ETs production (ETs-positive cells) for 0, 0.5, 1 and 2 h. Then the bacterial numbers were determined by plate count. Date was presented as mean ± S.D. (N = 3). ∗ ∗P < 0.01. (B) Scanning electron microscope (SEM) observation of ETs. The isolated ETs were incubated with V. parahaemolyticus (1 × 106 CFU/mL) (b) or not (a) for 1 h. Arrow: networks formed by ETs. Arrowheads: ET-trapped bacteria.



TABLE 1. Antimicrobial activities of Rpdef3 determined by the liquid growth inhibition assay.
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FIGURE 4. Antibacterial activities of Rpdef3. (A) Bacterial killing kinetics of Rpdef3 at 0.5 and 5 μM against E. coli. Each group had three replicates. (B) Biofilm formation of E. coli MG1655 treated with Rpdef3. Normalized biofilm formation (total biofilm/growth) was tested in 96-well polystyrene plates after treated with Rpdef3. Data were the average of 10 replicate wells from two independent cultures. The values were shown as mean ± S.D. (N = 10) (∗P < 0.05; ∗ ∗P < 0.01).




PAMP Binding Assay and Disruption of the Membrane Integrity

As shown in Figure 5A, Rpdef3 performed binding activity toward LPS and PGN. The permeability and integrity of the outer membrane of bacteria were detected by NPN uptake method. With the increase of Rpdef3 concentration, the NPN fluorescence gradually increased, indicating that Rpdef3 penetrated the outer membrane of E. coli (Figure 5B). In addition, SEM results showed that Rpdef3 had a destructive effect on the surface of E. coli (Figure 5C). The electrochemical assay was performed to simulate the bilayer system to explore the destructive effect of Rpdef3 on membranes. As revealed in Figure 5D, Rpdef3 could increase the charge transfer resistance (Rct) (Figure 5D).
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FIGURE 5. Antibacterial mechanism of Rpdef3. (A) ELISA assay of the interaction between Rpdef3 and PAMPs. Plates were coated with four kinds of PAMPs including LPS and PGN, and then incubated with different amounts of Rpdef3. After incubated with Rpdef3 antibody and goat-anti-mouse Ig-alkaline phosphatase conjugate, the absorbance was recorded at 405 nm. Samples with P/N > 2.1 were considered positive. Results were representative of the mean of three replicates ± S.D. (B) Membrane permeabilization of E. coli caused by Rpdef3. Each group had three replicates. (C) SEM images of E. coli in the absence (a) or presence (b) of Rpdef3 (0.5 μM) after exposure for 1 h. (D) Impedance complex plane plots of s-BLMs coated gold electrode in the presence of Rpdef3. EIS was carried out over a frequency range of 0.01 Hz–100 kHz at a signal amplitude of 10 mV.





DISCUSSION

The composition of ETs has been well studied in vertebrates, namely, antibacterial proteins and DNA skeleton structure. It has been reported that 80 proteins have been identified in NETs induced by Pseudomonas aeruginosa (Dwyer et al., 2014). However, there are few studies on the formation of ETs in mollusks and their associated antibacterial proteins. In this study, we detect the formation of ETs in hemocytes of Manila clams induced by V. parahaemolyticus, and the potential functions of defensin involved in Vibrio-induced ETs were also investigated.

Extracellular traps formation has been found to be triggered in response to multiple stimuli, such as live bacteria, parasites and bacteria protein (Fuchs et al., 2007; Kenny et al., 2017). For example, shrimp hemocytes could form ET structure in response to E. coli stimulation (Ng et al., 2015). When exposed to Vibrio tasmaniensis and Brevibacterium stationis, ET structure was also rapidly released from oyster hemocytes (Poirier et al., 2014). In the present study, V. parahaemolyticus stimulation could induce the release of abundant DNA-containing ET structures from clam hemocytes. Similarly, the formation of ETs was also observed in hemocytes of Manila clam post V. anguillarum challenge (Han et al., 2021), indicating that different Vibrio species perhaps have similar effects on the induction of bivalve ET formation. However, it has also been reported that ET formation was not induced by bacteria such as V. splendidus and V. anguillarum in Mytilus galloprovincialis, when phagocytosis inhibitors was absent (Romero et al., 2020). This discrepancy might be related with the complex process that hemocytes eliminate invading bacteria. For example, neutrophils kill bacteria through a process of phagocytosis, degranulation, and finally ET formation (Papayannopoulos and Zychlinsky, 2009). In this sense, hemocytes may also be able to kill bacteria by phagocytosis without ET formation.

It was documented that ETs in hemocytes of Crassostrea gigas and Litopenaeus vannamei could kill microorganisms by releasing antibacterial histones (Ng et al., 2013; Poirier et al., 2014). In this study, we found that ETs triggered by V. parahaemolyticus were accompanied by the production of antibacterial protein Rpdef3. In addition, hemocyte ETs have a strong bactericidal effect on V. parahaemolyticus, and the ET structure isolated in vitro can also capture V. parahaemolyticus and destroy bacteria membrane structure. These results highlight the important role of ETs and the released defensin in the antibacterial function of Manila clam hemocytes. Consistent with the phenomenon, immune cells (e.g., neutrophils and eosinophils) have been found to maintain their natural defense capacities by producing ETs coupled with antibacterial factors (Brinkmann et al., 2004; Yousefi et al., 2012; Koiwai et al., 2016). As a releasing component companied with hemocyte ET formation, Rpdef3 has similar efficiency in antibacterial/anti-biofilm activities compared to other immune peptides, to against invading bacteria. In the process, incubation of Rpdef3 resulted in less biofilm dispersal of E. coli on polystyrene surfaces. The anti-biofilm mechanism of Rpdef3 might be performed by reducing the initial adhesion of bacteria, stimulating the movement of bacteria on the surface, as well as down-regulating of essential genes for the development and maintenance of biofilms (Singh et al., 2002; Pamp and Tolker-Nielsen, 2007; Picioreanu et al., 2007). The results supported that Rpdef3 contributed to the trap and the elimination of invading Vibrio in ETosis.

The antibacterial mechanism of ETs might be associated with their ETs-related peptides, such as defensin, histone or BPIP (Brinkmann et al., 2004; Hu et al., 2016). Previous studies have shown that some defensins could recognize PAMPs and destroy bacterial membranes or cell walls, thus performing antibacterial activity (Yang et al., 2018). In the study, the binding of Rpdef3 to PAMPs supported that defensin might take part in immune responses against invading bacteria. Notably, Rpdef3 had a disruptive effect on bacterial membrane. Similar results were also reported in the defensins identified from vertebrates (Sudheendra et al., 2015) and mollusks (Yang et al., 2018). For example, human defensin-3 adopts an α-helical structure, contributing to its activities against negative bacterial membranes. In turn, the negatively charged membranes could also increase the amphipathicity of defensin-3, leading to insert itself into phospholipid membranes effectively (Sudheendra et al., 2015). Totally, the above results supported that Rpdef3 might exert antibacterial activities by destroying the membrane permeabilization of bacteria (Shai, 2002; Nakajima et al., 2003) and then caused the leakage of cellular cytoplasmic contents (Song et al., 2010).

In summary, the antimicrobial activity and mode of action of the ETs were investigated in R. philippinarum. Our results revealed that R. philippinarum hemocytes could form ETs associated with antimicrobial defensin in vitro, in response to bacterial infection. We also proved that these ETs could entrap and kill invading bacteria. These findings provide descriptions of a new mode of cellular immunity, which allow us to better understand the innate immunity of R. philippinarum.



CONCLUSION

In this study, V. parahaemolyticus induced the formation of ETs in Manila clam hemocytes. In the process, V. parahaemolyticus could be captured and destroyed by ETs in vitro. Notably, the antibacterial agent Rpdef3 involved in ETs had been shown to be produced in ETosis. Rpdef3 has broad-spectrum antibacterial activity against both Gram-positive and Gram-negative bacteria. Especially, it cannot only bind to bacterial cell wall, but also increase bacterial membrane permeability, thus eventually causing cell death. Taken together, our data revealed a novel defense mode of ETs accompanied by defensin production in response to bacterial stimulation, leading to a better understand the innate immune system of R. philippinarum.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, AFP49946.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Chinese Academy of Sciences.



AUTHOR CONTRIBUTIONS

DYa designed the experiments. YH and GH carried out this experiment. YC, LC, DYu, and QZ contributed to data analysis and statistics. YH and DYa wrote this manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by grants from the National Natural Science Foundation of China (No. 41806196), the Natural Science Foundation of Shandong Province (ZR2019BD022), the Yantai Science and Technology Development Project (2020MSGY066), and the Youth Innovation Promotion Association of CAS (2019216).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2021.690879/full#supplementary-material

Supplementary Figure 1 | RP-HPLC profiles (A) and MALDI-MS spectra (B) of synthetic peptide Rpdef3.


FOOTNOTES

1http://cmdr.ubc.ca/bobh/methods/


REFERENCES

Allam, B., Paillard, C., and Ford, S. E. (2002). Pathogenicity of Vibrio tapetis, the etiological agent of brown ring disease in clams. Dis. Aquat. Organ. 48, 221–231. doi: 10.3354/dao048221

Ayabe, T., Ashida, T., Kohgo, Y., and Kono, T. (2004). The role of Paneth cells and their antimicrobial peptides in innate host defense. Trends Microbiol. 12, 394–398. doi: 10.1016/j.tim.2004.06.007

Boman, H. G., Agerberth, B., and Boman, A. (1993). Mechanisms of action on Escherichia coli of cecropin-P1 and Pr-39, two antibacterial peptides from pig intestine. Infect. Immun. 61, 2978–2984. doi: 10.1128/IAI.61.7.2978-2984.1993

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S., et al. (2004). Neutrophil extracellular traps kill bacteria. Science 303, 1532–1535. doi: 10.1126/science.1092385

Bulet, P., Stocklin, R., and Menin, L. (2004). Anti-microbial peptides: from invertebrates to vertebrates. Immunol. Rev. 198, 169–184. doi: 10.1111/j.0105-2896.2004.0124.x

Ding, L., Li, J. H., Dong, S. J., and Wang, E. K. (1996). Supported phospholipid membranes: comparison among different deposition methods for a phospholipid monolayer. J. Electroanal. Chem. 416, 105–112. doi: 10.1016/S0022-0728(96)04737-7

Dwyer, M., Shan, Q., D’ortona, S., Maurer, R., Mitchell, R., Olesen, H., et al. (2014). Cystic fibrosis sputum DNA has NETosis characteristics and neutrophil extracellular trap release is regulated by macrophage migration-inhibitory factor. J. Innate Immun. 6, 765–779. doi: 10.1159/000363242

Fuchs, T. A., Abed, U., Goosmann, C., Hurwitz, R., Schulze, I., Wahn, V., et al. (2007). Novel cell death program leads to neutrophil extracellular traps. J. Cell Biol. 176, 231–241. doi: 10.1083/jcb.200606027

Guimaraes-Costa, A. B., Nascimento, M. T., Wardini, A. B., Pinto-Da-Silva, L. H., and Saraiva, E. M. (2012). ETosis: a microbicidal mechanism beyond cell death. J. Parasitol. Res. 2012:929743. doi: 10.1155/2012/929743

Han, Y., Chen, L., Zhang, Q., Yu, D., Yang, D., and Zhao, J. (2021). Hemocyte extracellular traps of Manila clam Ruditapes philippinarum: production characteristics and antibacterial effects. Dev. Comp. Immunol. 116:103953. doi: 10.1016/j.dci.2020.103953

Hazeldine, J., Harris, P., Chapple, I. L., Grant, M., Greenwood, H., Livesey, A., et al. (2014). Impaired neutrophil extracellular trap formation: a novel defect in the innate immune system of aged individuals. Aging Cell 13, 690–698. doi: 10.1111/acel.12222

Hu, S. C., Yu, H. S., Yen, F. L., Lin, C. L., Chen, G. S., and Lan, C. C. (2016). Neutrophil extracellular trap formation is increased in psoriasis and induces human beta-defensin-2 production in epidermal keratinocytes. Sci. Rep. 6:31119. doi: 10.1038/srep31119

Kenny, E. F., Herzig, A., Krüger, R., Muth, A., Mondal, S., Thompson, P. R., et al. (2017). Diverse stimuli engage different neutrophil extracellular trap pathways. Elife. 6:e24437. doi: 10.7554/eLife.24437

Koiwai, K., Alenton, R. R., Kondo, H., and Hirono, I. (2016). Extracellular trap formation in kuruma shrimp (Marsupenaeus japonicus) hemocytes is coupled with c-type lysozyme. Fish Shellfish Immunol. 52, 206–209. doi: 10.1016/j.fsi.2016.03.039

Lv, C., Han, Y., Yang, D., Zhao, J., Wang, C., and Mu, C. (2020). Antibacterial activities and mechanisms of action of a defensin from manila clam Ruditapes philippinarum. Fish Shellfish Immunol. 103, 266–276. doi: 10.1016/j.fsi.2020.05.025

McDonald, B., Urrutia, R., Yipp, B. G., Jenne, C. N., and Kubes, P. (2012). Intravascular neutrophil extracellular traps capture bacteria from the bloodstream during sepsis. Cell Host Microbe 12, 324–333. doi: 10.1016/j.chom.2012.06.011

Nakajima, Y., Ishibashi, J., Yukuhiro, F., Asaoka, A., Taylor, D., and Yamakawa, M. (2003). Antibacterial activity and mechanism of action of tick defensin against Gram-positive bacteria. Biochim. Biophys. Acta. 1624, 125–130. doi: 10.1016/j.bbagen.2003.10.004

Nathan, C. (2006). Neutrophils and immunity: challenges and opportunities. Nat. Rev. Immunol. 6, 173–182. doi: 10.1038/nri1785

Neeli, I., Dwivedi, N., Khan, S., and Radic, M. (2009). Regulation of extracellular chromatin release from neutrophils. J. Innate Immun. 1, 194–201. doi: 10.1159/000206974

Ng, T. H., Chang, S. H., Wu, M. H., and Wang, H. C. (2013). Shrimp hemocytes release extracellular traps that kill bacteria. Dev. Comp. Immunol. 41, 644–651. doi: 10.1016/j.dci.2013.06.014

Ng, T. H., Wu, M. H., Chang, S. H., Aoki, T., and Wang, H. C. (2015). The DNA fibers of shrimp hemocyte extracellular traps are essential for the clearance of Escherichia coli. Dev. Comp. Immunol. 48, 229–233. doi: 10.1016/j.dci.2014.10.011

Nievagomez, D., Konisky, J., and Gennis, R. B. (1976). Membrane changes in Escherichia coli Induced by colicin Ia and agents known to disrupt energy transduction. Biochemistry 15, 2747–2753. doi: 10.1021/bi00658a006

Pamp, S. J., and Tolker-Nielsen, T. (2007). Multiple roles of biosurfactants in structural biofilm development by Pseudomonas aeruginosa. J. Bacteriol. 189, 2531–2539. doi: 10.1128/JB.01515-06

Papayannopoulos, V., Metzler, K. D., Hakkim, A., and Zychlinsky, A. (2010). Neutrophil elastase and myeloperoxidase regulate the formation of neutrophil extracellular traps. J. Cell Biol. 191, 677–691. doi: 10.1083/jcb.201006052

Papayannopoulos, V., and Zychlinsky, A. (2009). NETs: a new strategy for using old weapons. Trends Immunol. 30, 513–521. doi: 10.1016/j.it.2009.07.011

Park, C. B., Kim, H. S., and Kim, S. C. (1998). Mechanism of action of the antimicrobial peptide buforin II: buforin II kills microorganisms by penetrating the cell membrane and inhibiting cellular functions. Biochem. Biophys. Res. Commun. 244, 253–257. doi: 10.1006/bbrc.1998.8159

Picioreanu, C., Kreft, J. U., Haagensen, J. A. J., Tolker-Nielsen, T., and Molin, S. (2007). Microbial motility involvement in biofilm structure formation - a 3D modelling study. Water Sci. Technol. 55, 337–343. doi: 10.2166/wst.2007.275

Poirier, A. C., Schmitt, P., Rosa, R. D., Vanhove, A. S., Kieffer-Jaquinod, S., Rubio, T. P., et al. (2014). Antimicrobial histones and DNA traps in invertebrate immunity: evidences in Crassostrea gigas. J. Biol. Chem. 289, 24821–24831. doi: 10.1074/jbc.M114.576546

Porto, B. N., and Stein, R. T. (2016). Neutrophil extracellular traps in pulmonary diseases: too much of a good thing? Front. Immunol. 7:311. doi: 10.3389/fimmu.2016.00311

Pratt, L. A., and Kolter, R. (1998). Genetic analysis of Escherichia coli biofilm formation: roles of flagella, motility, chemotaxis and type I pili. Mol. Microbiol. 30, 285–293. doi: 10.1046/j.1365-2958.1998.01061.x

Romero, A., Novoa, B., and Figueras, A. (2020). Extracellular traps (ETosis) can be activated through NADPH-dependent and -independent mechanisms in bivalve mollusks. Dev. Comp. Immunol. 106:103585. doi: 10.1016/j.dci.2019.103585

Saitoh, T., Komano, J., Saitoh, Y., Misawa, T., Takahama, M., Kozaki, T., et al. (2012). Neutrophil extracellular traps mediate a host defense response to human immunodeficiency virus-1. Cell Host Microbe. 12, 109–116. doi: 10.1016/j.chom.2012.05.015

Schneider, J. J., Unholzer, A., Schaller, M., Schafer-Korting, M., and Korting, H. C. (2005). Human defensins. J. Mol. Med. 83, 587–595. doi: 10.1007/s00109-005-0657-1

Schonrich, G., and Raftery, M. J. (2016). Neutrophil extracellular traps go viral. Front. Immunol. 7:366. doi: 10.3389/fimmu.2016.00366

Shai, Y. (2002). Mode of action of membrane active antimicrobial peptides. Biopolymers 66, 236–248. doi: 10.1002/bip.10260

Silva, L. M., Munoz-Caro, T., Burgos, R. A., Hidalgo, M. A., Taubert, A., and Hermosilla, C. (2016). Far beyond phagocytosis: phagocyte-derived extracellular traps act efficiently against protozoan parasites in vitro and in vivo. Mediators Inflamm. 2016:5898074. doi: 10.1155/2016/5898074

Singh, P. K., Parsek, M. R., Greenberg, E. P., and Welsh, M. J. (2002). A component of innate immunity prevents bacterial biofilm development. Nature 417, 552–555. doi: 10.1038/417552a

Song, L. S., Wang, L. L., Qiu, L. M., and Zhang, H. A. (2010). Bivalve Immunity. Invertebrate Immun. 708, 44–65. doi: 10.1007/978-1-4419-8059-5_3

Song, Y., Kadiyala, U., Weerappuli, P., Valdez, J. J., Yalavarthi, S., Louttit, C., et al. (2019). Antimicrobial microwebs of DNA-histone inspired from neutrophil extracellular traps. Adv. Mater. 31:e1807436. doi: 10.1002/adma.201807436

Sudheendra, U. S., Dhople, V., Datta, A., Kar, R. K., Shelburne, C. E., Bhunia, A., et al. (2015). Membrane disruptive antimicrobial activities of human beta-defensin-3 analogs. Eur. J. Med. Chem. 91, 91–99. doi: 10.1016/j.ejmech.2014.08.021

Tharntada, S., Somboonwiwat, K., Rimphanitchayakit, V., and Tassanakajon, A. (2008). Anti-lipopolysaccharide factors from the black tiger shrimp, Penaeus monodon, are encoded by two genomic loci. Fish Shellfish Immunol. 24, 46–54. doi: 10.1016/j.fsi.2007.07.010

Tincu, J. A., and Taylor, S. W. (2004). Antimicrobial peptides from marine invertebrates. Antimicrob. Agents Chemother. 48, 3645–3654. doi: 10.1128/AAC.48.10.3645-3654.2004

Von Kockritz-Blickwede, M., and Nizet, V. (2009). Innate immunity turned inside-out: antimicrobial defense by phagocyte extracellular traps. J. Mol. Med. 87, 775–783. doi: 10.1007/s00109-009-0481-0

White, S. H. (1974). Temperature-dependent structural-changes in planar bilayer membranes - solvent freeze-out. Biochim. Biophys. Acta 356, 8–16. doi: 10.1016/0005-2736(74)90289-2

Yang, D., Han, Y., Chen, L., Cao, R., Wang, Q., Dong, Z., et al. (2019a). A macin identified from Venerupis philippinarum: investigation on antibacterial activities and action mode. Fish Shellfish Immunol. 92, 897–904. doi: 10.1016/j.fsi.2019.07.031

Yang, D., Han, Y., Chen, L., Liu, Y., Cao, R., Wang, Q., et al. (2019b). Scavenger receptor class B type I (SR-BI) in Ruditapes philippinarum: a versatile receptor with multiple functions. Fish Shellfish Immunol. 88, 328–334. doi: 10.1016/j.fsi.2019.03.009

Yang, D., Zhang, Q., Wang, Q., Chen, L., Liu, Y., Cong, M., et al. (2018). A defensin-like antimicrobial peptide from the manila clam Ruditapes philippinarum: investigation of the antibacterial activities and mode of action. Fish Shellfish Immunol. 80, 274–280. doi: 10.1016/j.fsi.2018.06.019

Yipp, B. G., Petri, B., Salina, D., Jenne, C. N., Scott, B. N., Zbytnuik, L. D., et al. (2012). Infection-induced NETosis is a dynamic process involving neutrophil multitasking in vivo. Nat. Med. 18, 1386–1393. doi: 10.1038/nm.2847

Yousefi, S., Simon, D., and Simon, H. U. (2012). Eosinophil extracellular DNA traps: molecular mechanisms and potential roles in disease. Curr. Opin. Immunol. 24, 736–739. doi: 10.1016/j.coi.2012.08.010

Yu, Y. H., Yu, Y. C., Huang, H. Q., Feng, K. X., Pan, M. M., Yuan, S. C., et al. (2007). A short-form C-type lectin from amphioxus acts as a direct microbial killing protein via interaction with peptidoglycan and glucan. J. Immunol. 179, 8425–8434. doi: 10.4049/jimmunol.179.12.8425

Zhang, C., Xue, Z., Yu, Z., Wang, H., Liu, Y., Li, H., et al. (2020). A tandem-repeat galectin-1 from Apostichopus japonicus with broad PAMP recognition pattern and antibacterial activity. Fish Shellfish Immunol. 99, 167–175. doi: 10.1016/j.fsi.2020.02.011

Zhao, M. L., Chi, H., and Sun, L. (2017). Neutrophil extracellular traps of Cynoglossus semilaevis: production characteristics and antibacterial effect. Front. Immunol. 8:290. doi: 10.3389/fimmu.2017.00290


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Han, Hu, Chen, Chen, Yu, Zhang and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 16 July 2021
doi: 10.3389/fmars.2021.690282





[image: image]

The Characteristic of Critical Genes in Neuroendocrine System and Their Regulation on Food Habit Transition and Metamorphosis of Veined Rapa Whelk Rapana venosa (Valenciennes, 1846)

Mei-Jie Yang1,2,3,4,5, Jie Feng1,2,3,4, Hao Song1,2,3,4, Zheng-Lin Yu1,2,3,4, Pu Shi1,2,3,4,5, Jian Liang6, Zhi Hu1,2,3,4,5, Cong Zhou1,2,3,4,5, Xiao-Lin Wang1,2,3,4 and Tao Zhang1,2,3,4*

1CAS Key Laboratory of Marine Ecology and Environmental Sciences, Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China

2Qingdao National Laboratory for Marine Science and Technology, Qingdao, China

3Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao, China

4CAS Engineering Laboratory for Marine Ranching, Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China

5University of Chinese Academy of Sciences, Beijing, China

6Tianjin Key Laboratory of Aqua-Ecology and Aquaculture, Fisheries College, Tianjin Agricultural University, Tianjin, China

Edited by:
Youji Wang, Shanghai Ocean University, China

Reviewed by:
Liqiang Zhao, Guangdong Ocean University, China
Jin-Long Yang, Shanghai Ocean University, China
Xian De Liu, Jimei University, China

*Correspondence: Tao Zhang, tzhang@qdio.ac.cn

Specialty section: This article was submitted to Aquatic Physiology, a section of the journal Frontiers in Marine Science

Received: 02 April 2021
Accepted: 07 June 2021
Published: 16 July 2021

Citation: Yang M-J, Feng J, Song H, Yu Z-L, Shi P, Liang J, Hu Z, Zhou C, Wang X-L and Zhang T (2021) The Characteristic of Critical Genes in Neuroendocrine System and Their Regulation on Food Habit Transition and Metamorphosis of Veined Rapa Whelk Rapana venosa (Valenciennes, 1846). Front. Mar. Sci. 8:690282. doi: 10.3389/fmars.2021.690282

Metamorphosis is a critical developmental event in mollusks, and neuroendocrine system plays an essential role in this process. Rapana venosa is an economically important shellfish in China, but the artificial technology of R. venosa aquaculture is limited by metamorphosis. As a carnivorous gastropod, food habit transition makes the mechanism of R. venosa metamorphosis more complex. To investigate the changes in the neuroendocrine system and to reveal its role in regulating the food habit transition and metamorphosis of R. venosa, we cloned the cDNA sequences encoding 5-hydroxytryptamine receptor (Rv-5HTR), nitric oxide synthetase (Rv-NOS) and cholecystokinin receptor (Rv-CCKR), and investigated their expression by quantitative real-time PCR analysis, and explore the spatio-temporal changes of 5-HT protein expression using Immunohistochemical (IHC) analysis. The expression of the three geens was significantly increased in the early intramembrane veliger stage, which indicates that the three genes are related to the development of digestive system. Additionally, expression of the three genes was decreased after metamorphosis, while Rv-NOS and Rv-CCKR were increasingly expressed in competent larvae, which may help the larvae find suitable environments and promote digestive system development for metamorphosis, and the result of 5-HT IHC analysis also reflects the development of neuroendocrine system. Furthermore, results show that CCK can effect the expression of digestive enzyme, NOS and 5-HT receptor. Finally, based on the present results, we hypothesized that CCK and CCK receptor may be critical regulatory factors of food habit transition and metamorphosis. These results might provide information on the development of neuroendocrine system of R. venosa, and new insight into the regulation of the food habit transition and metamorphosis of gastropods.

Keywords: Rapana venosa, metamorphosis, neuroendocrine system, food habit transition, digestive system


INTRODUCTION

Metamorphosis is a critical developmental event in the biphasic life cycle in mollusks that is evolutionarily crucial because it develops independently in different clades (Hadfield et al., 2000; Huan et al., 2015). Extensive morphological and physiological changes occur during metamorphosis but are accompanied by high mortality (Harding, 2006; Huan et al., 2015). Therefore, premetamorphosis recruitment and postmetamorphosis survival control mollusk population dynamics. To date, the mechanism of metamorphosis has been most well studied in bivalves (Coon et al., 1985; Satuito et al., 1999; Yang et al., 2007; Gireesh and Cherukara, 2008; Yang B. et al., 2015; Niu et al., 2016; Moore and Bringolf, 2018), and in gastropods, studies are mainly focused on abalone and some herbivorous snails (Barlow and Truman, 2010; Li et al., 2018). Numerous neuroactive compounds, including g-aminobutyric acid (GABA), various catecholamines, serotonin (5-HT), and nitric oxide (NO) are associated with metamorphic processes in a variety of mollusks, which has been extensively studied (Leise et al., 2001), and the neuroendocrine system plays an important role in the regulation of metamorphosis.

The veined rapa whelk (Rapana venosa), a native to temperate Asian waters (Harding, 2006), is an economically important gastropod snail in China due to its high economic and medicinal value (Dolashka et al., 2011; Nesterova et al., 2011; Olga et al., 2015; Voelter et al., 2016). Unfortunately, R. venosa is highly threatened, and its population has dramatically declined in recent years (Wei et al., 1999; Yang et al., 2007). Although artificial aquaculture was started early (Yuan, 1992; Yang et al., 2007), the large-scale culture of this species is seriously limited by its high mortality during metamorphosis. As a carnivorous gastropod, R. venosa needs to undergo a food habit transition from herbivorous to carnivorous during metamorphosis, which is different from the metamorphosis of lifelong herbivory gastropods and makes the mechanism of metamorphosis more complex. Our group has performed some studies on the metamorphosis of R. venosa, including studies of the differences in transcriptome, proteome, metabolome, digestive enzyme and microorganisms before and after metamorphosis (Song et al., 2016a,b,c; Yang et al., 2020a,b), as well as the effect of bait induction on the rate of metamorphosis (Yu et al., 2020). Song et al. (2016a) mentioned that the expression of the NOS and 5-HT receptors decreased after metamorphosis (Song et al., 2016a). However, there is no further study on the regulation of the neuroendocrine system on the metamorphosis of R. venosa.

Bather (1921) showed that the presence of conspecific adults or useful food sources could trigger metamorphosis in marine invertebrates, and our previous study suggested that oysters can significantly improve the metamorphosis rate of larvae (Yu et al., 2020). In this process, oysters were inducers, as well as food sources; these results may suggest a link between the digestive system and metamorphosis and that the neuroendocrine system regulates metamorphosis by regulating the digestive system, which is very likely to occur in carnivorous gastropods. Many studies have indicated that food can increase digestive enzyme activity (Ou and Liu, 2007; Genodepa et al., 2018). Kinouchi et al. (2012) also indicated that the consumption of large protein molecules can promote the development of pancreatic digestive functions in rats, and cholecystokinin (CCK) is an important agent in this process. CCK is a brain-gut peptide with a variety of physiological functions that regulate the secretion of trypsin and the growth of the pancreas; as well as a neurotransmitter in the central and enteric nervous systems. Many studies have suggested the regulatory effect of CCK on the digestive system in the vertebrates, such as rats (Gibbs et al., 2012), porcines (Bugge et al., 2018), fish (Himick and Peter, 1994; Liu et al., 2014; Navarro-Guillén et al., 2017), and also a few studies in invertebrate, Aplysia californica, Nereis diversicolor, and Crassostrea gigas (Vigna et al., 1984; Dhainaut-Courtois et al., 1985; Schwartz et al., 2018). Furthermore, He et al. (2015) indicated that increased CCK expression after food habit transition might suggest a regulatory effect of CCK on the food habit transition of carp, and leptin, insulin and NOS were also described as being related to the food habit transition. These results may show that the regulation of the neuroendocrine system plays a vital role in digestive system development, food habit transition, and even metamorphosis in larvae. Meanwhile, NOS has been suggested to play an indispensable role in the regulation of feeding behavior in Lymnaea stagnalis (Kawai et al., 2011) and Aplysia (Jacklet, 1995). Moreover, Tripathi et al. (2015) have showed that the NOS signal transduction pathway is downstream of CCK receptor, and the NO has been indicated that can activate cGMP synthesis in the crab stomatogastric nervous system and regulate the digestive fuction in crab (Scholz et al., 1996). Additionally, NOS also plays a role in the regulation of 5-HT on metamorphosis, and 5-HT has also been indicated has effect on feeding behavior in goldfish, rat and chickens (Pedro et al., 1998; Vry and Schreiber, 2000; Zendehdel et al., 2012). Therefore, NOS, 5-HT and CCK are likely to be the key mediators of the process of the food habit transition oyster-induced metamorphosis of R. venosa.

A previous study indicated that significant changes occur in the nervous system during the metamorphosis of R. venosa. The expression of the NOS and 5-HT receptor was found to decrease after metamorphosis (Song et al., 2016a), but no further study has examined their roles in the metamorphosis of R. venosa, and whether the neuroendocrine system regulates metamorphosis by regulating the digestive system is unknown. In the present study, we aimed to examine the development of the neuroendocrine system by obtaining cDNA sequences and determining the expression profile of 5-HT receptor, NOS and CCK receptor gene mRNA, and observed the spatiotemporal expression characteristics of 5-HT by immunohistochemical (IHC) analysis. Therefore, the present study can provide new insight into the mechanism of gastropod metamorphosis from the perspective of the neuroendocrine and digestive systems.



MATERIALS AND METHODS


Larval Rearing and Sample Preparation

A pair of adult R. venosa (2 year old) as parents, and the spawn, intramembrane larvae and planktonic larvae of R. venosa were cultured according to the methods described by Yang et al. (2007) at Blue Ocean Co., Ltd (Laizhou, Shandong, China). Planktonic larvae were cultured in 3 m × 5 m × 1.5 m cement pools at 24–26°, at a density of 0.5/ml. The mixture of Platymonas subcordiformis, Isochrysis galbana, and Chlorella vulgaris was used as a diet (15 × 104 cell/ml, three or four times) for the Planktonic larvae. Intramembrane larval samples were collected from seven major developmental stages: the cleavage stage (c), the blastula stage (b), the gastrulae stage (g), the trochophore stage (t), the early intramembrane veliger stage (ev), the middle intramembrane veliger stage (mv), and the later intramembrane veliger stage (lv). Planktonic larval and postlarval samples were collected from five major developmental stages: the one-spiral whorl stage (V-I), the two-spiral whorl stage (V-II), the three-spiral whorl stage (V-III), the four-spiral whorl stage (competent larva, V-IV), and the postlarval stage (J). The samples were collected based on the methods described in our previous study (Yang et al., 2020a), and each developmental stage was sampled in triplicate and sextuplicate and stored at −80°C for qRT-PCR, respectively, and each sample contains 30 larvae. For the immunohistochemistry (IHC) assays, larvae at different developmental stages were washed in PBS, and 7.5% MgCl2 solution was slowly added to completely anesthetize the larvae. Then, the samples were fixed at room temperature for 2–6 h using 4% paraformaldehyde solution, washed again in PBS, transferred to 70% ethanol and stored at −20°C for use.



CCK Induction Assays

The larvae reached the four-spiral stage (shell height >1,250 μm, competent larvae) were used for the CCK induction assays (CCK peptide: T510159, Shanghai). The following controls and treatments were included in the assays: (1) control group without CCK polypeptide (control, C), and (2) treatment group with CCK polypeptide (1 mg/L) (CCK induction, K), each group with three biological repeats, each tank (393 mm × 282 mm × 223 mm) contained 80 larvae. We randomly collected three samples from each tank at 2 h (early stage, e) and 12 h (later stage, l) after treatment, and each sample contains 30 larvae, then washed them three times with PBS. We obtained a total of 12 samples, which were divided into four groups, namely Ce, Cl, Ke, and Kl, which were used to analyze the mRNA expression of critical genes related to metamorphosis, including carboxypeptidase, cellulase, 5-HTR, and NOS. All samples were stored at -80°C until use.

All procedures involved in the animal collection, rearing and dissection were conducted following the Guideline of Ethical Regulations of Animal Welfare of the Institute of Oceanology, Chinese Academy of Sciences (IOCAS 2013.3). Our study protocols were approved by the Animal Welfare Committee of the IOCAS.



Cloning of the Full-Length cDNA and Sequence Analysis

Total RNA was extracted from all the larval samples using the RNA Isolation Kit (Tiangen, China) following the manufacturer’s protocol, and the quality was determined by a NanoDrop spectrophotometer (Thermo Scientific, United States) and gel electrophoresis. First-strand cDNA (5′- and 3′-RACE-ready cDNAs) synthesis and rapid amplification of the cDNA ends (RACE) were performed by using the SMARTerTM RACE cDNA amplification kit (Clontech, United States). The primers for RACE were designed based on expressed sequence tags in the transcriptome library of R. venosa (Song et al., 2016a) using Primer Premier 5 software (Supplementary Table 1). The 5′ ends of the 5-HT receptor, NOS, and CCK receptor genes were amplified with the primers 5HTR-5′-GSPn, NOS-5′-GSPn and CCKR-5′-GSPn, respectively, and a universal primer mix (UPM) (Supplementary Table 1). The 5′-RACE-ready cDNA was used as the template. The 3′ ends of the three genes were amplified using 5HTR-3′-GSPn and NOS-3′-GSPn, and UPM and 3′RACE-ready cDNA were used as the templates. Confirmation of the full-length cDNAs by polymerase chain reaction (PCR) was conducted as follows: 94°C for 2 min; 35 cycles of 94°C for 30 s; 50–60°C for 30 s; 72°C for 1 min; and 72°C for 10 min (Eppendorf, Germany). The PCR products were inserted into the pMD19-T vector (Takara, Japan) and transformed into JM109 competent cells (Takara, Japan) according to the manufacturer’s instructions, and ten positive clones were selected to confirm the nucleotide sequences by TsingKe Biological Technology (Beijing, China). The sequences were analyzed and assembled by DNAStar software to obtain the full-length cDNA sequence.

The full-length cDNA and predicted protein sequences were analyzed using National Center for Biotechnology Information BLAST programs1. The molecular masses and theoretical isoelectric points of the putative proteins were predicted using ExPasy Compute pI/Mw software2. The transmembrane structure of 5-HT receptor was predicted by TMHMM. The sequences of the three genes from different species were obtained from GenBank databases. Then, DNAMAN software and the ClustalW sequence alignment program3 were used to perform multiple alignments, and MEGA 7.0 was used to construct phylogenetic trees with the neighbor-joining method.



Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from all the larval samples using the RNA Isolation Kit (Tiangen, China) to analyze the mRNA expression of the 5-HT receptor, NOS, CCK receptor, carboxy genes during early stages of development. The qRT-PCR primers were designed based on the full-length cDNA sequences of the three genes, and the 60S ribosomal protein L28 (RL28-F, RL28-R) was used as a housekeeping gene for within-experiment signal normalization (Song et al., 2017; Supplementary Table 1). First-strand cDNA was synthesized for qRT-PCR using reverse transcriptase (Takara). The SYBR Green real-time PCR assay (2 × SYBR Green qPCR Mix, Sparkjade) was used with an Eppendorf Mastercycler® ep realplex (Eppendorf, Hamburg, Germany) for the qRT-PCR analysis. The 10-μl reaction mix volume was prepared, containing 10 μl of 2 × SYBR Green qPCR Mix (Sparkjade, China), 0.2 μl each of 10 pmol the forward and reverse primers, 0.6 μl (100 ng) of cDNA and 4 μl sterile deionized water. Amplifications were performed according to the manufacturer’s instructions. Standard curves were generated with cDNA template dilutions of 10, 102, 103, 104, and 105. qRT-PCRs were performed using the following thermocycler program: 95°C for 2 min and 40 cycles of 95°C for 15 s and 60°C for 30 s. The relative gene expression was calculated using the 2–ΔΔ Ct method.



Immunohistochemical (IHC) Analysis of 5-HT

The samples used for the immunohistochemical analysis of 5-HT in R. venosa were washed in PBS three times, for 10 min each time. An 8% EDTA solution was used to dissolve the shell of the larvae, and the soaking time varied from 1 to 12 h depending on the thickness of the larval shell at the different stages. The larvae were washed with PBS three times again, and then, blocking solution (0.25% BSA, 0.03% NaN3, 1% Triton X-100 and PBS) was added overnight at 4°C. After that, the samples were incubated for 2 h at room temperature with primary antibodies (1:800 in PBS) and washed three times with PBS for 1 h each. Then, the samples were incubated with Alexa 594-conjugated goat anti-rat IgG and Alexa 488-conjugated goat anti-rabbit IgG (1:1,000 in PBS) for 12–24 h at 4°C and then washed three times with PBS for 10 min each. Next, a suitable amount of the samples was transferred to slides to generate slide specimens, which were sealed with 80% glycerol. The specimens were examined and imaged with a fluorescence microscope (Nikon ECLIPSE 90i), and the images were processed with Adobe Photoshop CS3. Negative controls for all the IHC tests were included. The primary antibodies used for IHC were 5-HT (Serotonin) Rabbit Antibody (ImmunoStar, 20080)4 and anti-α-tubulin (Sigma, T6793). The secondary antibodies used for IHC analysis were Alexa 594-conjugated goat anti-rat IgG (Jackson Lab, United States) and Alexa Fluor® 488-conjugated goat anti-rabbit IgG (Jackson Lab, United States). Negative control slides for all the IHC tests were included.



Data Analysis

The results of the qRT-PCR analysis of 5-HT receptor, NOS and CCK receptor were analyzed by using one-way ANOVA with Tukey’s test and LSD test with a significance level of P < 0.05, and the normality and equality of variances were assessed by Levene’s test before performing ANOVA. All the statistics were conducted using SPSS 19.0 software (SPSS Inc., United States), and the results were expressed in (Means ± SEM). Different superscript letters indicate significant differences (P < 0.05). The heatmaps in Figure 3 were made using the pheatmap package in R with Euclidean distance.



RESULTS


Identification and Analysis of the 5-HT Receptor, NOS and CCK Receptor Genes

The full-length cDNA sequences of 5-HT receptor, NOS and CCK receptor were cloned from a cDNA library generated from an R. venosa larval developmental sample mixture and named Rv-5HTR, Rv-NOS, and Rv-CCKR, respectively. The full-length cDNA of Rv-5HTR is 1,741 bp in length, comprising a 47-bp 5′ UTR, a 212-bp 3′ UTR, and a 1,482-bp ORF encoding 493 amino acids (Supplementary Figure 1A), and contains a serotonin receptor subtype 7 domain (Supplementary Figure 2) (GenBank Accession No. MW383250). The calculated molecular mass and isoelectric point of the predicted Rv-5HTR protein are 54.26 kDa and 9.33, respectively. The full-length cDNA of Rv-NOS is 3,813 bp in length, comprising a 28-bp 5′ UTR, a 38-bp 3′ UTR, and a 3,747-bp ORF encoding 1248 amino acids, and contains a PDZ domain, a NOS eukaryotic oxygenase domain and a ferredoxin-reductase (FNR)-like C-terminal domain (Supplementary Figure 1B) (GenBank Accession No. MW383249). The calculated molecular mass and isoelectric point of the predicted Rv-NOS protein are 138.82 kDa and 6.12, respectively. Then, the full-length cDNA of Rv-CCKR is 3,630 bp in length, comprising a 105-bp 5′ UTR, a 2418-bp 3′ UTR, and a 1290-bp ORF encoding 429 amino acids, and contains a CCK receptor domain (Supplementary Figure 1C) (GenBank Accession No. MW383248). The calculated molecular mass and isoelectric point of the predicted Rv-CCKR protein are 48.86 kDa and 9.80, respectively.



Homology and Phylogenetic Analysis of the Rv-5HTR, Rv-NOS, and Rv-CCKR Genes

The protein sequences of Rv-5HTR, Rv-NOS and Rv-CCKR from different species were used for homology and phylogenetic analyses. A BLAST search showed that the predicted amino acid sequences of Rv-5HTR had the highest sequence identity with that from Pomacea canaliculata (XP_025094540.1, 79.08%), followed by that from Aplysia californica (XP_005102984.1, 67.43%), Haliotis discus hannai (QEZ90776.1, 63.79%), Mizuhopecten yessoensis (XP_021371611.1, 59.68%), Octopus sinensis (XP_036367596.1, 53.21%), Bombyx mori (AIZ66402.1, 42.28%), Homo sapiens (AAF35842.1, 41.48%), Mus musculus (NP_032334.2, 39.44%), and Danio rerio (NP_001116793.1, 41.10%) (Figure 1A). The Rv-NOS shared higher similarity with that from other species and had extremely high sequence identity with that from Stramonita haemastoma (CBV37021.3, 95.83%), followed by that from P. canaliculata (XP_025092594.1, 73.86%), A. californica (NP_001191470.1, 70.38%), Crassostrea virginica (XP_022339299.1, 58.20%), Octopus vulgaris (QHX41539.1, 62.99%), Bos taurus (XP_024833521.1, 50.16%), H. sapiens (NP_000611.1, 49.84%), M. musculus (NP_032738.1, 57.72%), and D. rerio (XP_005165110.1, 57.93%) (Figure 1B). Rv-CCKR had the highest sequence identity with that from P. canaliculata (XP_025088086.1, 67.37%), followed by that from O. vulgaris (XP_029642692.2, 51.52%), M. yessoensis (VDI47157.1, 52.70%), C. virginica (XP_034300900.1, 47.86%), H. sapiens (NP_795344.1, 41.69%), M. musculus (NP_033957.1, 40.48%), Drosophila melanogaster (NP_001097023.1, 48.46%), and D. rerio (XP_017213239.1, 42.09%) (Figure 1C). To further elucidate the evolutionary relationships of the three genes from R. venosa with those of other species, we chose >10 species for phylogenetic analyses and constructed phylogenetic trees by N-J methods. The phylogenetic tree indicated that both Rv-5HTR and Rv-CCK were first clustered with those of P. canaliculata, while Rv-NOS was first clustered with that of S. haemastoma and was far from that of vertebrates. All three genes were clustered with those of mollusks, which are closely related to gastropods, and significantly separated from those of vertebrates (Figure 2).
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FIGURE 1. Multiple alignment based on Rv-5HTR (A), Rv-NOS (B), and Rv-CCKR (C) deduced amino acid sequences from Rapana venosa and other species. Rv-5HTR: serotonin receptor subtype domain 7, denoted in green box; Rv-NOS: PDZ domain denoted in pink box, NOS eukaryotic oxygenase domain denoted in green box and ferredoxin-reductase (FNR) like C-terminal domain denoted in yellow box; Rv-CCKR: CCK receptors domain denoted in green box. Additionally, the logo shows how conservative motif is in each position. The higher the letter, the more conservative the position. Different amino acids in the same position will scale according to its frequency. (5-HT receptor: GenBank Accession No. MW383250; NOS: GenBank Accession No. MW383249; CCK receptor: GenBank Accession No. MW383248) (The proteins used in the analysis were showed in Supplementary Table 2).
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FIGURE 2. Phylogenetic trees based on Rv-5HTR (a), Rv-NOS (b), and Rv-CCKR (c) deduced amino acid sequences from Rapana venosa and other species. The trees were constructed based on the multiple sequence generated by Clustal X and aligned using the neighbor-joining method in MEGA 7.0. The genes which have been pharmacologically proven were highlighted with asterisk, which has been listed in Supplementary Table 3.
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FIGURE 3. qRT-PCR analysis of Rv-5HTR (A), Rv-NOS (B), and Rv-CCKR (C) mRNA expression and the heatmap (D) of three genes expression during Rapana venosa larval development (mean ± SEM, n = 3). Different superscript letters indicate significant differences (P < 0.05). [the cleavage stage (c), the blastula stage (b), the gastrulae stage (g), the trochophore stage (t), the early intramembrane veliger stage (ev), the middle intramembrane veliger stage (mv), and the later intramembrane veliger stage (lv). the one-spiral whorl stage (V-I), the two-spiral whorl stage (V-II), the three-spiral whorl stage (V-III), the four-spiral whorl stage (competent larva, V-IV), and the postlarval stage (J)].




Gene Expression of Rv-5HTR, Rv-NOS, and Rv-CCKR During Development

Quantitative real-time PCR was performed to detect the mRNA expression levels of the three genes at different developmental stages. The mRNA expression of Rv-5HTR was high in the cleavage stage (c) when the larvae had just hatched, then significantly decreased and was low in the early intramembrane larval stage (Figure 3A) (P < 0.05). The high expression reappeared in the early intramembrane veliger stage (ev) and into the planktonic larval stage, was maintained a high level throughout this stage, and a significant decrease occurred in the postlarval stage (J). Additionally, the expression of Rv-NOS greatly fluctuated throughout the whole early stage of development. Rv-NOS reached the first peak in the blastula stage (b), then significantly decreased in the gastrulae stage (g), significantly increased in the trochophore stage (t), significantly increased again in the early intramembrane veliger stage (ev) and reached the second peak. Then, the expression level slightly decreased and remained at this level until the two-spiral whorls stage (V-II), when it increased again, reached the third peak, sharply decreased in the three-spiral whorls stage (V-III), and increased again in the four-spiral layer (competent larva, V-IV), when it reached the fourth peak before significantly decreasing at postlarval stage (J) (Figure 3B). The expression of Rv-CCKR was low in the early intramembrane larval stage, then significantly increased in the early intramembrane veliger stage (ev), reached a peak in the middle intramembrane veliger stage (mv), continuously decreased until the four-spiral whorl stage (competent larva, V-IV), increased again and significantly decreased in the postlarval stage (J) (Figure 3C). The expression patterns of the three genes were slightly similar (Figure 3D), especially those of Rv-5HTR and Rv-CCKR, which were clustered, and all three genes first increased in the early intramembrane veliger stage (ev) and decreased in the postlarval stage (J) (P < 0.05).



Immunohistochemical (IHC) Analysis of 5-HT Throughout the Whole Early Developmental Stage

The results of the immunohistochemical analysis of 5-HT showed in Figure 4. We didn’t observed positive immune signals in the cleavage stage (c), blastocyst stage (b) and gastrula stage (g) (Figures 4a–c). Two pairs of positive immune signals (Figure 4d, top organ, profile figure, only one signal is visible, as indicated by a white arrow) were observed at the base of the velum and the future eye site during the trochophore larval stage (t). The number of immune-positive signals increased to 5 in the early intramembrane veliger stage (ev), and these signals indicated the ganglia between the parietal and lateral ganglia of the parietal organs (Figure 4e, white arrow). The 5-HT immune-positive signal extended to both cerebral nerve fibers in the middle intramembrane veliger (mv) (Figure 4f, hollow arrow). Positive signals began to appear in the lower foot primordia of the later intramembrane veliger larvae (lv) (Figure 4g, white arrow), and a strong signal appeared at the velum (Figure 4g, white arrow). Furthermore, the immunohistochemical analysis of the four-spiral whorl stage larvae (competent larvae, V-IV) revealed a complex neural network in the mantle (Figure 4h, hollow arrow), foot (Figure 4h, white arrow) and velum (Figure 4h, blue arrow). The three major nerves in the velum (Figure 4i, white arrow) and the receptors in the base of the ciliate (Figure 4i, hollow arrow) were clearly connected in a complex nerve network.
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FIGURE 4. Immunoreactivity of 5-HT and α-tublin in early development stage of Rapana venosa. [(a). cleavage; (b). blastula; (c). gastrulae; (d). late trochophore; (e). early intra-membrane veliger; (f). middle intra-membrane veliger; (g). later intra-membrane veliger; (h). competent larval stage; (i). velum of competent larvae]. No positive immune signals in the cleavage stage (a), blastula stage (b) and gastrulae stage (c). Two pairs of positive immune signals in late trochophore stage [(d), top organ, profile figure, only one signal is visible, as indicated by a white arrow]. Immune-positive signals increased to 5 in early intra-membrane veliger stage (e). The 5-HT immune-positive signal extended to both cerebral nerve fibers in the middle intramembrane veliger stage [(f), hollow arrow]. Positive signals began to appear in the lower foot primordia of the later intramembrane veliger larvae, and a strong signal appeared at the velum [(g), white arrow]. The immunohistochemical analysis revealed a complex neural network in the mantle in four-spiral whorl stage larvae (competent larvae, V-IV) [(h), hollow arrow], foot [(h), white arrow] and velum [(h), blue arrow]. The three major nerves in the velum [(i), white arrow] and the receptors in the base of the ciliate [(i), hollow arrow] were clearly connected in a complex nerve network.




Changes in Critical Gene Expression Induced by CCK

To assess the digestive and neuroendocrine systems of larvae induced by CCK, the mRNA expression of carboxypeptidase, cellulase, 5-HTR and NOS was detected (Figure 5). The expression of the carboxypeptidase gene was significantly increased in both the early and later stages in competent larvae induced by oysters, while cellulase was significantly decreased in the later stage (P < 0.05). The expression of 5-HT receptor increased significantly, while the expression of NOS decreased significantly in both the early and later stage in competent larvae induced by oysters (P < 0.05).
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FIGURE 5. mRNA expression of critical genes (Carboxypeptidase, Cellulase, 5-HT receptor and NOS) in Competent larva induced by CCK (mean ± SE, n = 3). (Different superscript letters indicate significant differences, *P < 0.05). [Ce: Control (early, 2 h), Cl: Control (later, 12 h), Ke: CCK Induction (early, 2 h), Kl: CCK Induction (later, 12 h)].




DISCUSSION

Metamorphosis, the transition of free-swimming larvae to benthic and often sessile and attached juveniles, is one of the most distinctive life-changing events for many molluscan species, and the neuroendocrine system plays a key role in metamorphosis and has been extensively studied in herbivorous gastropods and bivalves. 5-HT and NO have been widely confirmed to regulate metamorphosis in I. obsolete, Phestilla sibogae, Haliotis asinine and a variety of bivalve species (Satuito et al., 1999; Leise et al., 2001; Croll, 2006; Yang et al., 2013; Ueda and Degnan, 2014; Zhu et al., 2020). However, the mec hanism by which metamorphosis is regulated in carnivorous gastropods may be more complicated due to the accompanying food habit transition, but little is known about this phenomenon. Therefore, to further understand the regulatory mechanism of R. venosa, the development and changes in the neuroendocrine system, especially those related to the digestive system during the early developmental stage, deserve more attention. This study elucidated the mechanism of neuroendocrine system development in R. venosa through an integrated approach of localization of the Rv-5HTR protein in the larva and examination of the molecular-metabolic responses of 5-HT, NOS, and CCK in order to further investigate the regulatory effect of the neuroendocrine system on the food habit transition and metamorphosis of R. venosa.

5-HT is one of the evolutionarily oldest neurotransmitters and performs its various physiological functions through seven 5-HT receptor subfamilies (5-HT 1–7) (Hannon and Hoyer, 2008); 5-HT exerts a significant effect on the development and metamorphosis of marine invertebrate larvae (Leise et al., 2001; Sahoo and Khandeparker, 2018). In the present study, Rv-5HTR, which may belongs to serotonin receptor subtype 7, one of the 14 vertebrates serotonin receptors, is a member of the class A GPCRs and is activated by the neurotransmitter 5-HT. We found that the different subtypes of 5-HTR evolved independently in vertebrates, which has been not clear in invertebrates since the few studies. Previous studies indicated that the most prominent 5-HT cells during larval development were the five apical cells, and Hadfield et al. (2000) found that 5-HT was first expressed in apical organs during the development of gastropod larvae and was the main neurotransmitter in the apical organs. Our results showed that the 5-HT increased in the early intramembrane veliger stage (ev) both in the results of qRT-PCR and IHC, which may be the critical stage in the initial development of the digestive system in R. venosa. These results may reveal the regulation of 5-HT in the early development of R. venosa and suggest a relationship between 5-HT and the digestive system; a previous study also reported that 5-HT and its receptors play important roles in the regulation of gastrointestinal and endocrine functions (Berger et al., 2009).

Furthermore, 5-HT has been reported to significantly increase the rate of metamorphosis in Ilyanassa obsoleta by soaking or injection (Couper and Leise, 1996; Leise et al., 2001). Hadfield et al. (2000) indicated that 5-HT and 5-HTR in the apical organ can facilitate metamorphosis by sensing external chemical signals, and 5-HT is the key factor of signal transduction and metamorphosis initiation. We also observed the complex neural network based on the localization of the 5-HT protein in the competent larval stage of R. venosa (Figure 4h) and the velum of competent larvae (Figure 4i), and the receptors in the base of the ciliate network were particularly clear. Croll (2006) indicated that early development of serotonergic pedal neurons may reflect the need to regulate the activities of large numbers of ciliated cells found on the foot, which has been demonstrated in adults of a variety of gastropod species (Audesirk et al., 1979; Syed and Winlow, 1989). On the other hand, Glebov et al. (2014) reported that the expression level of 5-HT receptor gene was downregulated during the transition from the premetamorphic to metamorphic stages in Helisoma trivolvis; similarly, the expression level of Rv-5HTR was decreased after metamorphosis in the postlarval stage (J) in the present study, and Yang Z. et al. (2015) indicated that 5-HT did not significantly induce the metamorphosis of R. venosa. These results may suggest that 5-HT and Rv-5HTR may not be positive regulators of metamorphosis in R. venosa. Therefore, the regulatory mechanism of 5-HT and Rv-5HTR requires further exploration.

Nitric oxide is an important molecular messenger that plays a critical role in the nervous systems of both vertebrates and invertebrates (Snyder and Bredt, 1992; Colasanti and Venturini, 1998), and Leise et al. (2001) indicated that NO played an antagonistic role in the 5-HT mediated pathway of larval metamorphosis, and that NO was produced by NOS catalyzing the five-electron heme-based oxidation of the guanidine nitrogen of L-arginine to L-citrulline. In the present study, the Rv-NOS gene contains a PDZ domain, a NOS eukaryotic oxygenase domain and a ferredoxin-reductase (FNR)-like C-terminal domain. The PDZ domain is often found in a variety of eumetazoan signaling molecules and may be responsible for specific protein-protein interactions. The NOS eukaryotic oxygenase domain also has a C-terminal electron-supplying reductase region, which is homologous to cytochrome P450 reductase and binds to NADH, FAD, and FMN. We found that Rv-NOS was tightly clustered with the gene from S. haemastoma in the phylogenetic tree (Figure 2b), and the sequence similarity of homologous alignment was as high as 95.83%; this result indicated that the two species were closely related. In S. haemastoma, the mRNA transcripts mainly expressed in the central nervous system and peripheral structures which involved in sensory organs, such as the osphradium, cephalic tentacles, and buccal/esophageal tissues (Brown et al., 2004; Cioni et al., 2011); this result has also been confirmed in A. californica (Moroz, 2010). The present results showed that the expression of NOS was increased in both trochophore larvae (t) and the early intramembrane veliger stage (ev), which are critical periods for the development of velum and the digestive system. These results may suggest that NOS plays an important role in the olfactory and digestive systems in R. venosa and that NOS dramatically changes during the metamorphosis of R. venosa (Song et al., 2016a; Yang et al., 2020a,b). In addition, we found that both the mRNA expression levels of NOS were decreased in the postlarval stage (J) compared to the competent larval stage (V-IV), which may further confirm the hypothesis that NOS plays a negative regulatory role (Froggett and Leise, 1999). Additionally, Sahoo and Khandeparker (2018) indicated that the inhibitory effects of NO and NOS may enhance the probability of locating a suitable substratum by delaying metamorphosis and the dispersal capability of the larvae to increase gene flow and enhance individual vigor, which may explain the increase in the mRNA expression of Rv-NOS in the competent larvae (V-IV) in our results. However, Ueda and Degnan (2014) found that NOS and NO may be positive regulators of the initiation of metamorphosis in some gastropods, such as H. asinine. The signaling pathways of NOS and NO have extensive functions, and their regulation during the metamorphosis of R. venosa requires further study.

Tripathi et al. (2015) demonstrated that CCK stimulates NOS, which has also been confirmed by Moustafa et al. (2011), while we found the inhibition of CCK on NOS in R. venosa. The Rv-CCKR gene contains a CCK receptor domain and is a member of the class A family of seven-transmembrane G-proteins, which are abundant in pancreatic acinar cells. CCK is a gastrointestinal regulatory hormone that is implicated in the regulation of digestion and appetite control by stimulating pancreatic enzyme secretion, gallbladder contraction, and gut motility satiety and inhibit acid secretion from the stomach via CCK receptor (Tripathi et al., 2015; Rehfeld, 2017). In the present result, we also found that CCK can decreased the expression of Carboxypeptidase in R. venosa, and increased the expression of Cellulase, which may suggest that CCK can promote the food habit transition of R. venosa. In addition, CCK is also known to stimulate pancreatic growth in vitro and in vivo in mice, rats, or hamsters (Cordelier et al., 1999), which may potentially explain the increased expression of Rv-CCKR in the early intramembrane veliger stage (ev), which is the critical stage of digestive system development in R. venosa. Additionally, Schwartz et al. (2018) indicated that plausible role of Cragi-CCK signaling in the regulation of feeding in in the oyster Crassostrea gigas. He et al. (2015) reported that CCK was increasingly expressed in grass carp after food habit transition, while in the present study, the expression of Rv-CCKR was significantly decreased, the difference may due to the different type of food habit transition, and the significant changes suggest that Rv-CCKR and CCK are involved in food habit transition during metamorphosis. Additionally, the CCK can increase the expression of 5-HT receptor, and Cooper and Dourish (1990) have also indicated that the 5-HT and CCK are synergistic and interdependent in the regulation of feeding.



CONCLUSION

Here, we show the changes of 5-HT and NOS during food habit transition in metamorphosis of R. venosa. Moreover, we found CCK is an important factor that regulates the development and function of the digestive system, which may further suggest a close relationship between food habit transition and metamorphosis. By exploring the changes in critical genes during the early stages of larval development, the developmental process of the neuroendocrine system was initially identified; by further exploring the regulation of CCK, we reveal the relationship between digestive system and neuroendocrine system. This study provides new insight for studying the process of metamorphosis in carnivorous gastropods.
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Oysters are the most extensively cultivated bivalves globally. Kumamoto oysters, which are sympatric with Portuguese oysters in Xiangshan bay, China, are regarded as particularly tasty. However, the molecular basis of their characteristic taste has not been identified yet. In the present study, the taste and micronutrient content of the two oyster species were compared. Portuguese oysters were larger and had a greater proportion of proteins (48.2 ± 1.6%), but Kumamoto oysters contained significantly more glycogen (21.8 ± 2.1%; p < 0.05). Moisture and lipid content did not differ significantly between the two species (p > 0.05). Kumamoto oysters contained more Ca, Cu, and Zn (p < 0.05); whereas Mg and Fe levels were comparable (p > 0.05). Similarly, there was no significant difference between the two species with respect to total amount of free amino acids, umami and bitterness amino acids, succinic acid (SA), and most flavoring nucleotides (p > 0.05). In contrast, sweetness amino acids were significantly more abundant in Portuguese oysters. Volatile organic compounds profiles of the two species revealed a higher proportion of most aldehydes including (2E,4E)-hepta-2,4-dienal in Kumamoto oysters. Overall, Kumamoto oysters contain abundant glycogen, Ca, Zn, and Cu, as well as volatile organic compounds, especially aldehydes, which may contribute to their special taste. However, free amino acid and flavor nucleotides may not the source of special taste of Kumamoto oyster. These results provide the molecular basis for understanding the characteristic taste of Kumamoto oysters and for utilizing local oyster germplasm resources.
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INTRODUCTION

Oysters are found throughout the world, where they constitute an important marine resource and the most cultivated bivalves. Numerous oyster farms exist in China and each region are characterized by a different dominant species (Wang et al., 2008, 2010). Recently, we described how the Kumamoto oyster (Crassostrea sikamea), a cryptic indigenous species (Liu et al., 2021), comprised more than 70% of the oyster samples cultivated along the Zhejiang coast. Accordingly, at least 50,000 tons of the local annual oyster production is likely composed of C. sikamea, making this the world’s largest Kumamoto oyster farming area.

Kumamoto oysters grow naturally in the warm seas of East Asia, from southern Japan to Vietnam (Banks et al., 1994; Hamaguchi et al., 2013; Wang et al., 2013; In et al., 2017). Even though in the 1940s they were mistaken as Pacific oysters from the Ariake Sea in Japan and introduced to the west coast of the United States, their global production remains limited (Sekino, 2009). Kumamoto oysters are relatively small compared to other Crassostrea oysters; individuals cultured in Zhejiang Province weight no more than 30 g. They also appear to be sympatric with Portuguese oysters (Crassostrea angulata) along the southern coast of China (Wang and Guo, 2008; Xia et al., 2009).

Kumamoto oysters tend to be deeper cupped and are regarded as tastier compared to other cultured species, because their meat retains a firm texture even during the summer season (Sekino, 2009) and according to local oyster farmers, C. sikamea seems to have better taste and special flesh color. Oysters are rich in protein, glycogen, free amino acids, polyunsaturated fatty acids, volatile organic compounds, trace elements, and minerals; moreover, they are highly edible and are purported to have medicinal properties (Dridi et al., 2007; Pogoda et al., 2013; Yuasa et al., 2018). The nutrient composition of different oyster species has been extensively studied in many areas (Oliveira et al., 2006; Pogoda et al., 2013; van Houcke et al., 2016; Qin et al., 2018; Yuasa et al., 2018; Zhu et al., 2018; Lin et al., 2019). Biochemical characteristics, volatile organic compounds, taste, and micronutrients vary among species (van Houcke et al., 2016; Yuasa et al., 2018; Lin et al., 2019), strains or brands of the same species (Zhu et al., 2018; Murata et al., 2020), tissues (Liu et al., 2013, 2020), ploidy levels (Qin et al., 2018), and even culture conditions (Pennarun et al., 2003; van Houcke et al., 2017; Bi et al., 2021). While Kumamoto oysters seem to have a unique taste (Lin et al., 2019), the molecular basis underlying this characteristic remains unknown. Understanding which micro- or macronutrients are related to taste determination may direct operators toward more targeted resource utilization and food processing methodologies.

In this study, general nutrients and mineral components, of which glycogen may contribute to sweet taste, Ca, Zn, Cu contribute to its mineral nutritional value, free amino acids, succinic acid (SA), nucleotides, and related compounds, which are thought to be responsible for its umami as well as volatile organic compounds, which represent the characteristic odors of the two oyster species cultivated in Xiangshan bay (i.e., Kumamoto and Portuguese oysters) were measured and compared in order to find substances related to Kumamoto oyster unique taste and odor. Differences in the chemical properties of the two oyster species are systematically discussed. These results will improve our understanding of the molecular basis underlying the special taste of Kumamoto oysters and the utilization of local oyster germplasm resources.



MATERIALS AND METHODS


Sample Collection and Growth Performance Measurement

Cultured oyster samples were collected from Xiangshan bay (29.47 N, 121.42 E), Ningbo City, where it was the dominant oyster species in the local bay. Oysters were sampled at the 20-month-old in February when the oysters have not started the gametogenesis and reach a commercial size. One hundred individuals each of C. angulata and C. sikamea were collected. According to a preliminary classification, the flesh of C. sikamea was yellow-green; whereas the flesh of C. angulata was white. The growth performance of the two species was evaluated by measuring shell height, length, and width using a vernier caliper (sensitivity = 0.01 mm). An electronic balance (sensitivity = 0.01 g) was used to measure total weight (weight before shucking the oyster), soft weight (weight of soft body), and dry soft weight. Dry soft weight was measured after freeze-drying for 48 h; whereas the shells were oven-dried at 80°C for 48 h. The condition index was calculated as the percentage of soft weight relative to dry soft weight, the dressing percentage was calculated as the ratio of dry flesh weight relative to dry shell weight (Liu et al., 2020). The oysters were shucked, and the adductor muscle was selected for DNA extraction and subsequent species identification by specific molecular methods (Liu et al., 2021) and the results are summarized in Supplementary Figure 1.



Proximate Composition

A total of 100 individuals were used for whole-body measurement and whole-flesh nutrient analysis for each of the species. Prior to nutrient analysis, the flesh was freeze-dried for 48 h and then ground into powder using a tissue grinder (Jingxin, Shanghai, China) in the presence of liquid nitrogen. Moisture content was determined individually from the difference between soft weight and dry soft weight divided by soft weight. For latter nutrients measurements, each sample consisted of the powdered flesh of 25 oysters, and each data point represented the mean of four replicates.

Glycogen content was measured using a commercial kit based on the anthrone colorimetry method with glucose as standard (Jiancheng, Nanjing, China) and the glycogen content was calculated accordingly the manufactures instruments. Protein content was analyzed using a Kjeldahl analyzer (KD310; OPSIS AB, Furulund, Sweden) and protein content was calculated by multiplying the nitrogen content by 6.25 (Qin et al., 2018). Crude lipid was determined using the Soxhlet extraction method (2055 Soxtec Avanti; Foss, Hilleroed, Denmark) and petroleum ether as the extractor. Glycogen/protein/lipid content were measured as mg/g of dry weight and shown as percentage of dry weight finally. Ca, Mg, Cu, Zn, Fe, and Mn were measured using an inductively coupled plasma-optical emission spectrometer (ICP-OES, 5110; Agilent Technologies, CA, United States) at the State Key Laboratory of Food Science and Technology at Jiangnan University, Wuxi, China, and were expressed as mg/kg relative to dry weight.



Taste-Related Substance Determination

Free amino acids, nucleotides and their related compounds, and SA were measured using high-performance liquid chromatography (HPLC) with prepared dried powder and performed at the State Key Laboratory of Food Science and Technology at Jiangnan University, Wuxi, China.

The free amino acids were extracted using a method previously reported by Murata et al. (2020). Around 1.00 g of oyster powder was homogenized in 10 ml of 5% (v/v) trichloroacetic acid and precipitated for 2 h. The homogenate (1 ml) was centrifuged at 10,000 rpm for 15 min and 0.4 ml of the supernatant was decanted to a new tube. Its pH was adjusted to 2, the volume was set to a constant value, and the liquid was filtered through a 0.45-μm membrane into the sample cup prior to HPLC. An Agilent 1260 instrument equipped with an Agilent C18 4.6 × 250 mm column was used. The column temperature was set to 40°C and the flow rate was 1.0 ml/min. Mobile phase A was 20 mM sodium acetate, mobile phase B was 20 mM sodium acetate:methanol:acetonitrile at 1:2:2 (v/v), and the detection wavelength was set to 338 nm. Each sample was performed in triplicate (n = 3).

The nucleotides and their related compounds as well as succinic acid were extracted using a method previously reported by Bi et al. (2021). Around 3.00 g of oyster powder was homogenized in 20 ml of 8% (v/v) cold perchloric acid and ultrasonically extracted in cold water for 5 min. The supernatant was centrifuged for 20 min at 4°C and 10,000 rpm, after which the precipitate was extracted and the supernatant was pooled together. The pH was adjusted to 6.5~6.8 with 1 and 5 M potassium hydroxide, and allowed to stand for 30 min at 4°C to precipitate potassium perchlorate. The solution was centrifuged at 4°C and 10,000 rpm for 10 min, whereby the supernatant was adjusted to 25 ml with water and filtered through a 0.45-μm membrane. The filtrate was subjected to HPLC on an Agilent C18 4.6 × 250 mm column, whose temperature was set to 30°C and the flow rate to 1.0 ml/min. The mobile phase was methanol:water:phosphoric acid at 5:95:0.05 (v/v), and the detection wavelength was set to 254 nm. Each samples was performed in triplicate (n = 3).

For succinic acid, 3.00 g of oyster powder was homogenized in 20 ml distilled water, subjected to ultrasonic extraction for 25 min, and incubated for 30 min at 4°C. The solution was centrifuged at 4°C and 10,000 rpm for 10 min. The resulting supernatant was adjusted to 25 ml with water and filtered through a 0.45-μm membrane into the sample cup and subjected to HPLC as mentioned above for nucleotide analysis, except for detection wavelength of 210 nm.



Volatile Organic Compounds Determination

Volatile organic compounds were determined according to the method reported by Pennarun et al. (2002). Sample processing was conducted by solid-phase microextraction. Briefly, 2.00 g of weighed sample was introduced into a 20 ml flat-bottomed headspace vial (Agilent Technologies). The extraction head (50/30 μm CAR/PDMS/DVB) was inserted into the headspace of the sample bottle, and extraction was carried out at 60°C for 30 min. After the adsorbed extraction head was removed, it was inserted into the gas chromatograph inlet and desorbed at 250°C for 3 min. Then volatile organic compounds were analyzed using a comprehensive two-dimensional gas-phase high-throughput high-resolution mass spectrometer (Pegasus GC-HRT 4D+, LECO, MI, United States) equipped with a capillary column (DB-WAX, 30 m × 0.25 × 0.25 μm) and using high-purity helium (99.999%) as the carrier gas. The oven temperature was set as follows: initial temperature 40°C for 3 min, 10°C/min to 230°C, and 230°C for 6 min. The flow rate of the carrier gas was 1 ml/min. The mass spectra conditions were as follows: electronic impact at 70 eV, emission current of 1 mA, and ion source temperature of 200°C. The C6–C26 normal alkanes were analyzed under the same chromatographic conditions as the samples, and the retention index of each substance was calculated using the instrument operating software. The content of odorant was expressed as the percentage of all volatile organic compounds.



Data Analysis

Data are presented as mean ± SD of individual measurement. The taste activity value (TAV) was determined as the ratio of a taste substance (i.e., free amino acids, succinic acid, and nucleotides and their related compounds) in a sample relative to its taste threshold. At TAV > 1, the taste-producing substance contributed to the taste of the sample; the larger was the value, the greater was the contribution, and vice versa (Bi et al., 2021).




RESULTS


Growth Performance and Proximate Composition

Growth-related traits, nutrient content, and mineral content of the two oyster species are shown in Table 1. Shell size, total weight, and soft weight were significantly larger in Portuguese oysters than in Kumamoto oysters (p < 0.05). Their condition index and dressing percentage were higher than those of Kumamoto oysters (p < 0.05). Glycogen content was much higher in Kumamoto oysters (21.8 ± 2.1%) compared to Portuguese oysters (13.7 ± 2.7%); whereas protein content (39.5 ± 2.3%) was lower than in Portuguese oysters (48.2 ± 1.6%). Moisture and lipid content were not significantly different between the two species.



TABLE 1. Production performance proximate composition and mineral content of Crassostrea sikamea and Crassostrea angulata in Xiangshan bay.
[image: Table1]

Ca (5416–9,437 mg/kg) was the most abundant mineral in flesh of C. angulata and C. sikamea, followed by Mg (2759–2,870 mg/kg). Generally, Kumamoto oysters contained more Ca than Portuguese oysters (p < 0.05); whereas Mg content did not differ significantly between the two species. Cu and Zn were also significantly higher in Kumamoto oysters (1,164 and 493 mg/kg) than in Portuguese oysters (881 and 402 mg/kg; p < 0.05). Fe content was not obviously different between the two species. Mn was much lower than other minerals for both species, and higher in Portuguese oysters (56 mg/kg) than Kumamoto oysters (28 mg/kg; p < 0.05).



Free Amino Acids

As shown in Table 2, the total amount of free amino acids was higher in Portuguese oysters (5759.2 mg/100 g) than in Kumamoto oysters (4393.3 mg/100 g; p > 0.05). Among the 18 free amino acids measured, taurine was the most abundant (2159–2,942 mg/100 g), followed by glutamic acid (473.6–725.9 mg/100 g), alanine (325.5–317.1 mg/100 g), glycine (261.7–527.0 mg/100 g), aspartic acid (238.4–259.2 mg/100 g), and proline (201–292 mg/100 g). However, no significant difference in the content of umami amino acids (sum of aspartic acid and glutamic acid) was observed between the two species (Figure 1A). The content of sweet-flavored amino acids (sum of serine, alanine, and glycine) was significantly higher in Portuguese oysters (895 mg/100 g) than in Kumamoto oysters (624 mg/100 g; Figure 1B). The content of the bitter-flavored arginine was also significantly higher in Portuguese oysters (257.6 mg/100 g) than in Kumamoto oysters (102.1 mg/100 g), but no significant difference in the total content of bitterness amino acids (sum of histidine, arginine, tyrosine, valine, methionine, isoleucine, leucine, and phenylalanine) was detected between the two species (Figure 1C).



TABLE 2. Free amino acids, succinic acid (SA), nucleotides and their related compounds content of C. sikamea and C. angulata in Xiangshan bay.
[image: Table2]
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FIGURE 1. Total of flavor amino acids content of C. sikamea and C. angulata in Xiangshan bay. (A) A total amount of umami amino acids (sum of aspartic acid and glutamic acid); (B) a total amount of sweetness amino acids (sum of serine, glycine, and alanine); (C) a total amount of bitterness amino acids (sum of histidine, arginine, tyrosine, valine, methionine, isoleucine, leucine, and phenylalanine). Data are the mean ± SD, n = 4. ∗p < 0.05 (Student’s t-test).




Succinic Acid and Flavor Nucleotide

Succinic acid content was higher in Kumamoto oysters (178 mg/100 g) than in Portuguese oysters (161 mg/100 g), although the difference was not significant. The nucleotide with the highest content was adenosine monophosphate (AMP), AMP was significantly more abundant in Portuguese oysters (216 mg/100 g) than in Kumamoto oysters (115 mg/100 g). No significant difference in GMP and IMP content between the two species was observed.



Volatile Organic Compound Composition

The relative content of the compounds obtained from different samples were shown in Table 3. A total of 210–270 odorants were detected; they included aldehydes, ketones, alcohols, and alkanes. The proportion and type of odor substances differed between the two species, and some odorants were not shared in all samples (data not shown). The most abundant volatile organic compounds in both species were 3,5-octadien-2-one (33.9–42.3%), (2E,4E)-hepta-2,4-dienal (8.6–12.6%), 1-penten-3-ol (6.1–6.2%), 2-nonanone (4.3–7.2%), 3-undecen-2-one (2.9–4.8%), 2-methyl-2-pentenal (2.1–2.4%), 1,5-octadien-3-ol (1.7–2.7), and 1-octen-3-ol (1%). The relative contents of 3,5-octadien-2-one, 6-octen-2-one, and 1,5-octadien-3-ol were significantly higher in Portuguese oysters than in Kumamoto oysters (p < 0.05). Instead, 2-nonanone, 3-undecen-2-one, and most of the detected aldehydes were more abundant in Kumamoto oysters (p < 0.05). Dimethyl sulfoxide was more abundant in Portuguese oysters.



TABLE 3. Volatile organic compounds content of Crassostrea sikamea and Crassostrea angulata in Xiangshan bay.
[image: Table3]




DISCUSSION


Growth Performance and Proximate Composition

Oysters are a popular type of seafood, known as “sea milk.” In this study, the growth performance and proximate composition of two oyster species, C. sikamea and C. angulata, cultivated in Xiangshan bay, China, were evaluated. Indeed, the small body size is a characteristic of Kumamoto oysters (Hedgecock et al., 1999; Melo et al., 2021). Protein, lipid, and glycogen contents of the two oyster species were comparable to those of other oyster varieties and glycogen content is believed to be related to oyster taste (Liu et al., 2020; Murata et al., 2020; Qin et al., 2020). A comparison of 31 domestic Crassostrea gigas strains revealed that oysters with a higher glycogen content were more often evaluated as “sweet” or “rich” (Murata et al., 2020). Although glycogen and lipid reserves are mobilized mainly to support gametogenesis (Berthelin et al., 2000), the difference in proximate nutrients between the two oyster species should not be caused by unsynchronized development of the gonads, as sampling took place in February, i.e., prior to gametogenesis. Link between higher glycogen content and better taste for oysters were found for oysters cultured in Alaska (Oliveira et al., 2006) and triploid oysters (Hong et al., 2002), thus, glycogen may contribute a lot to the special taste of Kumamoto oyster.

Oysters are good source of nutritionally important minerals although it maybe not related to oyster taste. Ca is an essential mineral for oyster and human bone health. Based on the present study, Ca content of the flesh was higher in Kumamoto oysters than in Portuguese oysters. It was also higher than in strains of Pacific oysters of different shell color (3940–5,160 mg/kg dry weight; Zhu et al., 2018) or those form two Japanese cultivation areas (2600–7,330 mg/kg dry weight; Futagawa et al., 2011). Mg content did not differ significantly between the two species measured in the present study [2759–2,870 mg/kg dry weight (425–433 mg/kg wet weight, content was converted to base on wet weight according to moisture content)]. Overall, it was higher than in rock oysters (Crassostrea nippona; 365 mg/kg wet weight) and Pacific oysters from Japan (334 mg/kg wet weight; Yuasa et al., 2018), but slightly lower than in Pacific oysters with differently colored shells (2920–3,710 mg/kg dry weight; Zhu et al., 2018). Cu and Zn were more abundant in Kumamoto oysters than in Portuguese oysters. Fe content (543–640 mg/kg dry weight) did not differ between oysters evaluated in the present study and commercial C. gigas populations (Zhu et al., 2018), but was higher than in Pacific oysters from two Japanese cultivation areas (220–373 mg/kg dry weight; Futagawa et al., 2011). The difference in mineral composition may be determined by seawater parameters and species and the higher Ca, Cu, and Zn content in Kumamoto oysters in this study may be species-specific and beneficial for its nutritional quality.



Free Amino Acids and Nucleotides

The concentration of free amino acids is believed to be closely related to oyster taste. In this study, the content of taurine and sweetness amino acids was significantly lower in Kumamoto oysters. Taurine was the most abundant free amino acid, followed by glutamic acid, glycine, alanine, and proline, which is consistent with previous reports on 31 domestic C. gigas strains in Japan (Murata et al., 2020) and other oyster species or strains (Yuasa et al., 2018; Lin et al., 2019). Glutamic acid is responsible for the umami taste and has a low taste threshold. The average TAV for glutamic acid was more than 2 in both oyster species, indicating that glutamic acid greatly contributed to the umami taste of oysters. The higher proline content detected in Kumamoto oysters and previously in five oyster species collected from the Chinese coast (Lin et al., 2019) may contribute to its unique taste. Succinic acid content in this study (24.8–26.9 mg/100 g wet weight) was comparable to that observed in rock oysters and Pacific oysters (20.3–21.8 mg/100 g wet weight; Yuasa et al., 2018). Free amino acids and flavoring nucleotides are the main source of umami taste in seafood (Lin et al., 2019; Bi et al., 2021). IMP, GMP, and AMP content did not reach the taste threshold value in this study and most other oyster species (Liu et al., 2013; Yuasa et al., 2018; Bi et al., 2021). However, a synergistic effect between them may significantly increase the umami taste. These results indicate that free amino acid and flavor nucleotides may not the source of special taste of Kumamoto oyster.



Volatile Organic Compounds

In this study, most volatile organic compounds were shared in both Kumamoto and Portuguese oysters. The most abundant compounds were ketones, followed by aldehydes and alcohols (Table 3), which reflected the characteristic odors of fresh oysters, such as cucumbers and mushrooms. In contrast, aldehydes appear to be dominant in oysters along the Chinese coast (Lin et al., 2019), and alcohols in European flat oysters and Pacific oysters (Pennarun et al., 2002; van Houcke et al., 2016). The type and proportion of volatile organic compounds vary greatly between different regions and species (Kawabe et al., 2019; Lin et al., 2019; Soares et al., 2020). Some of the compounds such as 3,5-octadien-2-one, which gives a fatty fruity odor, were detected previously (Pennarun et al., 2002), but were more abundant in the present study, and that is maybe the basal odor of two oyster species in the local bay. Other compounds included (2E,4E)-hepta-2,4-dienal, octanal, hexanal, and heptanal, which give a mushroom, moss, and green odor (van Houcke et al., 2016; Kawabe et al., 2019), 1-octen-3-ol, 1-penten-3-ol, and 1,5-octadien-3-ol, which give a fresh mushroom odor (van Houcke et al., 2016), and dimethyl sulfoxide, which gives an unpleasant smell (Lin et al., 2019) were also shared. The threshold for aldehydes was extremely low, while that for ketones and alcohols was somewhat higher. Previously results shown that 11 of the 16 key volatile components found in oysters sampled from 12 sites along the Chinese coast were aldehydes (Lin et al., 2019). Thus, the higher proportion of aldehydes may contribute to the special odor of Kumamoto oyster.

As mentioned, the nutrient composition varied among culture conditions (Pennarun et al., 2003; van Houcke et al., 2017; Bi et al., 2021), in this study, two oyster species from only one cultured sea area and one sampling time were analyzed and the results has limited representation. In follow-up study, Kumamoto oyster sampling at multiple sea areas and different months or seasons are necessary to compare whether the nutrients content are still higher of Kumamoto oysters detected in this study for better understanding the molecular basis of the its special taste.

To summarize, based on the present study, Kumamoto oysters are rich in glycogen, Ca, Zn, Cu, and aldehydes, of which glycogen content may contribute to their characteristic sweet taste, Ca, Zn, Cu contribute to its mineral nutritional value and aldehydes may represent the characteristic odors. However, free amino acid and flavor nucleotides may not the source of special taste of Kumamoto oyster. These results provide more data on the molecular basis underlying the unique taste of Kumamoto oysters and will help maximize the utilization of local oyster germplasm resources.
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Supplementary Figure 1 | The flesh color comparison of Crassostrea sikamea and Crassostrea angulata in Xiangshan bay and species identification by molecular method. (A) The yellow-green flesh of Kumamoto oyster (left) and white flesh of Portuguese oyster (right). (B) Lane 1–4, specific bands for Portuguese oyster around 750 bp, lane 6–9, specific bands for Portuguese oyster around 660 bp, and lane 5: DL2000 DNA marker with the brightest band (750 bp).



REFERENCES

 Banks, M., McGoldrick, D., Borgeson, W., and Hedgecock, D. (1994). Gametic incompatibility and genetic divergence of Pacific and Kumamoto oysters, Crassostrea gigas and C. sikamea. Mar. Biol. 121, 127–135. doi: 10.1007/BF00349481

 Berthelin, C., Kellner, K., and Mathieu, M. (2000). Storage metabolism in the Pacific oyster (Crassostrea gigas) in relation to summer mortalities and reproductive cycle (west coast of France). Comp. Biochem. Physiol. B Biochem. Mol. Biol. 125, 359–369. doi: 10.1016/S0305-0491(99)00187-X 

 Bi, S., Chen, L., Sun, Z., Wen, Y., Xue, Q., Xue, C., et al. (2021). Investigating influence of aquaculture seawater with different salinities on non-volatile taste-active compounds in Pacific oyster (Crassostrea gigas). J. Food Measur. Charact. 15, 2078–2087. doi: 10.1007/s11694-020-00807-4

 Dridi, S., Romdhane, M. S., and Elcafsi, M. H. (2007). Seasonal variation in weight and biochemical composition of the Pacific oyster, Crassostrea gigas in relation to the gametogenic cycle and environmental conditions of the Bizert lagoon, Tunisia. Aquaculture 263, 238–248. doi: 10.1016/j.aquaculture.2006.10.028

 Futagawa, K., Yoshie-Stark, Y., and Ogushi, M. (2011). Monthly variation of biochemical composition of Pacific oysters Crassostrea gigas from two main cultivation areas in Japan. Fish. Sci. 77, 687–696. doi: 10.1007/s12562-011-0364-5

 Hamaguchi, M., Shimabukuro, H., Kawane, M., and Hamaguchi, T. (2013). A new record of the Kumamoto oyster Crassostrea sikamea in the Seto Inland Sea. Mar. Biodivers. Records 6:e16. doi: 10.1017/S1755267212001297

 Hedgecock, D., Li, G., Banks, M., and Kain, Z. (1999). Occurrence of the Kumamoto oyster Crassostrea sikamea in the Ariake Sea, Japan. Mar. Biol. 133, 65–68. doi: 10.1007/s002270050443

 Hong, L., Xiaoxue, W., Bin, Z., Haiqing, T., Changhu, X., and Jiachao, X. (2002). Comparison of taste components between triploid and diploid oyster. J. Ocean Univ. China 1, 55–58. doi: 10.1007/s11802-002-0031-7

 In, V., O’Connor, W., Sang, V., Van, P., and Knibb, W. (2017). Resolution of the controversial relationship between Pacific and Portuguese oysters internationally and in Vietnam. Aquaculture 473, 389–399. doi: 10.1016/j.aquaculture.2017.03.004

 Kawabe, S., Murakami, H., Usui, M., and Miyasaki, T. (2019). Changes in volatile compounds of living Pacific oyster Crassostrea gigas during air-exposed storage. Fish. Sci. 85, 747–755. doi: 10.1007/s12562-019-01315-1

 Lin, H., Qin, X., Zhang, C., Huang, Y., Gao, J., Liu, L., et al. (2019). Comparative analysis of nutritional components and flavor characteristics of cultivated oyster from different coastal areas of China. South China Fish. Sci. 15, 110–120. doi: 10.12131/20180226

 Liu, S., Li, L., Wang, W., Li, B., and Zhang, G. (2020). Characterization, fluctuation and tissue differences in nutrient content in the Pacific oyster (Crassostrea gigas) in Qingdao, northern China. Aquac. Res. 51, 1353–1364. doi: 10.1111/are.14463

 Liu, S., Xue, Q., Xu, H., and Lin, Z. (2021). Identification of main oyster species and comparison of their genetic diversity in Zhejiang coast, south of Yangtze river estuary. Front. Mar. Sci. 8:662515. doi: 10.3389/fmars.2021.662515

 Liu, Y., Zhang, C., and Chen, S. (2013). Comparison of active non-volatile taste components in the viscera and adductor muscles of oyster (Ostrea rivularis Gould). Food Sci. Technol. Res. 19, 417–424. doi: 10.3136/fstr.19.417

 Melo, C., Divilov, K., Durland, E., Schoolfield, B., Davis, J., Carnegie, R., et al. (2021). Introduction and evaluation on the US west coast of a new strain (Midori) of Pacific oyster (Crassostrea gigas) collected from the Ariake Sea, southern Japan. Aquaculture 531:735970. doi: 10.1016/j.aquaculture.2020.735970

 Murata, Y., Touhata, K., and Miwa, R. (2020). Correlation of extractive components and body index with taste in oyster Crassostrea gigas brands. Fish. Sci. 86, 561–572. doi: 10.1007/s12562-020-01417-1

 Oliveira, A. C. M., Himelbloom, B., Crapo, C. A., Vorholt, C., Fong, Q., and RaLonde, R. (2006). Quality of alaskan maricultured oysters (Crassostrea gigas): a one-year survey. J. Food Sci. 71, C532–C543. doi: 10.1111/j.1750-3841.2006.00186.x

 Pennarun, A.-L., Prost, C., and Demaimay, M. (2002). Identification and origin of the character-impact compounds of raw oyster Crassostrea gigas. J. Sci. Food Agric. 82, 1652–1660. doi: 10.1002/jsfa.1236

 Pennarun, A.-L., Prost, C., Haure, J., and Demaimay, M. (2003). Comparison of two microalgal diets. 2. Influence on odorant composition and organoleptic qualities of raw oysters (Crassostrea gigas). J. Agric. Food Chem. 51, 2011–2018. doi: 10.1021/jf020549c 

 Pogoda, B., Buck, B. H., Saborowski, R., and Hagen, W. (2013). Biochemical and elemental composition of the offshore-cultivated oysters Ostrea edulis and Crassostrea gigas. Aquaculture 400, 53–60. doi: 10.1016/j.aquaculture.2013.02.031

 Qin, Y., Li, X., Noor, Z., Li, J., Zhou, Z., Ma, H., et al. (2020). A comparative analysis of the growth, survival and reproduction of Crassostrea hongkongensis, Crassostrea ariakensis, and their diploid and triploid hybrids. Aquaculture 520:734946. doi: 10.1016/j.aquaculture.2020.734946

 Qin, Y., Yuehuan, Z., Ma, H., Wu, X., Xiao, S., Li, J., et al. (2018). Comparison of the biochemical composition and nutritional quality between diploid and triploid Hong Kong oysters, Crassostrea hongkongensis. Front. Physiol. 9:1674. doi: 10.3389/fphys.2018.01674 

 Sekino, M. (2009). In search of the Kumamoto oyster Crassostrea sikamea (Amemiya, 1928) based on molecular markers: is the natural resource at stake? Fish. Sci. 75, 819–831. doi: 10.1007/s12562-009-0100-6

 Soares, L., Vieira, A., Fidler, F., Nandi, L. G., Monteiro, A., and Luccio, M. (2020). Volatile organic compounds profile obtained from processing steps of Pacific oysters (Crassostrea gigas) as perspective for food industry. J. Aquat. Food Prod. Technol. 29, 1–13. doi: 10.1080/10498850.2019.1708833

 van Houcke, J., Medina, I., Linssen, J., and Luten, J. (2016). Biochemical and volatile organic compound profile of European flat oyster (Ostrea edulis) and Pacific cupped oyster (Crassostrea gigas) cultivated in the eastern Scheldt and Lake Grevelingen, the Netherlands. Food Control 68, 200–207. doi: 10.1016/j.foodcont.2016.03.044

 van Houcke, J., Medina, I., Maehre, H., Cornet, J., Mireille, C., Linssen, J., et al. (2017). The effect of algae diets (Skeletonema costatum and Rhodomonas baltica) on the biochemical composition and sensory characteristics of Pacific cupped oysters (Crassostrea gigas) during land-based refinement. Food Res. Int. 100, 151–160. doi: 10.1016/j.foodres.2017.06.041 

 Wang, H., and Guo, X. (2008). Identification of Crassostrea ariakensis and related oysters by multiplex species-specific PCR. J. Shellfish Res. 27, 481–487. doi: 10.2983/0730-8000(2008)27[481:IOCAAR]2.0.CO;2

 Wang, H., Qian, L., Liu, X., Zhang, G., and Guo, X. (2010). Classification of a common cupped oyster from southern China. J. Shellfish Res. 29, 857–866. doi: 10.2983/035.029.0420

 Wang, H., Qian, L., Wang, A., and Guo, X. (2013). Occurrence and distribution of Crassostrea sikamea (Amemiya 1928) in China. J. Shellfish Res. 32, 439–446. doi: 10.2983/035.032.0224

 Wang, H., Zhang, G., Liu, X., and Guo, X. (2008). Classification of common oysters from North China. J. Shellfish Res. 27, 495–503. doi: 10.2983/0730-8000(2008)27[495:COCOFN]2.0.CO;2

 Xia, J., Yu, Z., and Kong, X. (2009). Identification of seven Crassostrea oysters from the South China Sea using PCR-RFLP analysis. J. Molluscan Stud. 75, 139–146. doi: 10.1093/mollus/eyp001

 Yuasa, M., Kawabeta, K., Eguchi, A., Abe, H., Yamashita, E., Koba, K., et al. (2018). Characterization of taste and micronutrient content of rock oysters (Crassostrea nippona) and Pacific oysters (Crassostrea gigas) in Japan. Int. J. Gastron. Food Sci. 13, 52–57. doi: 10.1016/j.ijgfs.2018.06.001

 Zhu, Y., Li, Q., Yu, H., and Kong, L. (2018). Biochemical composition and nutritional value of different shell color strains of Pacific oyster Crassostrea gigas. J. Ocean Univ. China 17, 897–904. doi: 10.1007/s11802-018-3550-6


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Liu, Xu, Jian, Xue and Lin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 25 August 2021
doi: 10.3389/fphys.2021.702864





[image: image]

The Marine Gastropod Crepidula fornicata Remains Resilient to Ocean Acidification Across Two Life History Stages

Christopher L. Reyes-Giler1, Brooke E. Benson1, Morgan Levy2, Xuqing Chen1, Anthony Pires3, Jan A. Pechenik2 and Sarah W. Davies1*

1Department of Biology, Boston University, Boston, MA, United States

2Department of Biology, Tufts University, Medford, MA, United States

3Department of Biology, Dickinson College, Carlisle, PA, United States

Edited by:
Xiaotong Wang, Ludong University, China

Reviewed by:
Roger P. Croll, Dalhousie University, Canada
Zongli Yao, East China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, China

*Correspondence: Sarah W. Davies, daviessw@bu.edu

Specialty section: This article was submitted to Aquatic Physiology, a section of the journal Frontiers in Physiology

Received: 30 April 2021
Accepted: 19 July 2021
Published: 25 August 2021

Citation: Reyes-Giler CL, Benson BE, Levy M, Chen X, Pires A, Pechenik JA and Davies SW (2021) The Marine Gastropod Crepidula fornicata Remains Resilient to Ocean Acidification Across Two Life History Stages. Front. Physiol. 12:702864. doi: 10.3389/fphys.2021.702864

Rising atmospheric CO2 reduces seawater pH causing ocean acidification (OA). Understanding how resilient marine organisms respond to OA may help predict how community dynamics will shift as CO2 continues rising. The common slipper shell snail Crepidula fornicata is a marine gastropod native to eastern North America that has been a successful invader along the western European coastline and elsewhere. It has also been previously shown to be resilient to global change stressors. To examine the mechanisms underlying C. fornicata’s resilience to OA, we conducted two controlled laboratory experiments. First, we examined several phenotypes and genome-wide gene expression of C. fornicata in response to pH treatments (7.5, 7.6, and 8.0) throughout the larval stage and then tested how conditions experienced as larvae influenced juvenile stages (i.e., carry-over effects). Second, we examined genome-wide gene expression patterns of C. fornicata larvae in response to acute (4, 10, 24, and 48 h) pH treatment (7.5 and 8.0). Both C. fornicata larvae and juveniles exhibited resilience to OA and their gene expression responses highlight the role of transcriptome plasticity in this resilience. Larvae did not exhibit reduced growth under OA until they were at least 8 days old. These phenotypic effects were preceded by broad transcriptomic changes, which likely served as an acclimation mechanism for combating reduced pH conditions frequently experienced in littoral zones. Larvae reared in reduced pH conditions also took longer to become competent to metamorphose. In addition, while juvenile sizes at metamorphosis reflected larval rearing pH conditions, no carry-over effects on juvenile growth rates were observed. Transcriptomic analyses suggest increased metabolism under OA, which may indicate compensation in reduced pH environments. Transcriptomic analyses through time suggest that these energetic burdens experienced under OA eventually dissipate, allowing C. fornicata to reduce metabolic demands and acclimate to reduced pH. Carry-over effects from larval OA conditions were observed in juveniles; however, these effects were larger for more severe OA conditions and larvae reared in those conditions also demonstrated less transcriptome elasticity. This study highlights the importance of assessing the effects of OA across life history stages and demonstrates how transcriptomic plasticity may allow highly resilient organisms, like C. fornicata, to acclimate to reduced pH environments.
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INTRODUCTION

Rising atmospheric carbon dioxide (CO2) concentrations, resulting from anthropogenic emissions, are causing substantial increases in the acidity of the world’s oceans (Bigg et al., 2003; IPCC, 2013). This process, known as ocean acidification (OA), involves carbonic acid formed by the hydrolysis of atmospheric CO2 in seawater dissociating into bicarbonate [HCO3–] and hydrogen ions [H+], lowering seawater pH (Orr et al., 2005). Average ocean pH has declined by 0.13 pH units since 1765 and is expected to decrease a further 0.3–0.4 pH units by 2100, corresponding to an atmospheric CO2 concentration of 800–1000 ppm (IPCC, 2001; Orr et al., 2005). The negative effects of OA on the phenology, recruitment, and community interactions of organisms across diverse geographical regions are expected to increase as climatic conditions continue to shift (Walther et al., 2002). Additionally, nearshore ecosystems (e.g., estuaries and intertidal zones), which are characterized by substantial daily fluctuations in salinity, temperature, and pH are likely to experience even greater negative impacts in the future (Diederich and Pechenik, 2013; Waldbusser and Salisbury, 2014; Baumann et al., 2015; Pacella et al., 2018).

The negative effects of OA on marine mollusk physiology have been well documented [Vargas et al., 2013; Dineshram et al., 2015; Waldbusser et al., 2016; Maboloc and Chan, 2017; reviewed in Strader et al. (2020)]. As acidity increases, excess H+ recombines with carbonate to form bicarbonate. This reduction in the availability of carbonate ions, which are required by mollusks and other calcifying organisms for shell formation, has consequences for growth, morphology, and ultimately survival (Orr et al., 2005; Talmage and Gobler, 2010). Additionally, OA can reduce fertilization success, compromise induced defenses, and impair immune function (Vargas et al., 2013). Although most species exhibit reduced fitness under elevated CO2 concentrations (Talmage and Gobler, 2010; Guo et al., 2015), sensitivity to acidification can vary between related species and even among different populations of the same species (Talmage and Gobler, 2010; Guo et al., 2015; Noisette et al., 2016; Griffiths et al., 2019). The molecular responses of mollusks to OA are also diverse and include signatures of metabolic depression [adult blue mussels (Hüning et al., 2013), adult pearl oysters (Pinctada fucata) (Li et al., 2016a,b), Atlantic slippers snail larvae (Kriefall et al., 2018)], differential expression of genes associated with calcification [Crassostrea gigas (De Wit et al., 2018), Heliconoides inflatus (Moya et al., 2016), adult pearl oysters (P. fucata) (Li et al., 2016a,b), blue mussels (Hüning et al., 2013)], and differential regulation of genes associated with the cellular stress response [Sydney rock oyster (Saccostrea glomerata) (Parker et al., 2011, 2012; Dove et al., 2013), C. gigas (Dineshram et al., 2016; De Wit et al., 2018), Antarctic pteropods (Johnson and Hofmann, 2017), Atlantic slippers snail larvae (Kriefall et al., 2018)]. While the physiological and molecular responses to OA have been widely studied (reviewed in Strader et al. (2020)], how these responses vary across life history stages remain less explored.

Native to the eastern coast of North America, the common slipper shell snail Crepidula fornicata has demonstrated resilience to most environmental stressors associated with climate change (Blanchard, 1997; Noisette et al., 2016; Kriefall et al., 2018). Adults of this species have been shown to tolerate elevated pCO2 (750 μatm) for >5 months and exhibit decreased calcification rates only under the extreme pCO2 of 1400 μatm (Noisette et al., 2016). However, the early life history stages may be more vulnerable to elevated CO2 (Talmage and Gobler, 2010; Guo et al., 2015). Noisette et al. (2014) showed that C. fornicata larvae reared at reduced pH exhibited reduced shell growth and reduced mineralization and also showed signs of shell abnormalities. In addition, while there was no consistent influence of pH on larval mortality within the range of pH 7.5–8.0, reduced pH negatively impacted larval and juvenile growth rates and delayed the onset of competence for metamorphosis (Kriefall et al., 2018; Bogan et al., 2019; Pechenik et al., 2019). Short- and long-term exposure of competent larvae to reduced pH (7.5 vs. 8.0), however, did not inhibit metamorphosis in response to a natural adult-derived cue (Pechenik et al., 2019). The physiological mechanisms underlying such resilience are not well understood.

Although these studies have shed light on how this resilient mollusk copes with OA, few studies have investigated how the impacts of OA may interact across life stages in marine mollusks, despite the complexities associated with life stage transitions (Talmage and Gobler, 2011; Ross et al., 2016; Bogan et al., 2019). Here, we investigate how exposure to OA in the larval stage may influence later life stages (i.e., latent effects or carry-over effects) by assessing the physiological and transcriptomic responses of C. fornicata larvae reared at three pH levels (pH 7.5, 7.6, and 8.0). After metamorphosis, juveniles were raised under control conditions (pH 8.0), and the influence of pH conditions experienced as larvae (i.e., carryover effects) on juvenile growth, patterns of gene expression, and transcriptome elasticity (i.e., return to control conditions) were examined. In addition, we determined how quickly these patterns of gene expression were affected by acute pH exposure, by comparing transcriptomic responses of larvae reared at pH 8.0 (control) and pH 7.5 after 4, 10, 24, and 48 h. We demonstrate gene expression plasticity across life stages in response to OA, potentially highlighting the mechanism underlying C. fornicata’s resilience and capacity for acclimation to drastically altered environmental conditions.



MATERIALS AND METHODS


Adult and Larval Collection

Brooding adults of C. fornicata were collected during their reproductive season in June and July 2017 from the intertidal zone in Totten Inlet, Thurston County, WA, United States and transported to the University of Washington’s Friday Harbor Laboratories (FHL) in Friday Harbor, WA. Stacks of approximately four to six adults were housed in separate, aerated 3-L glass jars containing 2 L of room temperature (∼ 23°C) unfiltered seawater, which was changed daily. Larvae hatched naturally within several days after adults were collected. Veligers were concentrated by gently siphoning the culture through a 150 μm sieve shortly after their release by the mothers. Veligers from each jar were released by a different female, and thus were considered to be separate broods. Each of the two experiments described in detail below was conducted independently on a single brood to test different questions and to control for maternal effects across broods.



Seawater pH Manipulation and Carbonate Chemistry

Larvae were cultured in the Ocean Acidification Environmental Laboratory at FHL. Incoming seawater was filtered to 1 μm and equilibrated overnight at 20°C by bubbling with mixtures of CO2 and CO2-free air delivered by Aalborg GFC17 mass-flow controllers to achieve pH levels of 7.5, 7.6, and 8.0 (Kriefall et al., 2018). Seawater pH was measured immediately before loading into culture jars and immediately before regular seawater changes with a Honeywell Durafet pH electrode calibrated to the total scale by the cresol purple spectrophotometric method described by Dickson et al. (2007). Headspaces of culture jars were continuously ventilated with the same gas mixtures used to condition the seawater pH treatments. Temperature and salinity were measured with a YSI Pro Series 1030 m. Seawater samples were fixed with mercuric chloride and titrated to determine total alkalinity (TA) using a Mettler DL15 automated titrator calibrated to certified reference materials (Dickson laboratory, Scripps Institution of Oceanography). pCO2 and aragonite saturation state (ΩAr) were estimated based on empirical measurements of pH and TA using CO2Sys 2.1 (Pierrot et al., 2006). Chemical and physical properties of larval culture seawater are given in Supplementary Tables 1, 2.



Experiment I: Larval Culturing and Growth Measurements

All experimental design details of Experiment I including sample sizes are depicted in Figure 1A. One hundred and fifty larvae from a single brood were randomly assigned to each of four replicate 800-mL jars per pH treatment (7.5, 7.6, or 8.0) and reared under treatment pH conditions for 12 days (d). Every 2 d, larvae were isolated by sieving and then transferred back into jars with freshly conditioned seawater. Larvae were fed 104 cells mL–1 of Isochrysis galbana (clone T-ISO) when cultures were started and at each water change, to promote maximal growth rates (Pechenik and Tyrell, 2015). Subsamples of approximately 15 larvae were collected from each replicate jar on days 4 and 8 and stored in RNA later (Thermo Fisher Scientific, Waltham, MA, United States) for gene expression profiling. It is also important to note that no larvae died in any of the three experimental treatments.
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FIGURE 1. Experimental design for Experiment I (A) and Experiment II (B), showcasing tank replicates within treatments and number of larvae/juvenile Crepidula fornicata measured for each trait at each timepoint (indicated with cubes).


Veliger larval growth rates were quantified according to three metrics: change in shell length (μm), proportion tissue weight relative to total weight, and change in total weight (ng). Random subsamples of 20 larvae from each experimental replicate (n = 80 larvae/treatment) were collected soon after hatching (day 0) and 4, 8, 11, and 12 days later to document shell length growth rates (μm/day). Larvae were non-destructively imaged using a Motic camera fitted to a Leica Wild M3C dissecting microscope and then returned to their culture container. Shell lengths were measured in ImageJ (Schneider et al., 2012). Growth rates were recorded cumulatively relative to initial measurements from day of hatching (day 0). At 4- and 8-d, 15 additional larvae per replicate were fixed in 20% buffered formalin before being transferred into pre-weighed aluminum cups to assess changes in shell and tissue weight. Samples were oven dried at 60°C for at least 6 h, weighed, and then placed into a muffler furnace at approximately 500°C for 6 h to oxidize all organic material, allowing for determinations of larval tissue weights and inorganic shell weights.



Induction and Measurement of Competence for Metamorphosis

Larval competence for metamorphosis was assayed on days 10 and 12 to estimate the impact of reduced pH on time to competence. In each experimental assay, 25 larvae per replicate (n = 100 larvae/treatment) were transferred to 8 mL of seawater that matched larval pH rearing conditions and were then exposed to 20 mM elevated KCl in seawater to induce metamorphosis (Pechenik and Gee, 1993). Metamorphosis was defined by the loss of the ciliated velum, and the proportion of metamorphosed larvae was assessed 6 h after induction. On day 12, all remaining larvae across all cultures were induced to metamorphose. No larvae died during metamorphosis.



Juvenile Culturing and Growth Measurements

Metamorphosed larvae (hereafter, “juveniles”) were maintained for an additional 4 d at ambient conditions (pH 7.9–8.0, salinity 29–30 ppt, temperature 22–23°C) on a diet of T-ISO at 18 × 104 cells/ml. Groups of 4–20 juveniles were subsampled for gene expression immediately following metamorphosis on day 11 or 13, approximately 24 h (1 day) after their respective induction trials, as well as 4-day post-metamorphosis (DPM), at 14- or 16-day. Collections were pooled across metamorphosis days (day 11, 13) such that all individuals at 1 DPM or 4 DPM were analyzed together regardless of actual age, in order to standardize time spent in the juvenile stage at the time of sampling. All samples were preserved in RNAlater (Thermo Fisher Scientific, Waltham, MA, United States). Mean juvenile shell length (μm) was quantified upon metamorphosis using Image J as described for larvae, and at 4 DPM using an ocular micrometer at 25 × magnification. These data were then used to calculate juvenile shell length growth rates (%/day) between 1 DPM and 4 DPM. No juvenile C. fornicata mortality was observed for juveniles that were reared in any of the experimental treatments as larvae.



Experiment II: Larval Culturing

All experimental design details of Experiment II including sample sizes are depicted in Figure 1B. Here, we conducted a second study to determine how quickly larvae respond to reduced pH at the molecular level. Culturing methods for this short-term (48-h) experiment were similar to those for larvae in Experiment I described above. Briefly, larvae were sourced from a separate brood from a single female and cultured for 2 day from hatching at pH 8.0 as described above (4 replicate cultures, 200 larvae/replicate). After 2 day, larvae from each culture were equally divided into 2 new culture jars containing freshly conditioned seawater at pH 7.5 or 8.0. Larvae were fed as described above, subsampled (approximately 25 larvae from each of the 4 replicates of each pH treatment, n = approximately 100 larvae/treatment) after 4, 10, 24, and 48 h, and stored in RNAlater (Thermo Fisher Scientific) for gene expression profiling. No phenotypic measurements were taken for this secondary acute OA Experiment II, however, no mortality was observed.



Statistical Analyses of Phenotypic Effects

To determine if significant differences in larval growth rates (change in shell length and proportion tissue weight) and larval shell lengths were observed between treatments over the course of the experiment, a one-way analysis of variance (ANOVA) followed by a Tukey’s Honest Significant Difference (HSD) test was performed for each time point independently. One-way ANOVAs were also used to compare rates of metamorphosis across treatments, average juvenile shell lengths, and shell length growth rates between 1 and 4 DPM. Again, Tukey’s HSD tests were used to test for differences between levels within pH treatment. Assumptions for all parametric models (normality and equal residuals) were assessed via diagnostic plots. All data visualization and analyses were implemented in R v. 3.5.1 (R Core Team, 2018).



RNA Isolation and Sequencing Preparation

In samples from Experiment I, RNA was isolated from a pool of approximately 15 individuals per replicate jar (n = 60 individuals/treatment) for larval gene expression (4- and 8-day) and approximately 4–20 individuals per replicate jar (n = 16–80 individuals/treatment) for juveniles (1 and 4 DPM). Total RNA was extracted from all samples using RNAqueous Total RNA Isolation Kit (Invitrogen, Waltham, MA, United States) per manufacturer’s instructions with the following modification: 0.5 mm glass beads (Sigma-Aldrich, St. Louis, MI, United States Z250465) were added to lysis buffer and samples were homogenized using a bead beater as per Kriefall et al. (2018). Trace DNA contamination was eliminated using DNase1 (Invitrogen, Waltham, MA, United States AM2222) and gel electrophoresis confirmed RNA integrity and the absence of trace DNA. Approximately 500 ng of DNased total RNA was used to prepare tag-based RNAseq libraries, excluding samples that failed to yield at least 10 ng of DNased total RNA (n = 13; 9 larval, 4 juvenile). Libraries were prepared following Meyer et al. (2011) with appropriate modifications for Illumina Hi-Seq sequencing (Dixon et al., 2015; Lohman et al., 2016). Prepared libraries (n = 35) were sequenced across two lanes of Illumina Hi-Seq 2500 (50 bp single-end dual-indexed reads) at the Tufts University Core Facility (TUCF). RNA was similarly isolated from larvae in Experiment II. Replicates constituted a pool of approximately 25 individuals per jar (n = 100 individuals/treatment), and libraries (n = 36) were prepared, as described previously, from 500 ng DNased RNA and sequenced separately from Experiment I across two Illumina Hi-Seq 2500 (50 bp single-end dual-indexed reads) lanes.



Transcriptome Assembly and Read Mapping

Our group had previously had success (i.e., Kriefall et al., 2018) mapping to the publicly available Crepidula fornicata transcriptome that was assembled using 454 sequencing data (Henry et al., 2010). Unfortunately, our libraries for these two experiments that were produced using the same TagSeq protocols used in Kriefall et al. (2018) resulted in poor mapping efficiencies to the previously published transcriptome. We therefore opted to assemble a novel C. fornicata transcriptome using all sequencing data from the current study. Data from all libraries were pooled, which yielded 533.8 million single-end reads. Fastx_toolkit trimmed Illumina TruSeq adapters and poly(A)+ tails, and reads were then quality filtered using fastq_quality_filter with the requirement that ≥80% of bases met a cutoff quality score of at least 20. These trimmed reads then served as input for RNAseq de novo assembly using Trinity (Grabherr et al., 2011) at the Shared Computing Cluster (SCC) at Boston University (BU). Ribosomal RNA contamination was identified as sequences exhibiting significant nucleotide similarity (BLASTN, e-value ≤ 1 × 10-8) to the SILVA LSU and SSU rRNAdatabases1 and these contigs were removed. Any contig >200 bp in length were annotated by BLAST sequence homology searches against UniProt and Swiss-Prot NCBI NR protein databases with an e-value cutoff of e–5 and annotated sequences were subsequently assigned to Gene Ontology (GO) categories (The UniProt Consortium, 2015). The transcriptome and its associated annotation files can be accessed at http://sites.bu.edu/davieslab/files/2019/05/Crepidula_fornicata _transcriptome_2019.zip.

As with the transcriptome, fastx_toolkit was used to remove Illumina TruSeq adapters and poly(A)+ tails from each individual sequence library. Short sequences (<20 bp) and low-quality sequences (quality score < 20) were also trimmed. A customized Perl script was used to remove PCR duplicates sharing the same degenerate header and transcript sequence2. Resulting quality-filtered reads were then mapped to the newly assembled C. fornicata transcriptome using Bowtie2.2.0 (Langmead and Salzberg, 2012) and a per-sample counts file was created using a custom Perl script. The script summed up reads for all genes and discarded reads that mapped to multiple genes. Mapped reads for Experiment I ranged from 199,558 to 1,557,855 per sample with mapping efficiencies ranging from 40.5 to 46.5% per sample (Supplementary Table 3), and reads for Experiment II ranged from 94,004 to 1,235,041 per sample with mapping efficiencies ranging from 40.7 to 46.2% per sample (Supplementary Table 4). It should be noted that these values exclude samples with low read counts, which were removed during downstream outlier analyses (Experiment I: larvae 8 day 7.6D and juveniles 1 DPM 7.5C and 4 DPM 8.0A; Experiment II: larvae 4 h 8.0B, 4 h 8.0D, 10 h 7.5D, 24 h 7.5B, and 24 h 7.5D) and one other sample that was removed as an outlier (Experiment I: juvenile 1 DPM 7.6C), which are detailed below.



Gene Expression Analyses

Raw count data were first tested for outliers using the package arrayQualityMetrics (Kauffmann et al., 2009), and any samples that failed two or more outlier detection methods and had relatively low read counts (<130,000 for Experiment I and <90,000 for Experiment II; n = 4 for Experiment I and n = 5 for Experiment II, Supplementary Tables 3, 4) were excluded from subsequent analyses. Differential gene expression analyses on raw count data with outliers removed were then performed with DESeq2 v. 1.22.2 (Love et al., 2014) in R v. 3.5.1 (R Core Team, 2018). Differentially expressed genes (DEGs, FDR: 0.05) between the reduced pH treatments (pH 7.5 and 7.6 in Experiment I and pH 7.5 in Experiment II) relative to the control (pH 8.0) were identified at each independent time point (4- and 8- days and 1 and 4 DPM in Experiment I and 4-, 10-, 24-, and 48-h in Experiment II) using generalized linear models (design = ∼ treatment) and p-values for the significance of these contrasts were generated using Wald statistics. These p-values were then adjusted using the false discovery rate method (Benjamini and Hochberg, 1995).

Data from raw counts files with outliers removed were r-log normalized and these data were then used as input for Principal Component Analyses (PCA) using the prcomp command to characterize overall differences in global gene expression across treatments and time points. Overall significance of constraints (day/hour, treatment) for each models were assessed using PERMANOVAs with the adonis function within the package vegan (Oksanen et al., 2016) with 999 permutations. To investigate magnitude of gene expression responses in juvenile C. fornicata, we compared the mean absolute value of overall log-fold change across all genes in the different larval treatments (pH 7.6 and 7.5) relative to control conditions (pH 8.0) and across the two timepoints (1 and 4 DPM) using ANOVA followed by Tukey’s HSD tests. Lastly, we compared the effect sizes within each pH treatment over time to quantify the degree of transcriptome elasticity (i.e., how quickly gene expression returned to baseline).

Gene ontology (GO) enrichment analyses were performed using Mann-Whitney U tests on ranked p-values (GO-MWU, Voolstra et al., 2011). GO enrichment was used to group together sets of genes as categories, based on their function, under the overarching divisions of “cellular component” (CC), “biological process” (BP), and “molecular function” (MF). Enrichment analyses allowed for a general overview of which categories were being differentially regulated under the reduced pH conditions. Negative logged p-values, used as a continuous measure of significance, were ranked and significantly enriched GO categories were identified. Results were plotted as dendrograms with hierarchical clustering of GO categories based on shared genes. Fonts and text colors were used to distinguish significance and direction of enrichment (up or down) for the regulated categories relative to pH 8.0. Gene annotation information, GO designation, raw mapped data counts, and DESeq2 and GO enrichment results for both experiments can be accessed as supplementary files at https://github.com/chrislreyes/Crepidula.



RESULTS


Effects of Reduced pH on Larval Growth, Metamorphosis, and Juvenile Shell Growth

All C. fornicata larvae and juveniles from Experiment I were reared throughout the experiment with no mortality. Larvae reared at pH 7.5 and 7.6 grew significantly slower than those reared at pH 8.0 over the course of 12 days, although shell length growth rates were not significantly different for the first 8 days (Figure 2A). By day 11, larval shell lengths were at least 30% higher for larvae reared at control pH relative to those reared at either of the reduced pH levels (F2,9 = 21.15; P < 0.001; Figure 2A). While larval tissue weight as a proportion of total weight (tissue weight/total weight) did not differ significantly between treatments at day 4, larvae reared at pH 8.0 had a significantly higher tissue weight proportion by day 8 relative to larvae reared at pH 7.5 or 7.6 (F2,7 = 6.0; P = 0.0304; Figure 2B). Larval metamorphosis was significantly affected by rearing pH: a significantly smaller percentage of larvae reared at pH 7.5 and 7.6 metamorphosed during both 6-h induction periods (10- and 12-day) relative to larvae reared at pH 8.0 (P < 0.003; Figure 3).
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FIGURE 2. (A) Cumulative shell length growth rate (μm/day) for larvae relative to initial (day 0) measurements at 4-, 8-, 11-, and 12-days. (B) Proportion of tissue weight relative to total weight on days 4 and 8. Error bars represent +/- one standard error and different letters for pH treatments indicate significantly different means based on Tukey’s HSD tests (P < 0.05).
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FIGURE 3. Proportion of larvae that metamorphosed after 6 h of induction with 20 mM elevated KCl at 10- and 11-days. Error bars represent +/- one standard error and different letters for pH treatments indicate significantly different means based on Tukey’s HSD tests (P < 0.05).


Juveniles reared at reduced pH as larvae had significantly smaller shell lengths at both 1 DPM and 4 DPM in comparison to juveniles reared at ambient pH as larvae (P < 0.001; Supplementary Figures 1B,C). However, these reduced juvenile shell lengths were due to reduced larval shell lengths observed from day 8 onward (Supplementary Figure 1A) and significant differences in juvenile shell length growth rates were not observed after multiple test correction (P = 0.0479; Tukey’s HSD > 0.05; Figure 4A).
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FIGURE 4. (A) Mean percent shell length growth rate (%/day) for juveniles between 1 DPM and 4 DPM that were raised in pH 7.5 and pH 7.6 as larvae and then placed in control conditions post settlement. Error bars represent +/- one standard error. Overall difference between pH treatments was significant (P = 0.049), however, no Tukey’s HSD test passed the 0.05 p-value cut-off suggesting no significant differences between any two levels of a factor. (B) Mean log-fold change (absolute values) across all isogroups in the different larval treatments (pH 7.6 and 7.5) relative to control conditions (pH 8.0) across the two timepoints (1 DPM and 4 DPM). Mean values are denoted with dashed lines and distances between means within each treatment represent transcriptome elasticity, which is our proxy for recovery. Principal coordinate analyses (PCA) of all r-log transformed isogroups in juveniles clustered by experimental treatment at 1 DPM (C) and 4 DPM (D). Overall responses of gene expression across pH treatments were found to be significant at 1 DPM, but no longer at 4 DPM. Colors indicate pH treatment condition: blue = pH 8.0, green = pH 7.6, and yellow = pH 7.5.




Transcriptomic Responses of Crepidula fornicata to Reduced pH

Differences in global gene expression in C. fornicata larvae were better explained by larval age (4-day vs. 8-day) than by pH treatment (Supplementary Figure 2B, Figure 5), although neither of these factors resulted in significant sample clustering. In contrast, larval pH treatment had a significant influence on juvenile snail gene expression at 1 DPM (p = 0.048); however, these differences were no longer significant at 4 DPM (Figures 4C,D), suggesting C. fornicata acclimation. Juvenile age had no overall effect on gene expression (Supplementary Figure 2C). While there were trends in global gene expression differences between pH treatments, numbers of differentially expressed genes (DEGs) were generally very low, especially in larvae. Relative to larvae reared at pH 8.0, larvae reared at pH 7.5 only downregulated a single gene at 8-d and no DEGs were detected for larvae reared at pH 7.6 at 4- or 8-days. Juveniles that had been reared as larvae at pH 7.5 differentially expressed 92 genes (65 upregulated; 27 downregulated) at 1 DPM and 210 genes (140 upregulated; 70 downregulated) at 4 DPM in comparison to juveniles that had been reared as larvae at pH 8.0, and juveniles that had been reared as larvae at pH 7.6 differentially expressed 23 genes (2 upregulated; 21 downregulated) at 1 DPM but only a single gene (upregulated) at 4 DPM. However, when we explored the differences in log-fold change across the different pH treatments and time point, we found that juveniles that were reared in pH 7.5 exhibited larger gene expression differences than those reared at pH 7.6 and this was observed at both time points (1 DPM, 4 DPM; Figure 4B). Lastly, when we compared the effect sizes within a treatment across timepoints (our proxy for transcriptome elasticity), we found that elasticity of juveniles reared at pH 7.6 was greater (0.112) than the elasticity of the juveniles reared at pH 7.5 (0.081), suggesting that those reared at pH 7.6 recovered at a faster rate.
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FIGURE 5. Principal coordinate analyses (PCA) of all r-log transformed isogroups in Crepidula fornicata larvae clustered by experimental treatment at 4 days (A) and 8 days (B) old. Overall responses of C. fornicata larval gene expression across pH treatments were found to be insignificant at both time points. Colors indicate pH treatment condition: blue = pH 8.0, green = pH 7.6, and yellow = pH 7.5.




GO Enrichment in Response to Reduced pH of Crepidula fornicata Larvae

In C. fornicata larvae, most GO enrichments were observed to be overrepresented under reduced pH treatments relative to pH 8.0 (red text), and there were consistently more GO enrichments detected in 4 day old larvae relative to 8 day old larvae (Figure 6 and Supplementary Figure 3). GO categories associated with ribosomal proteins (i.e., ribosomal subunit; GO:00443912, small ribosomal subunit; GO:00159354, structural constituent of the ribosome; GO:00037352) were consistently downregulated at 4- and 8-days in larvae reared under pH 7.5 in comparison to larvae reared at pH 8.0 (Figure 6) and in 4-days larvae reared under pH 7.6 (Supplementary Figure 3). GO categories associated with mitochondrial proteins (i.e., mitochondrial part; GO:00444292, respirasome; GO:00704692, and mitochondrial membrane; GO:0005743) were also found to be downregulated in 4-d larvae reared under pH 7.5 and in 4- and 8-days larvae reared under pH 7.6. In contrast, terms associated with cytoskeleton proteins (i.e., cytoskeleton; GO:00058562, cytoskeleton organization; GO:00070102, and regulation of cytoskeleton organization; GO:00514932) were consistently upregulated in 4- and 8-days larvae reared under pH 7.5 and in 4-days larvae reared under pH 7.6. Additionally, GO categories associated with oxidative stress responses (i.e., oxidoreductase activity; GO:00164912, oxidoreductase, acting on NAD(P)H; GO:00166512, and oxidation-reduction process; GO:00551142) were downregulated in 4-d larvae reared under pH 7.5 and in 4- and 8-d larvae reared under pH 7.6.
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FIGURE 6. Significantly enriched gene ontology (GO) categories for the pairwise comparison between pH 7.5 and 8.0 treatments for larvae and juveniles in Experiment I. Mann-Whitney U (MWU) tests were conducted based on ranking of signed log p-values and results were plotted as dendograms with an indication of genes shared between categories. Enrichment by (A–C) “cellular component,” “biological process,” and “molecular function” (columns) are shown for 4- and 8-days for larvae and for 1 DPM and 4 DPM (rows) for juveniles. Overrepresented categories relative to pH 8.0 are colored as red and underrepresented categories are colored as blue. A blank grid indicates that there were no significantly enriched categories for that division at that time point. Results for pH 7.6 and 8.0 can be found in Supplementary Figure 3.




Crepidula fornicata Juvenile GO Enrichment in Response to Larval Rearing at Reduced pH

In contrast to larval responses, most GO enrichments detected for juveniles derived from larvae reared at pH 7.6 were found to be largely underrepresented (blue text; Supplementary Figure 3) while those derived from larvae reared at pH 7.5 were under- and overrepresented (Figure 6). Juveniles derived from larvae from both reduced pH treatments showed enrichment of ribosomal protein GO categories at 1 DPM, whereas those derived from larvae reared at pH 7.6 exhibited the opposite pattern in those same categories at 4 DPM (Figure 6 and Supplementary Figure 3). Similarly, juveniles derived from larvae reared at pH 7.6 downregulated categories associated with the cytoskeleton at 1 DPM (i.e., polymeric cytoskeletal fiber; GO:0005874, microtubule-based process; GO:00070172, and microtubule-based movement; GO:00070182), yet juveniles derived from larvae reared at pH 7.5 exhibited enrichment of those same categories at 4 DPM (Figure 6 and Supplementary Figure 3). In contrast to larvae, juvenile C. fornicata derived from larvae reared at pH 7.5 upregulated mitochondrial proteins at 1 DPM. Juveniles derived from larvae reared at pH 7.6, however, downregulated these same GO terms at 4 DPM, again demonstrating the more dynamic responses of juveniles. Lastly, GO categories associated with oxidative stress responses were not differentially enriched at 1 DPM, but were downregulated at 4 DPM in juveniles derived from larvae reared at pH 7.5 only.



48-h Reduced pH Experiment: Short Term Larval Transcriptomic Responses and GO Enrichment

As observed for larvae in Experiment I, differences in global gene expression for larvae in Experiment II were better explained by larval age than by pH treatment (Supplementary Figure 2A). Relative to pH 8.0, larvae reared at pH 7.5 differentially expressed 2 genes (1 upregulated; 1 downregulated) at 4 h and 33 genes (18 upregulated; 15 downregulated) at 48 h (FDR-adjusted <0.1), while no genes were differentially expressed at 10 or 24 h. In larvae reared under pH 7.5, GO categories associated with ribosomal proteins were underrepresented at 4 h, overrepresented at 10 and 24 h and then underrepresented again at 48 h relative to larvae reared at pH 8.0 (Supplementary Figure 4). GO categories associated with mitochondrial proteins were overrepresented at 4 and 10 h and then underrepresented at 48 h in larvae reared under pH 7.5. Lastly, categories associated with oxidative stress responses were overrepresented at 10 h but these same categories were underrepresented at 48 h. Overall these responses suggest that larval C. fornicata exhibit initial transcriptomic responses to reduced pH, but these responses are reversed after 48 h in treatment, demonstrating the transcriptome plasticity of larval C. fornicata in response to acute reduced pH.



DISCUSSION


Low pH Reduced Larval Growth in Crepidula fornicata

Consistent with other studies investigating the effects of reduced pH on larval growth rates in C. fornicata (Kriefall et al., 2018; Bogan et al., 2019), we observed reduced shell and tissue growth rates for larvae reared at reduced pH. These reductions were not immediately apparent and only became evident after 8 days of exposure for tissue growth and after 11 days of exposure for shell length increases (Figure 2). These results are in line with previous studies on C. fornicata’s congener Crepidula onyx, which also did not exhibit immediate growth rate reductions and slower larval growth was only observed after 14 days of rearing at reduced pH (7.3 and 7.7; Maboloc and Chan, 2017). Reduced growth rates in response to lower pH levels have also been observed across diverse taxa, including coral and algae, whose growth were also negatively affected after 2 weeks of rearing at various elevated pCO2 treatments (55, 70, 100, and 210 Pa; Comeau et al., 2014). In contrast, no changes in shell length or development were found for embryos of the Olympia oyster Ostrea lurida after exposure to pH conditions as low as 7.4 (Waldbusser et al., 2016). It is worth noting, however, that these oyster embryos were only reared at reduced pH conditions for 5 days, so perhaps chronic conditions may have reduced growth. In our study, 8 days of continuous exposure to reduced pH was required before C. fornicata larvae exhibited detectable phenotypic responses. Clearly, the amount of time an organism spends under experimental treatment is a particularly important consideration when assessing an organism’s response to OA and these responses are likely to vary for organisms with different life history characteristics.

It has been previously suggested that reducing investment in calcification may minimize the energetic burden of living in reduced pH environments and serve as a potential mechanism of acclimation and resilience (Waldbusser et al., 2016). Indeed, the potential to acclimate to OA and maintain calcification rates has been proposed to be energetically costly (i.e., Cohen and McConnaughey, 2003). Previous work on larval sea urchins exposed to reduced pH found reduced growth coupled with increased metabolic rates (Stumpp et al., 2011). Davies et al. (2016) also demonstrated that reduced calcification rates in adult corals were coupled with increased expression of genes associated with metabolism. Similarly, Comeau et al. (2014) noted that rapidly calcifying corals were more sensitive to the impacts of OA than slow calcifiers. While we did not explore metabolic rates of C. fornicata, we propose that larval C. fornicata may alter their growth after experiencing prolonged reduced pH in order to minimize their energetic burden, which may explain the exceptional resilience of this species in response to a variety of stressors (Diederich and Pechenik, 2013; Noisette et al., 2016; Kriefall et al., 2018). Regardless, future work should explore these types of research questions across additional C. fornicata broods to confirm that the responses we observed here are conserved across genetic backgrounds.



Transcriptomic Effects Preceded Detectable Phenotypic Effects in Crepidula fornicata Larvae

Gene expression patterns of C. fornicata larvae under OA after 4- and 8-d suggested downregulation of genes associated with growth and metabolism, and these patterns preceded reductions in larval shell length that became evident at 11- and 12-days (Figure 2A). At 4-days, we observed downregulation of genes associated with mitochondria, ribosomal structures, and electron transport (Figure 6 and Supplementary Figure 3), which are pathways consistent with reduced growth and reduced respiration (De Wit et al., 2016). We also observed downregulation of genes associated with oxidation-reduction processes (Figure 6 and Supplementary Figure 3), which, in conjunction with downregulation of electron transport, may further reflect metabolic demands associated with OA. At 8-days, larval gene expression changes were not as pronounced, but reductions in ribosomal categories associated with growth were maintained. Despite these GO enrichments at 4- and 8-days, a significant overall transcriptomic effect of pH treatment was not detected (Figure 5). In addition, the changes in expression of genes associated with growth at 4- and 8-days did not manifest phenotypically until 11-days (Figure 2). Indeed, major gene expression changes have previously been found to precede phenotypic effects in corals under reduced pH (7.6–7.7) over the course of a 28-day experiment (Kaniewska et al., 2012). Overall, our results suggest that the expression of genes associated with metabolism and growth is influenced by OA and that these patterns of gene expression may be powerful predictors of downstream phenotypic changes.



Rearing at Reduced pH Delayed Competence for Metamorphosis

On days 11 and 12, lower proportions of larvae reared at pH 7.5 and 7.6 metamorphosed within 6 h of induction relative to larvae reared at control conditions (Figure 3), suggesting that OA delays the onset of metamorphic competence in C. fornicata. This result recapitulates findings from Kriefall et al. (2018) and Bogan et al. (2019), which found that larval C. fornicata exposed to reduced pH conditions took a significantly longer time to become competent to metamorphose. Delayed onset of metamorphic competence in response to reduced pH has been observed in a wide array of calcifying marine invertebrates, including Mercenaria mercenaria (hard clams), Argopecten irradians (bay scallops), and Crassostrea virginica (Eastern oysters) (Talmage and Gobler, 2009). More importantly, however, competent C. fornicata larvae exposed to reduced pH (7.5) were not inhibited from metamorphosing in response to a natural adult-derived cue (Pechenik et al., 2019). Thus, while reduced pH conditions may delay the onset of competence to metamorphose, they do not inhibit already competent larvae from undergoing metamorphosis, further exemplifying C. fornicata’s resilience to OA. Given that reduced pH delays the onset of competence, future work might assess whether reduced pH also impacts the length of time required to respond to cues for metamorphosis. Lengthening the time required for a response, like delaying the onset of competence to metamorphose, could increase the potential for predation by lengthening time spent in the water column and increasing risk of mortality (Ross et al., 2016). This additional time in the pelagic environment may also influence a species’ dispersal capacity and potentially lead to range expansion and invasion events, which have been widely observed in C. fornicata (Blanchard, 2009; Bohn et al., 2012).



Crepidula fornicata Exhibited no Carry-Over Effects on Juvenile Growth From Reduced pH Experienced as Larvae

The effects of OA have been shown to frequently transcend life history stages, with exposure at earlier stages influencing development and physiology at later stages (Hettinger et al., 2013; Ross et al., 2016; Bogan et al., 2019). Here, we observed smaller shell lengths for 1 DPM and 4 DPM juveniles that were reared as larvae under reduced pH (Supplementary Figures 1B,C). However, these reduced shell lengths were a direct consequence of reduced growth observed in larvae at 11- and 12-days (Supplementary Figure 1A) and no significant difference in rates of juvenile shell growth were observed, despite differences in larval rearing conditions (Figure 4A). Thus, in this experiment, larval pH treatment did not result in carry-over effects on growth for juveniles of C. fornicata that had been transferred to control conditions following metamorphosis. This result contrasts with those of Bogan et al. (2019), who found negative effects of similar larval pH treatments on the post-metamorphic growth of juvenile C. fornicata in three experiments conducted on two different populations across two different seasons. Similarly, Pechenik and Tyrell (2015) found variation between broods in the carry-over effects in juvenile growth resulting from larval nutrition quality. Despite such evidence for intraspecific variation in carry-over effects in C. fornicata, other studies investigating carry-over effects on growth in other molluscs have shown that these effects can persist for months post settlement. For example, Gobler and Talmage (2013) showed that juvenile Argopecten irradians (bay scallops) reared at elevated pCO2 (750 μatm) as larvae experienced reduced growth relative to juveniles reared at ambient pCO2 (390 μatm) as larvae and these carry-over effects did not dissipate for 10 months. Given the intraspecific variation in the expression of carry-over effects in C. fornicata, future studies should assess carry-over effects across multiple broods and profile the transcriptome of broods expressing carry-over effects and compare them to those of broods not expressing these effects in response to these same conditions.



Transcriptome Elasticity in Juvenile Crepidula fornicata Facilitated Recovery From Low pH Treatment Experienced as Larvae

Analyses of juvenile transcriptomic data at 1 and 4 DPM suggest that snails exposed to reduced pH as larvae maintain signatures of these OA impacts as juveniles, however, these impacts dissipate over time and recovery (i.e., transcriptome elasticity) is slower if more severe OA conditions were experienced (Figures 4B–D). The effect of OA treatment on overall gene expression patterns of juveniles at 1 DPM was significant (Figure 4C) and these patterns were associated with the enrichment of genes associated with mitochondria, ribosomal structures, and electron transport, which suggest increased growth, respiration, and metabolism (Figure 6, Supplementary Figure 3). These patterns are consistent with carryover effects from conditions experienced as larvae (i.e., juveniles are having to work harder to compensate for prior conditions). It has been suggested that some organisms have the ability to increase rates of their biological processes, including metabolism and growth, to compensate for increased seawater acidity (Wood et al., 2008; Gutowska et al., 2010; Lannig et al., 2010). This adaptation, however, comes at a cost and was found to be coupled with reductions in muscle mass in brittlestars (Wood et al., 2008) and a reduction in the incorporation of chitin in the cuttlebones of cephalopods (Gutowska et al., 2010). While we did not observe reduced growth rates in juvenile C. fornicata here, it is possible that increased growth and metabolism suggested by the gene expression profiles of juvenile C. fornicata similarly involved a phenotypic trade-off that was not quantified in the current study.

In contrast to juveniles at 1 DPM, juveniles at 4 DPM exhibited downregulation of genes associated with mitochondria, ribosomal structures, and oxidation-reduction processes, suggesting reduced energetic output. After upregulating genes at 1 DPM in response to pH conditions experienced as larvae, juveniles may downregulate these core pathways at 4 DPM in the absence of pH treatment in order to return to baseline expression levels, which is consistent with the reduced mean log-fold change in 4 DPM juveniles relative for 1 DPM juveniles for both pH treatments. Upregulation of genes associated with ciliary structures at 4 DPM suggests that juveniles may be increasing feeding activity upon recovery from pH conditions. Feeding rate is an important determinant of growth and survival; therefore, it would be an informative phenotype to quantify in future OA studies on C. fornicata. Overall, our findings suggest that within a period of 4 days, juvenile C. fornicata show evidence of transcriptome recovery (i.e., elasticity) from OA conditions experienced as larvae through acclimation and gene expression plasticity.



Crepidula fornicata Larvae Exhibited Transcriptomic Resilience in Response to Acute pH Treatment

Gene expression changes in response to environmental change can occur quickly (Evans and Hofmann, 2012) and monitoring these changes through time can allow for a more in-depth characterization of how stressors influence an organism across short time scales. To test the effects of acute reduced pH conditions, we assessed gene expression responses of C. fornicata larvae reared at reduced pH (7.5) relative to larvae reared at higher pH (8.0) over the course of 48 h. Larval transcriptomes responded rapidly to OA within the first 24-h, upregulating genes associated with mitochondria, ribosomal structures, and oxidation-reduction, suggestive of increased respiration, growth, and metabolism (Supplementary Figure 4). Regulation of these gene ontology terms have been consistently observed in the literature (reviewed in Strader et al., 2020). For example, Pan et al. (2015) found that Strongylocentrotus purpuratus urchin larvae under acidification (∼800 μatm pCO2) increased protein synthesis by approximately 50%. They determined that the majority of available ATP (84%) was accounted for in protein synthesis and ion transport alone, which is indicative of metabolic stress as most energy is directed toward making proteins and offsetting the effects of OA. Basal metabolism was similarly found to increase in the bivalve Laternula elliptica after exposure to reduced pH conditions (pH 7.78) over the course of 120 days (Cummings et al., 2011). Our results suggest that increases in expression of genes associated with metabolism and protein synthesis in C. fornicata larvae begin to occur at the onset of exposure to reduced pH and that this rapid response may play a role in the ability of the species to acclimate quickly to OA.

Indeed, we observed reduced overall transcriptomic responses and downregulation of the same terms that were upregulated within the first 24-h by 48-h, which indicates that larvae were able to acclimate and recover from acute OA treatment (Supplementary Figure 4). Although physiological measurements were not taken for these larvae, if reared for a longer duration, it is likely that larvae reared in reduced pH (7.5) would have exhibited reduced growth, consistent with Experiment I (Figure 2). Given that no previous study has assessed the transcriptomic effects of OA at hourly scales, these findings highlight the importance of the ephemeral transcriptional changes involved in acclimation to OA that may be overlooked in longer term experiments with coarser sampling resolution.



Crepidula fornicata Exhibit Resilience to Reduced pH Conditions Through Transcriptome Plasticity

Overall, our findings suggest that C. fornicata exhibit dynamic phenotypic and transcriptomic responses across both larval and juvenile life history stages in response to OA consistent with gene expression plasticity (Rivera et al., 2021). At the transcriptome level, larval gene expression patterns were suggestive of stress when the larvae were initially reared in reduced pH treatments (10-h), but these patterns were no longer detectable by 48-h (Supplementary Figure 4). Similarly, juveniles that were reared under OA conditions as larvae exhibited gene expression patterns consistent with stress at 1 DPM (Figure 6, Supplementary Figure 3). However, these carry-over effects from the larval stage dissipated by 4 DPM through transcriptome elasticity (Figure 4B). The ability of C. fornicata larvae and juveniles to acclimate to OA quickly sheds light onto the mechanisms underlying this species’ resilience, which likely results from its life spent in variable pH intertidal environments. Reduced larval growth at 11- and 12-days, which appears to be preceded by transcriptomic effects at 4- and 8-days, may be consistent with OA acclimation in C. fornicata. Reduced growth and metabolism may lessen the energetic burden under OA exposure and may provide clues into how these snails are able to exhibit such broad resilience. However, these reductions in shell growth may also be independent of biological control and simply result from the reduced efficacy of calcification in undersaturated seawater (Kapsenberg et al., 2018). Overall, our gene expression results in C. fornicata corroborate the findings of a recent review by Strader et al. (2020), which observed metabolic processes, calcification, and stress responses consistently regulated by marine metazoans in response to OA. However, we also acknowledge that while changes in gene expression patterns in this study tended to correlate with changes in phenotypes, previous work in oysters (Crassostrea gigas) has observed that some phenotypes (e.g., the rates of ion transport) could not be predicted from concurrent measurements of gene expression or enzyme activity (Pan et al., 2016). These sorts of findings suggest that future work should continue to include multiple sampling times of both gene expression and phenotype, which may lead to stronger links between genotype and phenotype, given that gene expression changes likely precede the phenotypic changes observed here. Also, the experiments conducted here were relatively acute stress treatments and C. fornicata responses are likely to be modulated by more chronic exposures. In addition, each of these experiments was conducted on only a single brood of C. fornicata and the genetic variation in these responses remains unexplored. Future work should incorporate larvae from more diverse genetic backgrounds to explore the extent of this variation. Lastly, in order to fully characterize the dynamic effects of OA on C. fornicata, further studies are needed to discern the influence of multiple stressors along with daily and seasonal environmental fluctuations across life history stages (e.g., Waldbusser and Salisbury, 2014; Rivest et al., 2017). Given that differences in growth and metabolic rates have been found for organisms exposed to static versus fluctuating pH treatments (Cornwall et al., 2013; Roleda et al., 2015; Britton et al., 2016; Mangan et al., 2017), we suggest that future work should examine the phenotypic and transcriptomic responses across different treatment durations and variable/static OA conditions.
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The scallop Argopecten purpuratus is an important resource for Chilean and Peruvian aquaculture. Seed availability from commercial hatcheries is critical due to recurrent massive mortalities associated with bacterial infections, especially during the veliger larval stage. The immune response plays a crucial role in counteracting the effects of such infections, but being energetically costly, it potentially competes with the physiological and morphological changes that occur during early development, which are equally expensive. Consequently, in this study, energy metabolism parameters at the individual and cellular levels, under routine-basal status and after the exposure to the pathogenic strain bacteria (Vibrio splendidus VPAP18), were evaluated during early ontogeny (trochophore, D-veliger, veliger, pediveliger, and early juveniles) of A. purpuratus. The parameters measured were as follows: (1) metabolic demand, determined as oxygen consumption rate and (2) ATP supplying capacity measured by key mitochondrial enzymes activities [citrate synthase (CS), electron transport system (ETS), and ETS/CS ratio, indicative of ATP supplying efficiency], mitochondrial membrane potential (ΔΨm), and mitochondrial density (ρm) using an in vivo image analysis. Data revealed that metabolic demand/capacity varies significantly throughout early development, with trochophores being the most efficient in terms of energy supplying capacity under basal conditions. ATP supplying efficiency decreased linearly with larval development, attaining its lowest level at the pediveliger stage, and increasing markedly in early juveniles. Veliger larvae at basal conditions were inefficient in terms of energy production vs. energy demand (with low ρm, ΔΨm, enzyme activities, and ETS:CS). Post-challenged results suggest that both trochophore and D-veliger would have the necessary energy to support the immune response. However, due to an immature immune system, the immunity of these stages would rely mainly on molecules of parental origin, as suggested by previous studies. On the other hand, post-challenged veliger maintained their metabolic demand but decreased their ATP supplying capacity, whereas pediveliger increased CS activity. Overall, results suggest that veliger larvae exhibit the lowest metabolic capacity to overcome a bacterial challenge, coinciding with previous works, showing a reduced capacity to express immune-related genes. This would result in a higher susceptibility to pathogen infection, potentially explaining the higher mortality rates occurring during A. purpuratus farming.

Keywords: respiration rate, energy metabolism, enzymatic activity, mitochondria, bacterial infection, bivalve larvae


INTRODUCTION

Early development is a sensitive and critical process in bivalve rearing and is thus often subject to large mortality rates (Nicolas et al., 1996; Balseiro et al., 2013). Massive mortalities in reared larvae and early juveniles have often been associated with the occurrence of bacterial infections (Dubert et al., 2017; Rojas et al., 2019). The immune response capacity plays a crucial role in counteracting the deleterious effects of such infections through the production of humoral immune-molecule (e.g., with recognition and microbicidal functions) and immune-cell (hemocytes) activities (e.g., chemotaxis, phagocytosis, and intracellular degradation of foreign material) [reviewed by Coyne (2011)]. These are energetically costly and potentially compete with the early developmental processes, which are equally expensive (Rodriguez et al., 1990; Garcia-Esquivel et al., 2001) due to the deep physiological and morphological changes they involve. These include, among others, shell formation, vellum loss, and all the necessary changes that allow the start of feeding through gill filtration (Bellolio et al., 1993). Therefore, a physiological tradeoff between these two processes may arise during early ontogeny. In order to evaluate this potential tradeoff, it is necessary to know the routine metabolic demands throughout early ontogeny and the cost of inducing the immune response in these stages.

Given that massive mortalities in hatcheries are recurrent during the larval period (Miranda et al., 2014), some studies have assessed the energetic metabolism in bivalve larvae, most commonly as the variation of energetic reserves (lipids, proteins, and carbohydrates; Whyte et al., 1987; Nevejan et al., 2003; Genard et al., 2011). In pectinids, studies addressing physiological changes during larval development are scarce, but some have focused on their effects on the energetic reserves, metabolic enzymes activity, and metabolic capacities (oxygen consumption rate) (MacDonald, 1988; Martínez et al., 1995). However, only a very few studies have evaluated the additional metabolic demands of counteracting pathogen infection during development. In oysters, it has been described that a bacterial infection triggering massive mortality events during larval development activates defenses and induces a decrease in certain parameters related to energy production, such as the activity of the mitochondrial enzyme citrate synthase (CS) (Genard et al., 2011).

The scallop Argopecten purpuratus is an important aquatic resource in the South American Pacific countries, especially for the Chilean and Peruvian aquaculture industries (FAO, 2018). The establishment and growth of this industry have been possible thanks to the production of early juveniles (seed) coming from either natural recruitment or from commercial farming. However, seed availability from the natural environment is still a critical point in the farming process, and the occurrence of disease outbreaks are increasingly frequent in commercial hatcheries (Merino et al., 2009), both together are a source of great economic loss (Riquelme et al., 1995; Rojas et al., 2015). Such massive mortalities most often occur during the veliger stage (Miranda et al., 2014), and have been related to infections caused mainly by the Vibrio bacteria (Garnier et al., 2007; Elston et al., 2008), namely Vibrio splendidus (Rojas et al., 2015, 2021), V. bivalvicida (Dubert et al., 2016; Rojas et al., 2019), and V. alginolyticus (Riquelme et al., 1996). Recently, the exposure of scallop larvae to a V. splendidus pathogenic strain (VPAP18) has been shown to induce an overexpression of immune-related genes covering different phases of immune response (sensing, signaling, and effectors), but only in late larval development stages of A. purpuratus (Rojas et al., 2021).

In the present study, two main questions were addressed: (i) Does the metabolic condition (associated with energy production and consumption) vary throughout early ontogeny in scallops? (ii) Are there differences in the metabolic energy demand between early stages of development when facing pathogenic bacteria? The latter could shed light on the metabolic cost of the immune response and the existence of a potential tradeoff between the energy demands inherent to each larval stage and their capability to fuel the immune response. To achieve these objectives, trochophore, D-veliger, veliger, pediveliger larvae, and early juveniles were considered both under “basal” conditions and in response to V. splendidus VPAP18 infection. An energy metabolic approach was used, which considered the following (1) metabolic demand/capacity at the organismic level, here the whole-animal oxygen consumption rate was measured, and (2) the cellular energy metabolism, with a purely mitochondrial focus. Mitochondria, being the main powerhouse in cells, provides an excellent view of the general energetic status. Thus, we measured CS activity (a key enzyme in the aerobic energy supply through the tricarboxylic acid cycle); electron transport system (ETS) activity (measure of the dehydrogenases and cytochromes that biochemically control cell respiration) (Maldonado et al., 2012); mitochondrial membrane potential (ΔΨm), an essential component in the process of energy storage during oxidative phosphorylation (Zorova et al., 2018); and mitochondrial density using in vivo imaging techniques. Studies on the energy metabolism during early ontogeny of commercially important bivalves and their metabolic capacity when facing a pathogenic bacterial challenge will shed light on the states that are energetically better or less prepared to cope with an infection (resistance/susceptibility), and thus optimize larvae rearing technologies or generate palliative strategies, for example through nutritional reinforcement.



MATERIALS AND METHODS


Larvae Rearing

Larvae were obtained from an induced spawn as described in Rojas et al. (2021). Briefly, 80 mature adults (7.0 ± 0.5 cm in shell height) of A. purpuratus were collected from a culture at Tongoy Bay (Coquimbo region, Chile). Organisms were maintained in a 1,000-L aquarium with running filtered (1 μm) seawater for 2 days in the Central Laboratory for Marine Culture from the Universidad Católica del Norte at Coquimbo. Spawning was induced by exposing mature scallops to a high concentration of microalgae (Isochrysis galbana clone T-iso + Chaetoceros calcitrans + Pavlova lutheri, 17 × 106 cell/ml). When the spawning began, the adults were separated to collect male and female gametes separately to avoid self-fertilization. Gametic products (oocytes from 65 individuals and sperms from another 15 individuals) were mixed in a ratio of seven to 10 sperms per oocyte, and the resulting eggs (~120 × 106) were kept in a 250-L cylindrical tank. After 48 h, larvae were transferred to a recirculating aquaculture system (RAS) as modified from Merino et al. (2009). The RAS consisted of 12 cylinder–conical tanks of 200 L filled with filtered (1 μm) and sterilized (UV) seawater, maintained at room temperature (17 ± 1°C) and continuous aeration. Larvae were maintained in these tanks at a density of 30 larvae per ml. The 48-h postfecundation larvae (hpf) were daily fed with a microalgal mix containing C. calcitrans and I. galbana clone T-iso ensuring to maintain a concentration of 20,000 cells per ml in the tank. Feed rations were adjusted every 2 days. When larvae reached the metamorphosis stage, about 20 days postfecundation (dpf), cylindrical nets were submerged in the RAS tanks to allow settlement. Early juveniles were obtained 10 days post-settlement.



Experimental Design and Bacterial Challenge

Half of the larvae used in this study were maintained undisturbed (for basal status assessments) whereas the other half were subjected to a bacterial challenge as in Rojas et al. (2021). The latter were exposed to the pathogenic strain of Vibrio splendidus (VPAP18), which was previously isolated from A. purpuratus larvae affected by a massive mortality event in a commercial hatchery in northern Chile (Rojas et al., 2015). This strain was cultivated in Tryptic Soy Broth (Difco) supplemented with 2% NaCl (Oxoid) medium at 22°C overnight in a mechanic shaker (100 rpm). The concentrated broth was diluted depending on the scallop larvae stage to infect. Trochophore (24 hpf) and D-veliger (48 hpf) stages were exposed to a bacterial dose of 90 colony forming units (cfu) per larvae. For veliger (8 dpf) and pediveliger (21 dpf) stages, 210 and 620 cfu per larvae were used, respectively. For early juvenile (31 dpf), a concentration of 3,500 cfu per individual was used. These were all sublethal infection doses, shown to be enough to trigger the immune response in A. purpuratus, based on the study from Rojas et al. (2021) and previous experiments, which considered the relative larval/juvenile volume and the larval/juvenile concentration per flask.

For every developmental stage, individuals were obtained from three randomly chosen tanks (out of the 12 set in place), pooled, and redistributed in experimental units for the bacterial challenge. The experimental units consisted of 1-L glass flasks. These were maintained, in all the cases, in a thermo-regulated bath at 17°C (hatchery rearing temperature), with a total of 16 units for each developmental stage and eight units per condition (undisturbed and challenged). Among these, six were used for the enzymatic analyses (i.e., CS and ETS) and the other two for in vivo measurements (oxygen consumption rate and confocal imaging analyses). Considering the timeline of the V. splendidus (VPAP18) infection course in A. purpuratus larvae (see Rojas et al., 2015), the experimental time for enzymatic analyses was 6 h, whereas for the rest of the analyses it was 2 h. The concentration of larvae per flask varied according to the developmental stage following the recommendations from Rojas et al. (2021), being 50,000 larvae/flask for trochophore and D-veliger stages, 35,000 larvae/flask for veliger, 25,000 larvae/flask for pediveliger, and 500 individuals/flask for early juveniles. In all the cases, the larvae were starved 24 h prior to the beginning of the experiment to avoid any possible influence on metabolic parameters. Once the experimental time was over, larvae were either used immediately for the in vivo determinations or concentrated by filtration (each flask represents one condition sample), centrifuged, and immediately frozen at −80°C for further (enzymatic) analyses.



Oxygen Consumption

Respiration rate (RR) in each larval stage and early juveniles was measured in individual wells of a glass microtiter plate (Mikroglas Chemtech, Mainz, Germany) equipped with oxygen sensor spots (OXSP5, PyroScience GmbH, Aachen, Germany), as in Rivera-Ingraham et al. (2016a). The number of individuals in each well varied according to each developmental stage and was roughly equivalent to the farming densities aforementioned. Each well was filled with experimental seawater (sterile seawater for controls and sterile seawater + bacteria for challenged) to its maximum capacity (100 μl) and sealed with a coverslip ensuring the absence of air bubbles. All measurements were carried out using two four-channel fiber-optic oxygen meters (FireSting, PyroScience GmbH, Aachen, Germany) at controlled room temperature (17 ± 0.5°C). All measurements started at near air saturation (>98%). The O2 concentration was measured every 60 s using the PyroOxygen Logger Software until O2 was completely consumed in each well. Eight measurements were recorded simultaneously, with four replicas for each treatment. Once the measurements were taken, the number of larvae in each well was quantified using a Sedgewick-Rafter chamber for posterior standardization. Blank measurements were equally carried out using sterile seawater and sterile seawater with bacteria (in the absence of animals) to obtain the background and microbial respiration. RRs were calculated through linear regression by plotting air saturation as a function of time and corrected using the blank values. Only the values ≥70% of saturation were considered to avoid any possible (differential) influence of hypoxia on the animals. RR was expressed as individual (nmol O2·h−1·ind−1) and mass-specific (nmol O2·h−1·mg AFDW−1) rates. Ash-free dry weight (AFDW) was determined using the height vs. mass regression reported for the bay scallop Argopecten irrandians (Lu et al., 1999), except for trochophore for which this information was not available.



Membrane Potential and Mitochondrial Density

The ρm and ΔΨm were quantified through in vivo confocal imaging after 2 h of bacterial exposure for every developmental stage, following the method explained by Rivera-Ingraham et al. (2016a). Briefly, in a cell-culture plate, undisturbed (control) and challenged larvae and early juveniles were aliquoted to be simultaneously stained with JC-10 and MitoTracker Deep Red 633 (MTK-DR) dyes. The JC-10 fluorophore (Enzo® Life Sciences ENZ-5230), diluted in DMSO, was added to each aliquot to obtain a final concentration of 5 μM. JC-10 (ex: 517 nm) accumulates in the mitochondria in form of green monomers (em: 410–546 nm) in cases of low ΔΨm, but forms orange–fluorescent aggregates (em: 585–700 nm) at higher ΔΨm. ΔΨm was calculated as the fluorescence intensity ratio between both green and orange emission channels. The MitoTracker Deep Red 633 (MTK-DR, Molecular Probes M-22426) fluorophore (ex: 644; em: 645–700 nm), diluted in DMSO, was also added for ρm estimation, given that this molecule becomes fluorescent once it accumulates in the lipid environment of mitochondria. Both fluorophores were simultaneously incubated in darkness for 30 min. About 10 min before the imaging analysis, animals were anesthetized with a solution of 7.16% MgCl2 ·6H2O in seawater (Pfannkuche and Thiel, 1988).

Samples were observed in a Zeiss LSM 800 confocal microscope (Carl Zeiss, Heidelberg, Germany) equipped with diode lasers. Visualization and imaging were carried out using a Plan-Neofluar 40×/1.3 Imm Korr objective. To ensure that we would, in all the cases, focus on the same Z range, the area of interest was established to be the mantle edge, in which the preliminary observations demonstrated to have the highest mitochondrial density. A minimum of five individuals were considered for every developmental stage and every condition (undisturbed and bacterial exposed). For each animal analyzed, this region was located using transmission light to avoid photobleaching. Then, three single pictures (512 × 512 pixels) were taken for JC-10 monomers, JC-10 aggregates, and MTK-DR, respectively. Pictures were taken in this order to reduce the impact of phototoxicity in the measurement of the most sensitive parameter measured (here ΔΨm).

The fluorescence was measured only in the mantle edge of each larva or juvenile considered, and in areas of highest, albeit not saturated, MTK-DR fluorescence. For each sample (individual larva), 10 regions of interest (ROIs) were considered. Every ROI consisted of a square of an approximate area of 0.5 μm2. For each ROI, three values were calculated: (a) the average fluorescence of MTK-DR, (b) the average orange fluorescence for JC-10 aggregates, and (c) the average green fluorescence of JC-10 monomers. The ρm for each larva was calculated as the average value of all 10 ROIs. The ΔΨm of a given ROI was calculated as the ratio between JC-10 aggregates and monomers, and the average of the 10 ROIs was considered as the value for a given sample. Then, the average ρm and ΔΨm for each developmental stage and treatment was calculated. Fluorescence quantifications were made using the software FIJI-ImageJ2 (Schindelin et al., 2012; Rueden et al., 2017) and the Bio-Formats plugin (Linkert et al., 2010).



CS and ETS Activity

Samples were weighted and homogenized on ice in a buffer containing 0.1% Tween 20, 2mM EDTA-Na2, 5mM EGTA, 150mM KCl, 1mM dithiothreitol, and 50 mM imidazole-HCl in a proportion of 1:5 W:V. The homogenates were centrifuged at 600 g for 10 min at 4°C, and the supernatant was immediately used for enzymatic assays.

An aliquot of the supernatant was used for determining CS activity, following the methodology described by Brokordt et al. (2000) for A. purpuratus. Briefly, the supernatant was diluted at a 1:3 ratio (V:V) in a reaction mixture containing 75 mmol·L−1 TRIS-HCl, 0.3 mmol·L−1 oxaloacetate, 0.1 mmol·L−1 DTNB (5,5-dithio-bis-2-nitrobenzoic acid), and 0.2 mmol·L−1 acetyl CoA. The enzymatic activity was measured using a spectrophotometer EPOCH (Biotek) at 412 nm (absorbance) at controlled room temperature (17°C). DTNB molar extinction used was 13.6 mM−1·cm−1. All assays were run in duplicate, and the specific activities were expressed in international units (IU) per mg of the wet mass.

The rest of the supernatant was used for determining the ETS activity, using the method proposed by Packard (1971) with minor modifications. This method estimates the maximum potential activity of the electron transporters in the respiratory chain at the mitochondrial level (Saavedra et al., 2016). An aliquot of the supernatant was diluted at a 1:10 ratio (V:V) in a buffer containing 7 mM TRIS, 5% polyvinylpyrrolidione (PVP), 153mM MgSO4, and 0.1% Tween 20. Enzyme activity was determined in a spectrophotometer EPOCH (Biotek) using a reaction mixture containing 75mM TRIS, 0.1% Tween 20, 1.7mM NADH, 250 μM NADPH, and 0.2% iodonitrotetrazolium (INT). Absorbance changes were measured at 490 nm. The molar extinction of INT used was 15.9 mM−1·cm−1. ETS activity was expressed in IU per mg of wet mass. In addition, ETS was also standardized by CS activity as a proxy of ATP production efficiency.

Results are presented as means ± standard errors of the mean (SE). Shapiro–Wilk's test was used to test normality whereas homoscedasticity was tested with the Fligner–Kileen test. Results meeting the requirements for parametric analyses (i.e., RR, CS, ΔΨm, and ρm) were evaluated by one-way ANOVA to evaluate differences among developmental stages at routine/basal levels. A two-way ANOVA was applied to compare the effect of the bacterial challenges on every parameter assessed among developmental stages. The ETS activity assumptions for which parametric analyses were not met, a non-parametric Kruskal–Wallis test was applied. In the case of ETS:CS ratio, a robust one-way ANOVA was applied (Mair and Wilcox, 2020). Tests were considered statistically different with P < 0.05. All statistical analyses were conducted using R version 3.6.1 (R Core Team, 2013) with the “agricolae” package (de Mendiburu and Yaseen, 2020). A robust test was made using the “WRS2” package (Mair and Wilcox, 2020).




RESULTS


Oxygen Consumption

Total and mass-specific RRs under routine conditions varied significantly among larval stages (Table 1), with values up to six to 20 times higher in D-larvae stage than in the other developmental stages (Figure 1). The factorial analysis (two-way ANOVA) showed that RRs were affected only by the developmental stage, and not by the bacterial challenge or the interaction between these factors (Table 2).


Table 1. One-Way ANOVA evaluating the effect of the developmental stage under basal conditions on respiration rates (RR), mitochondrial density (ρm), mitochondrial membrane potential (ΔΨm), citrate synthase activity (CS), electron transport chain activity (ETS), and ETS:CS ratio (robust ANOVA) throughout larval development and in early juveniles from the scallop Argopecten purpuratus.
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FIGURE 1. (A) Respiration rate per individual (nmol O2 ind−1· h−1) and (B) per mass (nmol O2·mg AFDW·h−1) throughout larval development and in early juveniles from the scallop Argopecten purpuratus. Different lowercase letters inside bars at the top of the graph indicate significant differences among developmental stages in basal conditions (P < 0.05). n = 4 pools per condition.



Table 2. Two-Way ANOVAs evaluating the effect of the developmental stage and the bacterial challenge on respiration rates (RR), mitochondrial density (ρm), mitochondrial membrane potential (ΔΨm), citrate synthase activity (CS), and ETS:CS ratio throughout larval development and in early juveniles from the scallop Argopecten purpuratus.
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Mitochondrial Density and Membrane Potential

In vivo analysis of ρm in the edge of the mantle showed a significant variation throughout the early developmental stages of A. purpuratus under basal conditions (Table 1, Figures 2A, 3). Compared to the other larval stages, veliger larvae exhibited the lowest ρm at basal levels, followed by early juveniles. Trochophores and pediveligers showed the highest levels (Figures 2A, 3). Thus, under basal conditions, ρm across larval stages followed a clear U-shape pattern to later decrease in early juveniles. A cross effect between developmental stage and bacterial exposure was also found (Table 2). Interestingly, only veliger larvae increased their ρm as a response to the bacterial challenge, increasing by almost 8-fold. Early juveniles showed a similar tendency, although values did not reach statistical significance. Oppositely, the same bacterial challenge caused a 2-fold decrease in D-larvae ρm. The ΔΨm (JC-10 fluorescence ratio), also varied significantly along early development (Table 1, Figures 2B, 3), showing the highest basal values in D-larvae and pediveligers and the lowest in trochophores, veliger, and early juveniles. Statistically, a cross effect between developmental stage and bacterial challenge was found (Table 2). When exposed to a bacterial challenge, trochophore larvae increased their ΔΨm by almost three times. On the contrary, the same challenge caused pediveliger larvae to decrease their ΔΨm by the same amount (Figure 2B). The ΔΨm tended to decrease in veliger larvae exposed to the vibrio pathogen. D-veliger larvae and early juveniles did not vary their ΔΨm in response to the bacterial challenge, maintaining the high level observed under basal conditions in the case of D-veliger.


[image: Figure 2]
FIGURE 2. (A) Mitochondrial density (ρm) and (B) mitochondrial membrane potential (ΔΨm) throughout larval developmental stages and in early juveniles from the scallop Argopecten purpuratus. Here, ρm is expressed as relative fluorescence units (RFU) while ΔΨm is expressed as a JC-10 fluorescence intensity ratio (aggregate/red: monomer/green). Different lowercase letters inside bars at the top of each graph indicate significant differences among developmental stages in basal conditions (P < 0.05). Asterisks indicate significant differences between control and challenged groups (P < 0.05). n = 4 pools per condition.
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FIGURE 3. (A) Representative images obtained from in vivo analysis of the mitochondrial relative density (ρm) and mitochondrial membrane potential (ΔΨm) throughout larval development and in early juveniles of the scallop Argopecten purpuratus in basal (left) and Vibrio challenged (right) conditions. Here ρm is stained with MTK-DR dye marked in red while ΔΨm is stained with JC10 dye, monomers are marked in orange and green, the rightmost column is the image resulting from merging JC-10 orange and green channels. Scale bar measure is 160μm. (B) Details of the representative image obtained from in vivo analysis of the ρm in pediveliger undisturbed larvae. Scale bar measure is 40μm. Ma, Mantle; M, Mouth; DG, Digestive gland.




CS Activity

Citrate synthase activity varied during the early ontogeny of the scallop A. purpuratus, showing a “U” shape pattern during larval development, and later decreasing in the early juveniles (Table 1, Figure 4A). Under basal conditions, the lowest CS activity among larval stages was shown by both D-veliger and veliger, respectively, but early juveniles presented lower CS activities than any of the larval stages. A significant cross effect between developmental stage and bacterial exposure was found (Table 2). In trochophore and pediveliger stages, CS activity increased in response to the bacterial exposure; conversely, the same challenge decreased CS activities during the D-veliger and veliger stages.
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FIGURE 4. (A) CS, (B) ETS activity, and (C) ETS:CS ratio throughout larval development and in early juveniles from the scallop Argopecten purpuratus. Different lowercase letters inside bars at the top of the graph indicate significant differences among basal developmental stages (P < 0.05). Asterisks indicate significant differences between control and challenged groups (P < 0.05). n = 6 per condition.




ETS Activity and Energy Production Efficiency

Electron transport system activity varied throughout the early ontogeny of the scallop A. purpuratus (Table 1, Figure 4B). Trochophore, D-veliger, and early juveniles presented the greatest ETS values. Contrarily, veliger and pediveliger larvae showed the lowest ETS activities, these being on average 50% lower than the other stages. Vibrio exposure caused a significant increase in the ETS activity in trochophore larvae, but it did not affect the values of any of the other developmental stages (P = 7.86 × 10−6, Df = 9, X2 = 39.19, Figure 4B).

The ETS:CS ratio (Figure 4C) was here used as an indication of ATP supplying efficiency by mitochondria. The analysis showed that this ratio varied among larval stages and in the early juveniles [F(4, 25.4) = 19.22, P = 0.000, Explanatory measure of effect size: 0.7]. In this regard, the results showed that at basal levels, both veliger and pediveliger larvae presented the lowest energetic activity compared with the other larval stages and early juveniles. No statistically significant effect of the bacterial exposure was found (Table 2).




DISCUSSION

The ability to initiate defense against pathogens in bivalve early ontogeny is highly dependent on the adequate energy allocation between immune response and other critical processes like those associated with development (Bassim et al., 2014). Considering this, and the economic losses caused by Vibrio outbreaks, we investigated from an organism and cellular perspective development-associated metabolic changes and how infection by the pathogenic strain of V. splendidus (VPAP18) affects the energy metabolism (energy demand and energy supplying efficiency) throughout early ontogeny of the scallop A. purpuratus. Overall, our results showed that both the morphological changes associated with the development and pathogen exposure affected the energy metabolism of this scallop, with more persistent effects on the veliger larval stage. Interestingly, it is at this larval stage where massive mortalities have been more often reported for A. purpuratus (Miranda et al., 2014).


Metabolic Changes Through Early Ontogeny of Scallops

Although several studies have described the metabolic capacities and metabolic demands in adult scallops (Wang et al., 2012; Brokordt et al., 2015, 2019), such information is scarce for early developmental stages (larvae and juveniles). In the late 1980s and 90s, some studies described certain energetic aspects of scallop larvae, like filtration rate (energy uptake) and biochemical changes (MacDonald, 1988; Farías et al., 1998). However, energy metabolism parameters at the individual and cellular levels at such early stages have rarely been addressed (Wang and Zhang, 1995; Lu et al., 1999). In the present study, whole-animal metabolic demand was measured via RR under undisturbed (routine) conditions. Results indicate that D-veliger larvae consume eight to 20-fold (absolute and relative rates, respectively), more oxygen than any other larval stages analyzed. This may be because D-larvae, compared with more advanced stages, tend to swim continuously, beating cilia and clapping their newly formed valves. In this regard, it is reported that a great portion of metabolic energy is lost by larval activity [Reviewed by Sprung (1984)]. Both the swimming habits and the activity of the larvae mainly affected oxygen consumption rates, as was previously described for Mytilus edulis larvae (Sprung, 1984). The routine oxygen consumption rate reported for veliger A. irradians larvae (0.00135 ± 0.00052 μL O2 h−1·ind−1) is similar to what was observed in this study. In the Antarctic sea urchin, basal metabolic rates followed a similar pattern to the one described here (Marsh et al., 1999), where RRs started low, reached a maximum in pluteus larval stage, and then decreased during the later developmental stages, being determined not only by cell numbers but also by changes in specific biochemical activities. In older larvae, size-specific RRs may be lower due to the larger presence of different cell types presenting low metabolic activities (Marsh et al., 1999). It should also be noted, however, that during the D-veliger stage, larvae initiate all the morpho-anatomical changes for the development of their digestive system (Bellolio et al., 1993), all of which are energy-consuming processes. Furthermore, the fact that D-veliger larvae start relying on exogenous nutrition implies the beginning of a larger exposure and exchange with the external environment, and with all the interactions with potential pathogens that imply and require the setup of the (also energy-hungry) immune system, altogether explain the high RR recorded for this larval stage.

Aerobic eukaryotes synthesize ATP mainly by the oxidative phosphorylation (OxPhos) on the inner mitochondrial membrane, where the ΔΨm is the main proton motive force used by ATP synthase to produce ATP (see review by Kadenbach, 2003). Due to the profound effects, it has on ATP synthase activity, ΔΨm is thus strongly controlled in vivo. Under undisturbed (near-basal) conditions ΔΨm is generally maintained at low levels to stimulate the activity of OxPhos proton pumps and thus mitochondrial respiration, whereas higher levels have an inhibitory effect (reviewed by Kadenbach, 2003). Throughout A. purpuratus development, the basal ΔΨm showed a similar pattern to whole-animal (and the estimated relative) oxygen consumption, which may be indicative that the potential energy production capacity of mitochondria is proportional to the energy requirements during larval development. The ATP/ADP ratio is indeed known to control ΔΨm, with lower values (indicative of energy expense) stimulating the ATP synthase and respiration while resulting in decreased ΔΨm (Nicholls and Ferguson, 2002). But this control mechanism has been suggested to be switched off under stress conditions, causing a strong ΔΨm increase to maintain maximal rates of ATP synthesis during phases of high rates of ATP utilization and as a consequence of calcium-activated dephosphorylation of the cytochrome c oxidase (Robb-Gaspers et al., 1998a,b). This could explain the high basal ΔΨm recorded for D-veliger larvae, which was accompanied by the high RR, suggestive that during this stage, larvae are under stressful conditions with the beginning of the exogenous nutrition and the first deep interactions with the external environment. Although mitochondrial density was low at this larval stage, these would be efficient in their ATP supplying capacity, as indicated by the high ETS activity and ETS/CS ratio, in comparison with the other stages. In veliger larvae, the subsequent stage, absolute RR significantly decreased, but in terms of mass-specific RR, it was 5- and 20-fold higher than the pediveliger and juvenile RR, respectively. However, no differences were observed for ΔΨm among these stages. Also, the ETS activity and ETS/CS ratio were low for the veliger larvae, which in addition to the lowest mitochondrial density, are suggestive of a reduced energetic supplying capacity during this development stage.

The aerobic capacity of energy production, measured as the CS enzyme activity (key in regulating the TCA cycle), at the basal level, showed a “U” shape pattern throughout the larval development of A. purpuratus, with trochophore and pediveliger stages showing the greater CS activity. A similar pattern was previously described for Drosophila melanogaster by Merkey et al. (2011), who explained that this may be due to changes in the quantity of potentially active aerobic tissue. Also consistent with our results, previous works on oysters show that CS activity is lower in the D-veliger stage, reaches its maximal levels during the pre-metamorphic stage, and later decreases in early juveniles (Genard et al., 2011). CS activity values are often used as a proxy for mitochondrial number or density (ρm), hence confirming the live-imaging results with MTK-DR at whole-organism (larvae) level, which followed the same U shape pattern. It is however interesting to highlight that the highest ρm values in trochophore and pediveliger larvae were located at the mantle edge while this pattern was not observed in the other larval stages or juveniles. This is to be expected if we consider that trochophore and pediveliger larvae present an area with abundant cilia (Bellolio et al., 1993) and that motile structures, like any other energy-consuming organelle, are associated with cuffs of mitochondria that ensure energy supply (Bereiter-Hahn and Vöth, 1994). This was for example reported by Rivera-Ingraham et al. (2016b), who found densely packed mitochondria associated with the cilial basal bodies of the ciliated epidermal cells compositing Mytilus edulis gills filaments. In this regard, MTK-DR live images show strong staining at the entrance of the mouth, indicating another area of full-packaged mitochondria in pediveliger larvae.

Overall, among the evaluated development stages of A. purpuratus, trochophore larvae were apparently the most efficient in terms of energy-supplying capacity under basal conditions, both at the TCA cycle, ETS activity, and ETS:CS ratio. This could be due to multiple biological processes such as cellular and metabolic processes, biological regulation, and organization and biogenesis that must be fulfilled in this larval stage, as has been demonstrated at the transcriptomic level in early larvae of the mussel M. edulis (Bassim et al., 2014). Interestingly, ATP supplying efficiency by mitochondria as indicated by ETS:CS ratio decreased linearly with larval development, attaining the lowest level at the premetamorphic pediveliger stage, and increasing markedly in early juveniles.

Altogether, all these data reveal that metabolic demand and metabolic capacity vary significantly throughout A. purpuratus early development. Herein, we evidence that veliger larvae compared with other developmental stages, are inefficient in terms of energy production vs. energy demand, as confirmed by the low mitochondrial density and low ΔΨm, along with fewer activity of key mitochondrial enzymes and ETS:CS ratio.



Metabolic Cost of Immune Response During Early Development

Immune response is an energetically expensive process because it implies the recruitment and activity of specialized cells (namely hemocytes in mollusks), and the production and action of specific molecules involved in sensing and opsonizing foreign particles as well as in antimicrobial functions. Although in adult scallops the immune response has been extensively investigated at both the cellular and humoral levels (Pérez et al., 2016; González et al., 2017; Brokordt et al., 2019), only few studies have addressed the immune response (using the expression of immune genes) in the larval phase (Yue et al., 2013a; Rojas et al., 2021) and one in early juveniles (postsettlement) (Rojas et al., 2021). These studies were, respectively, carried out in Chlamys farreri and A. purpuratus showing how immune responses are indeed developed since early ontogeny, although the induction of immune-related genes occurs later (pediveliger and early juvenile) in A. purpuratus than in C. farrerri (D-veliger and veliger). The present study constitutes, to the knowledge of the authors, the first evaluation of the metabolic cost induced by the exposure of a pathogenic bacterium in the different stages of the early development of A. purpuratus.

Respiration rates did not vary in the course of the first hours of bacterial exposure and followed the pattern of undisturbed larvae and early juveniles. Therefore, independent of the bacterial challenge, D-veliger maintained the highest RR (at individual and mass-specific levels), followed by veliger, pediveliger, and juveniles (at mass-specific levels). However, a clear and consistent induction of ATP supply was observed, but mainly in the postchallenged trochophore, as indicated by an increment of ΔΨm (by over 2-fold), CS activity, and ETS enzymes (and a tendency in ETS:CS ratio). These responses are expected under stress conditions (here a pathogen exposure), aiming to produce the energy required to fuel the necessary pathways to counteract the deleterious effects of such stresses (Kadenbach 2003). Interestingly, although post-challenged D-veliger maintained the highest energy demand (RR), mitochondrial density (as indicated by live imaging and CS activity) decreased markedly, but ΔΨm and ATP supplying efficiency (ETS:CS ratio) were as high as under the basal levels. These results suggest that both, trochophore and D-veliger would have the necessary energy to support immune response. On the other hand, post-challenged veliger maintained their RR, increased mitochondrial density, but decreased their CS activity, showing a tendency to decrease their ΔΨm and maintain a low ETS:CS ratio. Post-challenged pediveligers maintained the highest ρm, decreased ΔΨm markedly, and maintained the lowest ETS:CS ratio, but increased CS activity. These results suggest that both veliger and pediveliger (to a lesser extent) stages would have a limited energy supply to support immune responses. In general, early juveniles followed a distinct pattern, showing that the lowest RR that coincides with the lowest mitochondrial density (as indicated by live-imaging and CS activity) and ΔΨm, but one of the highest OxPhos rates and ATP-supplying efficiencies, which were maintained even after the bacterial exposure. These results suggest that early juveniles are a less energy-demanding stage at the basal level, are less perturbed by the presence of the bacteria, and would have a good capacity to energetically fuel the immune response.

The present findings are partially consistent with the expression pattern of immune genes observed in the same developmental stages of A. purpuratus (Rojas et al., 2021). This previous study showed that early juveniles overexpress a Toll-like receptor (ApTLR) in response to bacterial challenge. The latter also showed a similar overexpression of two antimicrobial effectors, a ferritin (Apfer1) and a big defensin antimicrobial peptide (ApBD1) in pediveliger and early juveniles. However, trochophore and D-veliger, which appear to be better prepared to support immune response in terms of energy supply, did not overexpress immune genes after Vibrio exposure (Rojas et al., 2021). Thus, the immune response would be likely limited by the level of maturation of the immune system in these early stages. However, parental transfer of some immune effectors has been suggested to occur, acting as protection during these early stages (Yue et al., 2013b; Jia et al., 2017; Rojas et al., 2021), but which would not be present in veliger larvae (Jia et al., 2017). It has been indeed suggested in the Mediterranean mussel (M. galloprovincialis) that veliger larvae have fewer differentially expressed genes than other larval stages, which would be associated with a lower energy expenditure for transcription and subsequent protein synthesis (Moreira et al., 2018). Moreover, present results suggest that the lack of induction of immune molecules after pathogen exposure might be limited by a low capacity to supply the necessary energy. This would potentially explain why pathogenic outbreaks occur (or affect) more often during the veliger larval stage (Miranda et al., 2014). We thus suggest that a potential energetic compromise between the morpho-anatomical changes and the immune response capacity exists during this larval stage, but a more in-depth study would be necessary to elucidate this tradeoff.



Conclusion

The traditional farming methods of the scallop A. purpuratus involves the daily handling of the larvae and their confinement in small volumes while the tank cleaning tasks are carried out, which generates a potential handling stress in the larvae (Pérez et al., 2016) and could increase their susceptibility to pathogen attack. This point is especially relevant now that all evidence collected in the frame of the present study allows us to infer that the veliger stage would have lower energy efficiency along with the incapacity to express immune-related genes (Rojas et al., 2021). This would explain why this larval stage shows the highest mortality rates in commercial crops (i.e., between 5 and 7 days of farming). With these results, we propose that technical improvements in farming, that is, considering engineering or administration of immunomodulators, should aim to overpass this critical point aiming to improve the energy condition of the veliger larvae so that they may achieve a higher settlement index and a lower vulnerability to pathogen infections.
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Giant clams are important ecosystem engineers of coral reefs because they harbor large quantities of phototrophic Symbiodiniaceae dinoflagellates of mainly genera Symbiodinium, Cladocopium, and Durusdinium. The coccoid dinoflagellates donate photosynthate and amino acids to the clam host, which in return needs to supply inorganic carbon and nitrogen to them. The host can conduct light-enhanced absorption of nitrate (NO3–), which can only be metabolized by the symbionts. This study aimed to clone nitrate transporter 2 (NRT2) from the symbionts of the fluted giant clam, Tridacna squamosa. Here, we report three major sequences of NRT2 derived from Symbiodinium (Symb-NRT2), Cladocopium (Clad-NRT2) and Durusdinium (Duru-NRT2). Phenogramic analysis and molecular characterization confirmed that these three sequences were NRT2s derived from dinoflagellates. Immunofluorescence microscopy localized NRT2 at the plasma membrane and cytoplasmic vesicles of the symbiotic dinoflagellates, indicating that it could partake in the uptake and transport of NO3–. Therefore, the transcript levels of Symb-NRT2, Clad-NRT2, and Duru-NRT2 could be used as molecular indicators to estimate the potential of NO3– transport in five organs of 13 T. squamosa individuals. The transcript levels of form II ribulose-1, 5-bisphosphate carboxylase/oxygenase (rbcII) of Symbiodinium (Symb-rbcII), Cladocopium (Clad-rbcII) and Durusdinium (Duru-rbcII) were also determined in order to calculate the transcript ratios of Symb-NRT2/Symb-rbcII, Clad-NRT2/Clad-rbcII, and Duru-NRT2/Duru-rbcII. These ratios expressed the potentials of NO3– transport with reference to the phototrophic potentials in a certain genus of coccoid dinoflagellate independent of its quantity. Results obtained indicate that Symbiodinium generally had a higher potential of NO3– transport than Cladocopium and Durusdinium at the genus level. Furthermore, some phylotypes (species) of Symbiodinium, particularly those in the colorful outer mantle, had very high Symb-NRT2/Symb-rbcII ratio (7–13), indicating that they specialized in NO3– uptake and nitrogen metabolism. Overall, our results indicate for the first time that different phylotypes of Symbiodiniaceae dinoflagellates could have dissimilar abilities to absorb and assimilate NO3–, alluding to their functional diversity at the genus and species levels.

Keywords: amino acids, coral reefs, photosynthate, Symbiodiniaceae dinoflagellates, symbiosis, zooxanthellae, Tridacna squamosa


INTRODUCTION

Giant clams (genera Tridacna and Hippopus) are members of reef ecosystems in the tropical Indo-Pacific. They generally live in symbiosis with three genera of phototrophic dinoflagellates (Symbiodinium, Cladocopium, and Durusdinium) belonging to family Symbiodiniaceae (LaJeunesse et al., 2004, 2018; Takabayashi et al., 2004; Hernawan, 2008), although giant clams of the French Polynesia may also contain Gerakladium (Pochon et al., 2019; Guibert et al., 2020). As animal-dinoflagellate associations, giant clams can flourish in nutrient-poor tropical waters where light is adequately available. The life cycle of Symbiodiniaceae dinoflagellates consists of a free-living flagellate stage and a symbiotic coccoid stage. Giant clams harbor the coccoid dinoflagellates (also called zooxanthellae) extracellularly inside a tubular system surrounded by hemolymph. These symbionts are found predominantly in the lumen of tertiary zooxanthellal tubules located in the colorful outer mantle, which can be extended beyond the edge of the shell-valve to receive irradiance needed by the symbionts for photosynthesis (Norton et al., 1992; Ip et al., 2017b). Photosynthesizing symbionts release a large portion of photosynthate to the host to support its energy and nutritional needs (Fisher et al., 1985; Klumpp et al., 1992). As a result, the host can conduct light-enhanced shell formation and grow to large sizes (Ip et al., 2017a; Rossbach et al., 2019; see Ip and Chew, 2021 for a review). In return, the host must supply the symbionts with inorganic carbon, phosphorus and nitrogen as they are separated from the ambient seawater.

Symbiodiniaceae dinoflagellates possess form II ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) (Rowan et al., 1996; Mayfield et al., 2014; Poo et al., 2020, 2021), and fix inorganic carbon through C3 photosynthesis (Streamer et al., 1993). Poo et al. (2021) used the transcript level of zooxanthellae-form II RuBisCO (Zoox-rbcII), which comprised rbcII of Symbiodinium (Symb-rbcII), Cladocopium (Clad-rbcII), and Durusdinium (Duru-rbcII), as a molecular indicator to examine the phototrophic potentials of five organs (colorful outer mantle, whitish inner mantle, foot muscle, hepatopancreas and ctenidium) in the fluted giant clam, Tridacna squamosa. They reported that the outer mantle of T. squamosa had a significantly higher transcript level of Zoox-rbcII, and hence a higher phototrophic potential, than the other four organs that are located inside the mantle cavity and shaded from direct irradiance (Poo et al., 2020). Subsequently, Poo et al. (2021) made a pioneering attempt to design three sets of genus-specific primers that could differentiate Symb-rbcII, Clad-rbcII, and Duru-rbcII with the aim of estimating the relative abundances of Symbiodinium, Cladocopium, and Durusdinium harbored by T. squamosa. They reported that Durusdinium was the dominant genus of Symbiodiniaceae dinoflagellates present in individuals of T. squamosa obtained from Vietnam (Poo et al., 2021). They also examined coccoid dinoflagellates freshly isolated from the outer mantle of T. squamosa, and demonstrated that Symb-rbcII, Clad-rbcII, and Duru-rbcII exhibited different responses to light at the transcriptional level (Poo et al., 2021). Thus, they suggested that similar methods could be applied to study other genes of physiological importance in order to elucidate the functional diversity of various phylotypes of Symbiodiniaceae dinoflagellates (Poo et al., 2021).

While inorganic carbon is needed for the production of carbohydrates through photosynthesis, nitrogen is crucial for the formation of amino acids, proteins and nucleic acids. For instance, nitrogen is a vital element for chlorophyll biosynthesis in phototrophic dinoflagellates (Bernhard, 2010). For coccoid dinoflagellates, they have to synthesize amino acids not only for themselves but also for the host, which requires a large supply of amino acids for the production of muscle proteins. The clam host needs muscles to retract the extended colorful outer mantle, to close the shell valves (adductor muscle) and to generate lateral movements (foot muscle). It has been reported that the muscle of T. squamosa contains essential amino acids (Liu et al., 2019) that cannot be synthesized by the clam host (Wang and Douglas, 1999). Yet, T. squamosa can live and grow in Millipore-filtered seawater with light as the sole energy source for more than 10 months (Fitt and Trench, 1981), implying that the host can obtain all their nutrients, including essential amino acids, from its phototrophic symbionts (Klumpp and Griffiths, 1994). However, coccoid dinoflagellates are nitrogen-deficient (Wilkerson and Trench, 1986) and do not have access to the ambient seawater. Therefore, the host must absorb exogenous ammonia (Fitt et al., 1993a), urea (Chan et al., 2018, 2019), and NO3– (Ip et al., 2020) to support nitrogen metabolism in the symbionts. This is unique among aquatic animals, which generally excrete ammonia as the major nitrogenous waste, often together with a small quantity of urea (Ip and Chew, 2010; Chew and Ip, 2014).

In seawater, dissolved inorganic nitrogen is present as NO3– and NH4+, while dissolved organic nitrogen is available as urea and amino acids. The concentration of NO3– in seawater (<500 μmol N 1–1) is much higher than those of NH4+ (2 μmol N 1–1) and urea (25 μmol N 1–1) (Collos and Berges, 2003). Although the environmental toxicity of NO3– is relatively low (Westin, 1974; Tomasso and Carmichael, 1986; Jensen, 1996), nitrite (NO2–) is toxic to most aquatic animals. Hence, unlike algae and plants, aquatic animals generally absorb little NO3– from the environment because the reduction of NO3– to NO2– inside their bodies can lead to NO2– poisoning (Camargo and Alonso, 2006). Instead, aquatic animals excrete small quantities of endogenous NO3– in order to avoid NO3– reduction and the resulting NO2– toxicity. By contrast, T. squamosa absorbs NO3– from the external seawater, and the rate of NO3– absorption is augmented by illumination (Ip et al., 2020). The ctenidium (gill) of T. squamosa expresses a homolog of SIALIN, which functions as an electrogenic H+:2NO3– cotransporter. SIALIN is localized at the apical membrane of the epithelial cells near the tips of ctenidial filaments to absorb exogenous NO3–. Furthermore, illumination leads to significant increases in the transcript level of SIALIN and the protein abundance of SIALIN in the ctenidium, indicating that it can play a role in light-enhanced NO3– absorption. As the clam host cannot assimilate NO3–, the NO3– absorbed through the ctenidium must be dedicated to the symbionts. Indeed, the addition of NO3– to the ambient seawater can increase the growth rate of the host and the density of its symbionts (Fitt et al., 1993b). Hence, coccoid dinoflagellates must be able to absorb NO3– from the luminal fluid of the zooxanthellal tubules through the plasma membrane. As NO3– is an anion that cannot permeate the hydrophobic phospholipid bilayer freely, its transport through the symbiont’s plasma membrane must involve certain types of membrane transporters or channels.

In algae and plants, the transport of NO3– across plasma membranes involves two types of nitrate transporters (NRTs), NRT1s and NRT2s (Dagenais-Bellefeuille and Morse, 2013, 2016), which co-transport NO3– and H+. NRT1s belong to the NRT1/peptide transporter (NPF) family, while NRT2s are members of the nitrate/nitrite porter family (NNP). Both NNP and NPF families are grouped under the major facilitator superfamily (MFS). NRT1s and NRT2s correspond to the earlier defined physiological categories of low- (Léran et al., 2014) and high-affinity (Orsel et al., 2002; Krapp et al., 2014) NO3– transporters, respectively (Crawford and Glass, 1998; Forde, 2000). The high-affinity systems typically operate in the range of 10 – 250 μM NO3–, while the low-affinity systems only become functional important above these concentrations. Free-living dinoflagellates can absorb NO3– from the ambient seawater (Paasche et al., 1984; Fan and Glibert, 2005; Leong et al., 2010), and they are known to express NRT2 (Dagenais-Bellefeuille and Morse, 2016; Pechkovskaya et al., 2020).

As the NO3– concentration in the extracellular fluid of the clam host needs to be low to avoid NO3– reduction leading to NO2– toxicity, it is logical to hypothesize that coccoid Symbiodiniaceae dinoflagellates would possess some types of high-affinity type NO3– transporter. Therefore, this study was undertaken to clone and sequence NRT2 from the symbionts residing in the outer mantle of T. squamosa. Due to the presence of various phylotypes (species) of Symbiodinium, Cladocopium, and Durusdinium, we had obtained multiple NRT2 sequences. However, only one major cDNA coding sequence of NRT2 for each genus of dinoflagellate was presented in this report. These three major sequences were named Symbiodinium-NRT2 (Symb-NRT2), Cladocopium-NRT2 (Clad-NRT2), and Durusdinium-NRT2 (Duru-NRT2). Their identities as NRT2 and origins from dinoflagellates were confirmed through molecular characterization and phenogramic analysis. An antibody that could bind comprehensively with NRT2 derived from all three genera of dinoflagellates, named zooxanthellae-NRT2 (Zoox-NRT2), was custom-made to confirm the localization of Zoox-NRT2 at the plasma membrane by immunofluorescence microscopy. In addition, we made a pioneering attempt to use the transcript levels of Symb-NRT2, Clad-NRT2, and Duru-NRT2 as molecular indicators to estimate the potential of NO3– transport in phylotypes of Symbiodinium, Cladocopium, and Durusdinium. Three sets of genus-specific quantitative real-time polymerase chain reaction (qPCR) primers were designed to determine the transcript levels of Symb-NRT2, Clad-NRT2, and Duru-NRT2 in five organs (colorful outer mantle, whitish inner mantle, foot muscle, ctenidium, and hepatopancreas) of T. squamosa. However, the transcript levels of these three NRT2s could vary considerably among individuals of T. squamosa as they naturally harbor different quantities and proportions of dinoflagellate phylotypes in various organs. To resolve this problem, we also determined the transcript levels of Symb-rbcII, Clad-rbcII, and Duru-rbcII based on the genus-specific qPCR primers designed by Poo et al. (2021). The aim was to calculate the ratios of Symb-NRT2/Symb-rbcII, Clad-NRT2/Clad-rbcII, and Duru-NRT2/Duru-rbcII for a specific organ of each T. squamosa individual, as these ratios could provide information on the potential of NO3– transport with reference to the phototrophic potential for each genus of dinoflagellate independent of its quantity in the tissue sample.

Giant clams are important ecosystem engineers of coral reefs because they harbor large quantities of coccoid Symbiodiniaceae dinoflagellates. They can expel intact and viable dinoflagellates that can repopulate bleached Symbiodiniaceae-bearing hosts including scleractinian corals (Morishima et al., 2019; Umeki et al., 2020). While giant clams are known to harbor multiple phylotypes of Symbiodiniaceae dinoflagellates, the physiological reasons behind it remain enigmatic. Results obtained from this study were expected to furnish novel information on whether different phylotypes of Symbiodinium, Cladocopium, and Durusdinium would have disparate potentials of NO3– transport, and hence different abilities to use NO3– as a substrate to produce essential nitrogenous compounds for themselves and the host. Such information may shed light on the divergent physiological roles of Symbiodiniaceae dinoflagellates at the genus or even the phylotype (species) level, and provide insights into their distinct contributions to the physiological needs of the giant clam-dinoflagellate holobiont.



MATERIALS AND METHODS


Giant Clam and Maintenance

Sixteen T. squamosa weighing 550 ± 150 g were imported directly from Vietnam through Xanh Tuoi Tropical Fish Co. Ltd. On arrival, the specimens were distributed into three tanks, each with a dimension of 92 cm (L) by 62 cm (W) by 62 cm (H) containing approximately 320 l of seawater at Salinity 30–32 and 26°C. Artificial seawater was prepared with Red Sea salt (Red Sea, Houston, TX, United States). The salinity and temperature of the seawater were monitored using a Pro30 conductivity meter (YSI Incorporated, Yellow Springs, OH, United States). The pH of the seawater was maintained at 8.2–8.4; the hardness at 143–179 ppm; the calcium content at 380–420 ppm; the phosphate content at <0.28 ppm; the total ammonia and NO3– contents at 0 ppm. Each tank was illuminated with two sets of four feet Aquazonic T5 lighting systems, and each system consisted of two white light tubes and two actinic blue light tubes. The underwater light intensity (photosynthetic photon flux density; PPFD) reaching the clams was ∼115 − 125 μmol photons m–2 s–1 (400−700 nm) as determined by a SKP 215 PAR Quantum sensor connected to the SKP 200 display meter (Skye Instruments Ltd, United Kingdom). This level of irradiance mimicked the light intensity received by T. squamosa in its natural habitat at a depth of ∼20 m (Jantzen et al., 2008). No food was supplied to the giant clams during the 1 month of acclimatization under a 12 h: 12 h dark: light regimen. Approval on the use of giant clams in this study was exempted by the Nanyang Technological University Institutional Animal Care and Use Committee.



Exposure to Light Conditions and Collection of Tissues

After 1 month of acclimatization, individuals of T. squamosa (n = 13) that had been exposed to light for 3 h were sampled randomly from the three tanks. Three hours of light exposure is chosen as giant clams are known to display light-enhanced phenomena, and the transcript levels of many transporters and enzymes could be enhanced after 3 – 6 h of illumination (see Ip and Chew, 2021 for a review). To minimize stress on the clams, they were anesthetized in 0.2% phenoxyethanol prior to tissue sampling. The shell valves were forced open to sever the adductor muscle. Samples of the outer mantle, inner mantle, foot muscle, hepatopancreas, and ctenidium (gill) were excised. Excised tissue samples were blotted dry, freeze-clamped in liquid nitrogen, and stored at −80°C until further processing. Separately, tissue samples of the outer mantle were collected from three other individuals of T. squamosa for immunofluorescence microscopy (n = 3). Excised outer mantle tissues were fixed in 3.7% paraformaldehyde prepared with seawater for 18 h at 4°C.



Total RNA Extraction and cDNA Synthesis

The total RNA of a tissue sample was extracted using TRI Reagent™ (Sigma-Aldrich Co., St Louis, MO, United States), and purified with a PureLink™ RNA Mini Kit (Thermo Fisher Scientific, Waltham, MA, United States). The concentration of the purified RNA was determined using a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE, United States), and the RNA integrity was checked by agarose gel electrophoresis. A RevertAid first strand cDNA synthesis kit (Thermo Fisher Scientific) was used to convert the purified RNA into cDNA.



Polymerase Chain Reaction, Cloning, and Rapid Amplification of cDNA Ends

The partial sequences of NRT2 from Symbiodinium, Cladocopium, and Durusdinium were obtained using a set of genus-comprehensive PCR primers (Forward: 5′-GCACT GTTCAGCAGAATCC-3′; Reverse: 5′-GGCTGTGAGTTGTC CACCA-3′) designed at the homologous regions of nine NRT2 sequences obtained from various dinoflagellate databases (Supplementary Table S1). The PCR reaction was performed using a 9902 Veriti 96-well thermal cycler (Thermo Fisher Scientific) with the cycling conditions: 94°C for 3 min, followed by 40 cycles of 94°C for 30 s, 57°C for 30 s, 72°C for 1.5 min and a final extension at 72°C for 10 min. The pGEM®-T Easy Vector system II (Promega, Madison, WI, United States) was used to clone the PCR products obtained. Sixty clones were picked randomly and sequenced. The partial sequences obtained were identified by comparing with NRT sequences available in multiple dinoflagellate databases. A major sequence of NRT2 was identified for each genus of Symbiodinium, Cladocopium, and Durusdinium. To obtain the full coding sequence of the major Symb-NRT2, Clad-NRT2 and Duru-NRT2, 5′ and 3′ Rapid Amplification of cDNA Ends (RACE)-PCR were performed using the SMARTer RACE cDNA amplification kit (Clontech Laboratories, Mountain View, CA, United States). Three sets of RACE primers were designed specifically for Symb-NRT2 (5′ RACE: 5′-AGCTGGAACTGCTGCACAGTCCGTGA-3′, 3′ RACE: 5′-TGTCATCACGGACTGTGCAGCAGTTCCA-3′), Clad-NRT2 (5′ RACE: 5′-GCAGTCCCACTCGCTAAAATGTCC-3′; 3′ RACE: 5′-ACTGCAATCCCGTGCCACAGGACATT-3′) and Duru-NRT2 (5′ RACE: 5′-GTGCAGTAGCATTGTT GGCGATATCGG-3′; 3′ RACE: 5′-TTGAAGTACAAGAA CATTTCCACGACGG-3′). The full coding sequences of Symb-NRT2, Clad-NRT2, and Duru-NRT2 were deposited into Genbank.



Amino Acid Sequences and Phenogramic Analysis

The ExPASy Proteomic server1 was used to deduce the amino acid sequences of Symb-NRT2, Clad-NRT2, and Duru-NRT2 from their respective nucleotide sequences. TMpred provided by Expasy2, was used to identify the transmembrane regions and pore lining amino acid residues. The identities of Symb-NRT2, Clad-NRT2 and Duru-NRT2 were confirmed by conducting a phenogramic analysis together with NRT2 sequences obtained from various databases. The phenogram was generated using Maximum Likelihood analysis using the program RaxML 8.2.5 (Stamatakis, 2014) with 2000 bootstraps. Using ModelGenerator v0.85 (Keane et al., 2006), the best-fitting evolutionary model for NRT2 was determined to be WAG + G + F (Whelan and Goldman, 2001).



Determination of the Transcript Levels by qPCR

Three sets of genus-specific qPCR primers, one each for Symb-NRT2 (forward: 5′-TGAAGACAGGTCTGGAGTA-3′; reverse: 5′-CGCATATGGGCTCTTCT-3′), Clad-NRT2 (forward: 5′-AGAATGATGATACCAATCCCAC-3′; reverse: 5′-CAAA CACAGTCCGCCAG-3′), and Duru-NRT2 (forward: 5′-GAAGTACAAGAACATTTCCACGAC-3′; reverse: 5′-AAAC GCACTTGGACAGCAC-3′) were designed by aligning Symb-NRT2, Clad-NRT2, and Duru-NRT2 with nine NRT2 sequences selected from various dinoflagellate databases (Supplementary Table S2). In order to verify the specificity of the designed Symb-NRT2 primer, Clad-NRT2 primer, and Duru-NRT2 primer, efforts were made to generate three different plasmid clones, each of which contained the insert of the amplicon region of Symb-NRT2, Clad-NRT2, or Duru-NRT2 following the method of Hiong et al. (2017). Then, qPCR was performed using these three plasmid clones as substrates to confirm that each set of genus-specific primers would only react with the plasmid containing the corresponding insert. The amplification efficiencies of the qPCR primers for Symb-NRT2, Clad-NRT2, and Duru-NRT2 were 102.4, 92.9, and 101.9%, respectively. Genus-specific qPCR primers designed by Poo et al. (2021) were adopted to quantify the transcript levels of Symb-rbcII, Clad-rbcII, and Duru-rbcII from T. squamosa. The amplification efficiencies of the primer set for Symb-rbcII, Clad-rbcII, and Duru-rbcII were 95.1, 95.1, and 112.0%, respectively.

qPCR was performed using a 96-well StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific). Each reaction, in a total volume of 10 μl, consisted of 5 μl of qPCRBIO SyGreen Mix Hi-ROX (PCR Biosystems Inc., Wayne, PA, United States), 0.3 μl of forward primer (10 μmol l–1), 0.3 μl of reverse primer (10 μmol l–1), and an appropriate amount of cDNA. The qPCR cycling conditions included a 20 s denaturation and enzyme activation at 95°C, followed with 40 cycles of 95°C for 3 s and a specific temperature for a certain gene for 30 s. The specific temperature that lasted 30 s for Symb-rbcII, Clad-rbcII, and Duru-rbcII were 58, 56, and 55°C, respectively. For Symb-NRT2, Clad-NRT2, and Duru-NRT2, the respective temperature used in the 40 cycles were 57, 60, and 60°C. The dissociation curve obtained after each run was analyzed to verify the homogeneity of the PCR product and the specificity of the PCR reaction. Three standard curves were constructed using the three different plasmid clones as standards for Symb-rbcII, Clad-rbcII, and Duru-rbcII. The transcript levels Symb-rbcII, Clad-rbcII, and Duru-rbcII in a sample were calculated based on these three standard curves and expressed as copies of transcripts per ng of total RNA.



Antibodies

A genus-comprehensive anti-Zoox-NRT2 antibody was custom-made by Genscript (Piscataway, NJ, United States) based on the epitope sequence of MADFKLKVDESNKA, which was selected from a highly conserved region of six NRT2 sequences retrieved from various dinoflagellate databases (Supplementary Table S3). This epitope sequence, corresponding to residues 1−14 of Symb-NRT2, Clad-NRT2, and Duru-NRT2 with similarity of 100, 71.4, and 78.6%, respectively. Thus, anti-Zoox-NRT2 could possibly bind with NRT2s of all phylotypes of Symbiodinium, Cladocopium, and Durusdinium.



Immunofluorescence Microscopy

The fixed outer mantle sample was dehydrated in ethanol and cleared using HistoChoice Clearing Agent (Sigma-Aldrich Co.) before embedding in Paraplast Plus (Sigma-Aldrich Co.). Sections of 5 μm was prepared using a Leica RM2125 RTS microtome (Leica, Wetzlar, Germany) and mounted on Menzel Gläser SuperFrost Plus Adhesion slides (Thermo Fisher Scientific). The deparaffinized section was treated with citraconic anhydrase (Nacalai Tesque, Kyoto, Japan) at 95°C for 5 min, followed with 1% SDS solution at 25°C for 10 min for the retrieval of antigen. The section was then washed with TPBS containing 0.2% Triton-X, 10 mmol l–1 Na2HPO4, 1.8 mmol l–1 KH2PO4, 137 mmol l–1 NaCl, and 1.8 mmol l–1 KCl at pH 7.4. To reduce autofluorescence, the section was treated with 0.1% Sudan Black B (Sigma-Aldrich Co.) in 70% ethanol for 10 min and washed three times with TPBS. Blocking was performed with 1% bovine serum albumin in TPBS at 25°C for 1 h. Thereafter, the section was incubated with the anti-Zoox-NRT2 antibody (2.5 μg ml–1 diluted with Signal Enhancer HIKARI Solution A obtained from Nacalai Tesque) at 25°C for 1 h and rinsed three times with TPBS. The section was incubated with 2.5 μg ml–1 of fluorochrome-coupled goat anti-rabbit gamma globulin diluted with Signal Enhancer HIKARI Solution A (Alexa Fluor 488; Thermo Fisher Scientific) for 1 h at 25°C. Finally, they were mounted in Prolong Gold antifade reagent (Thermo Fisher Scientific Inc.) for microscopy.

The mounted section was examined under a fluorescence microscope (Olympus BX43F; Olympus Corporation, Tokyo, Japan) and the images were acquired using an Olympus DP80 camera and the cellSens Imaging software (Olympus). Differential interference contrast microscopy (DIC) was applied to examine tissue structures and orientation. The red autofluorescence of the plastids of dinoflagellates was examined using the U-MWIG Interference Green Fluorescence Filter with an excitation wavelength of 520–550 nm. The green fluorescence resulting from the staining by the primary antibody and Alexa Fluor 488 was acquired using the Olympus U-WNIBA Blue Fluorescence Filter with an excitation wavelength of 470–490 nm. Overlaying of the images and adjustment of brightness were performed using Adobe Photoshop CC (Adobe Systems, CA, United States).



Data Analysis

Values were reported as means ± SEM unless otherwise stated. The non-parametric Friedman test of differences followed by the Wilcoxon Signed-Rank Test were applied for data expressed as percentages or ratios in Tables 4–8 and Figure 4. Differences obtained among means were considered statistically significant with p-values < 0.017 after Bonferroni adjustment. For Table 3, One-way Analysis of Variance (ANOVA) was used for comparison among the means of the transcript levels of the genus-specific NRT2 or those of genus-specific rbcII in a particular organ while Levene’s test was used to assess the homogeneity of the variance. This was followed by Dunnett’s T3 test as the variance was assumed not to be equal. On the other hand, the paired t-test was used to compare the means between the genus-specific NRT2 and the corresponding genus-specific rbcII in a particular organ in Table 3. The differences between the two means were regarded as significant when the p-value was <0.05. All comparisons were performed with the use of SPSS Statistics software v26 (IBM Corporation, Armonk, NY, United States).




RESULTS


Nucleotide Sequences, Translated Amino Acid Sequences, and Phenogramic Analysis

The complete cDNA coding sequences of Symb-NRT2, Clad NRT2, and Duru-NRT2 obtained from the outer mantle of T. squamosa comprised 1614, 1659, and 1635 bp, respectively. They have been deposited into GenBank with the respective accession numbers of MZ014639, MZ014640, and MZ014641. A comparison of these three NRT2 sequences with NRT2 contigs from multiple dinoflagellate databases revealed that Symb-NRT2 and Clad-NRT2 had the highest similarity (98.6%) to the NRT2 sequence of Symbiodinium tridacnidorum (ITS2 type A3; Shoguchi et al., 2018; 98.6%) and the NRT2 sequence of Cladocopium goreaui (ITS2 type C1; Davies et al., 2018; 99.5%), respectively (Table 1). For Duru-NRT2, it had the highest similarity to the NRT2 sequence of Durusdinium trenchii (ITS2 type D1a; Bellantuono et al., 2019; 99.3%; Table 1).


TABLE 1. A comparison of the nucleotide sequence of nitrate transporter 2 (NRT2) derived from Symbiodinium (Symb-NRT2), Cladocopium (Clad-NRT2), or Durusdinium (Duru-NRT2) of Tridacna squamosa with selected NRT2 contigs obtained from various symbiotic dinoflagellate databases, with information on the species/ITS2 type, database reference, contig number and the length of the sequence for comparison of selected NRT2 contigs.
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The deduced amino acid sequences of Symb-NRT2, Clad- NRT2 and Duru-NRT2 contained 538 (∼58.5 kDa), 553 (∼60.2 kDa), and 545 (∼59.4 kDa) residues, respectively. A multiple alignment of Symb-NRT2, Clad-NRT2, and Duru-NRT2 with other NRT sequences from Genbank demonstrated that they consisted of 12 predicted transmembrane regions (TMs), with an intracellular N-terminus and an intracellular C-terminus (TM 1−TM 12; Figure 1). They contained a conserved MFS motif (Forde, 2000) between TM 2 and TM 3 (G-x-x-x-D/N-R/K-x-G-R-R/K) (corresponding to amino acid residues 169–178 in Symb-NRT2, 166–175 in Clad-NRT2, and 170–179 in Duru-NRT2). Two nitrate signature motifs (Trueman et al., 1996; Unkles et al., 2004a,2012) were present in Symb-NRT2 (residues 229–249 and residues 456–476), Clad-NRT2 (residues 226–246 and residues 453–473), and Duru-NRT2 (residues 230–250 and residues 457–477). In addition, the putative substrate-binding site that could form hydrogen bonds with NO3– (Yan et al., 2013) was also present in Symb-NRT2, Clad-NRT2, and Duru-NRT2. This binding site consisted of two positively charged amino acid residues (corresponding to Arg-165 and Arg-382 in Symb-NRT2, Arg-162 and Arg-379 in Clad-NRT2, and Arg-166 and Arg-383 in Duru-NRT2) and two polar residues (corresponding to Asn-246 and Tyr-338 in Symb-NRT2, Asn-243 and Tyr-335 in Clad-NRT2, and Asn-247 and Tyr-339 in Duru-NRT2). The Glu residue involved in the symport of H+ and NO3– (Akhtar et al., 2015; Jacquot et al., 2017) was conserved (corresponding to Glu-345 in Symb-NRT2, Glu-342 in Clad-NRT2, and Glu-346 in Duru-NRT2), implying that Symb-NRT2, Clad-NRT2, and Duru-NRT2 could act as H+-dependent symporters.


[image: image]

FIGURE 1. Molecular characterization of the deduced amino acid sequences of nitrate transporter 2 from Symbiodinium (Symb-NRT2), Cladocopium (Clad-NRT2), and Durusdinium (Duru-NRT2) obtained from the outer mantle of Tridacna squamosa. Multiple alignment of Symb-NRT2 (MZ014639), Clad-NRT2 (MZ014640), and Duru-NRT2 (MZ014641) with Symbiodinium microadriaticum NRT2.5 (OLQ11495.1), Chlamydomonas reinhardtii NRT (XP_001694496.1), Aspergillus nidulans NrtA (AAA76713.1), and Arabidopsis thaliana NRT2.5 (NP_172754.1). Shaded residues indicate identical or similar amino acid residues. Asterisks denote identical amino acid residues, colons denote strongly similar amino acids, and periods denote weakly similar amino acids. The twelve predicted transmembrane regions (TM 1–TM 12) underlined in black were predicted using TMpred provided by ExPASy Bioinformatics Resource portal. Black boxes denote substrate-binding residues. Hydrophobic residues and polar residues that make up the gate at the substrate binding site are indicated with black triangles and black circles, respectively. The two nitrate signature regions, NS1 and NS2, are marked with red and blue boxes, respectively: [FYK]-X3-[ILQRK]-X-[GA]-X-[VASK]-X-[GASN]-[LIVFQ]-X1,2-G-X-G-[NIM]-X-G-[GVTA].


The identities of Symb-NRT2, Clad-NRT2, and Duru-NRT2 were supported by phenogramic analysis (Figure 2), which grouped them with NRT2 sequences of algae, plants, and dinoflagellates, but distinct from NRT1. Notably, they were clustered with other NRT2 sequences from the same genus of dinoflagellate.
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FIGURE 2. Phenogramic analysis of nitrate transporter 2 from Symbiodinium (Symb-NRT2), Cladocopium (Clad-NRT2), and Durusdinium (Duru-NRT2) from the outer mantle of Tridacna squamosa. Numbers at each branch point represent bootstrap values from 2000 replicates. NRT from Synechococcus elongatus is used as the outgroup. Amino acid sequences of nitrate transporters from algae (Chlamydomonas reinhardtii, Chlorella sorokiniana, Chloropicon primus, Cladocopium C92, C. goreaui, Dunaliella salina, Durusdinium D2, D. glynnii, D. trenchii, Symbiodinium tridacnidorum, and S. microadriaticum) and higher plants (Actinidia chinensis var. chinensis, Arabidopsis thaliana, Medicago truncatula, Oryza sativa, and Rhododendron fortunei) were obtained from Genbank or various dinoflagellate databases with their accession or contig numbers given in parentheses.




Localization of NRT2 by Immunofluorescence Microscopy

NRT2 immuno-labeling was detected at the plasma membrane of the coccoid dinoflagellates in the outer mantle of T. squamosa, in support of a possible role in transporting NO3– across the plasma membrane (Figure 3). NRT2 immunofluorescence was also detected in certain intracellular vesicles inside the cytoplasm of the coccoid dinoflagellates.
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FIGURE 3. Immunolabeling of zooxanthellae-nitrate transporter 2 (Zoox-NRT2), which comprised NRT2 of Symbiodinium, Cladocopium and Durusdinium, in the outer mantle of Tridacna squamosa. (A) The differential interference contrast (DIC) image is overlaid with the red channel showing autofluorescence of the plastids (PL) of symbiotic dinoflagellates (SD). (B) The green channel showing green immunofluorescence of Zoox-NRT2 labeled with the anti-Zoox-NRT2 antibody. (C) The DIC image overlaid with the red channel and green channel. Arrows indicate Zoox-NRT2 immunolabeling (green) of the plasma membrane of SD. Arrowheads indicate Zoox-NRT2 immunolabeling (green) of intracellular vesicles in SD. Scale bar: 20 μm. Replicable results were obtained from three individuals of T. squamosa.
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FIGURE 4. Proportion of transcript levels of form II ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcII) or transcript levels of nitrate transporter 2 (NRT2) derived from Symbiodinium (Symb-rbcII and Symb-NRT2, respectively), Cladocopium (Clad-rbcII and Clad-NRT2, respectively) and Durusdinium (Duru-rbcII and Duru-NRT2, respectively) in five organs of Tridacna squamosa. Results (n = 13) are expressed as mean percentages in (A,F) the outer mantle (OM), (B,G) the inner mantle (IM), (C,H) the foot muscle (FM), (D,I) the hepatopancreas (HP), and (E,J) the ctenidium (CT). Means that are significantly different from each other are labeled with different letters (p-value < 0.017 after Bonferroni adjustment).




Genus-Specificity of the Three Sets of qPCR Primers

The genus-specificity of the primer sets designed for Symb-NRT2, Clad-NRT2 and Duru-NRT2 were validated with three plasmid clones, each containing the insert of one of the three targeted amplicons. Indeed, a specific set of primer reacted positively only with its related plasmid clone (Table 2). Poo et al. (2021) had verified the genus-specificity of the primer sets designed for Symb-rbcII, Clad-rbcII, and Duru-rbcII previously.


TABLE 2. Specificity of the three sets of quantitative real-time PCR (qPCR) primers designed for nitrate transporter 2 (NRT2) of Symbiodinium (Symb-NRT2), Cladocopium (Clad-NRT2) and Durusdinium (Duru-NRT2) derived from the outer mantle of Tridacna squamosa, as demonstrated by qPCR using three different plasmid clones with each clone containing specifically the insert of the amplicon region of the Symb-NRT2, Clad-NRT2, or Duru-NRT2 primers.
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TABLE 3. Transcript levels (copies of transcript per ng of total RNA) of form II ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcII) and nitrate transporter 2 (NRT2) derived from Symbiodinium (Symb-rbcII and Symb-NRT2, respectively), Cladocopium (Clad-rbcII and Clad-NRT2, respectively) and Durusdinium (Duru-rbcII and Duru-NRT2, respectively) in the outer mantle, inner mantle, foot muscle, hepatopancreas, and ctenidium (n = 13) of Tridacna squamosa.
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TABLE 4. Ratios of the transcript levels of nitrate transporter 2 (NRT2) to that of form II ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcII) from Symbiodinium (Symb-NRT2/Symb-rbcII), Cladocopium (Clad-NRT2/Clad-rbcII), and Durusdinium (Duru-NRT2/Duru-rbcII) obtained from the outer mantle of Tridacna squamosa (n = 13).

[image: Table 4]

TABLE 5. Ratios of the transcript levels of nitrate transporter 2 (NRT2) to that of form II ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcII) from Symbiodinium (Symb-NRT2/Symb-rbcII), Cladocopium (Clad-NRT2/Clad-rbcII), and Durusdinium (Duru-NRT2/Duru-rbcII) obtained from the inner mantle of Tridacna squamosa (n = 13).
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TABLE 6. Ratios of the transcript levels of nitrate transporter 2 (NRT2) to that of form II ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcII) from Symbiodinium (Symb-NRT2/Symb-rbcII), Cladocopium (Clad-NRT2/Clad-rbcII), and Durusdinium (Duru-NRT2/Duru-rbcII) obtained from the foot muscle of Tridacna squamosa (n = 13).
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TABLE 7. Ratios of the transcript levels of nitrate transporter 2 (NRT2) to that of form II ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcII) from Symbiodinium (Symb-NRT2/Symb-rbcII), Cladocopium (Clad-NRT2/Clad-rbcII), and Durusdinium (Duru-NRT2/Duru-rbcII) obtained from the hepatopancreas of Tridacna squamosa (n = 13).
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TABLE 8. Ratios of the transcript levels of nitrate transporter 2 (NRT2) to that of form II ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcII) from Symbiodinium (Symb-NRT2/Symb-rbcII), Cladocopium (Clad-NRT2/Clad-rbcII), and Durusdinium (Duru-NRT2/Duru-rbcII) obtained from the ctenidium of Tridacna squamosa (n = 13).
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The Proportions of Genus-Specific NRT2 and rbcII Transcripts in Various Organs

A comparison of genus-specific NRT2 and rbcII in T. squamosa indicates that the mean transcript levels of Symb-NRT2 were significantly higher than those of Symb-rbcII in the outer mantle, foot muscle and hepatopancreas, but they were comparable in the inner mantle and ctenidium (n = 13; Table 3). Of note, the most prominent difference in transcript level of Symb-NRT2 and Symb-rbcII was observed in the outer mantle. By contrast, the mean transcript levels of Clad-NRT2 were either significantly lower than (as in the outer mantle and ctenidium) or comparable to (as in the inner mantle, foot muscle and hepatopancreas) the transcript levels of Clad-rbcII. The transcript levels of Duru-NRT2 were significantly lower than those of Duru-rbcII in these five organs (n = 13; Table 3).

For rbcII, the mean transcript level of Duru-rbcII was significantly higher than those of Symb-rbcII and Clad-rbcII (n = 13; Table 3) in all the five organs studied, indicating that Durusdinium was the major dinoflagellate genus in the individuals of T. squamosa obtained from Vietnam (Figure 4). Based on ANOVA, the transcript levels of Clad-rbcII were not significantly different from those of Symb-rbcII in the five organs because equal variance could not be assumed (n = 13; Table 3). Overall, the percentage proportions of transcript levels of rbcII derived from the three genera of Symbiodiniaceae dinoflagellates in the five organs of these 13 individuals of T. squamosa were Duru-rbcII > > Clad-rbcII = Symb-rbcII (Figure 4).

For NRT2, the mean transcript level of Duru-NRT2 was also significantly higher than those of Symb-NRT2 and Clad-NRT2 in four of the organs studied, except the hepatopancreas (n = 13; Table 3), corroborating the proposition that Durusdinium was the major dinoflagellate genus in these T. squamosa individuals (Figure 4). Furthermore, the mean transcript levels of Clad-NRT2 were statistically comparable to those of Symb-NRT2 in the outer mantle, inner mantle, foot muscle, and ctenidium (Table 3) due to the high variation of transcript levels among different individuals (n = 13). By contrast, the mean transcript level of Symb-NRT2 was significantly higher than that of Clad-NRT2 in the hepatopancreas (n = 13; Table 3). Hence, unlike rbcII, the percentage proportions of transcript levels of NRT2 derived from the three genera of Symbiodiniaceae dinoflagellates varied among the five organs of T. squamosa (Figure 4). For instance, the estimated proportions of Symb-rbcII transcripts in the outer mantle, hepatopancreas and ctenidium were 0.8, 3.0, and 1.9%, respectively, which were considerably lower than the estimated proportions of Symb-NRT2 transcripts in these three organs (outer mantle, 10.5%; hepatopancreas, 28.3%; ctenidium, 4.4%; Figure 4).



Genus-Specific NRT2/rbcII Ratios in the Outer Mantle, Inner Mantle, Foot Muscle, and Hepatopancreas

The mean transcript ratios of Symb-NRT2/Symb-rbcII (N = 13) for the outer mantle (Table 4), inner mantle (Table 5), foot muscle (Table 6), and hepatopancreas (Table 7) were > 1.0 because the transcript levels of Symb-NRT2 were generally higher than those of Symb-rbcII in these organs (Table 3). The mean transcript ratios of Symb-NRT2/Symb-rbcII (n = 13) for the outer mantle (8.4; Table 4) was significantly higher than those for the inner mantle (4.8; Table 5), foot muscle (4.0; Table 6) and hepatopancreas (4.3; Table 7). For each of these four organs, the mean transcript ratios of Symb-NRT2/Symb-rbcII (n = 13) were significantly higher than the mean transcript ratios of Clad-NRT2/Clad-rbcII and Duru-NRT2/Duru-rbcII, which were statistically comparable to each other (Tables 4–7).

For the outer mantle, while 12 of the 13 individuals examined displayed values > 1.0 for Symb-NRT2/Symb-rbcII, clam 3 had a distinctly low Symb-NRT2/Symb-rbcII value of 0.41 (Table 4). Of the 13 individuals examined, eight had ratios of Clad-NRT2/Clad-rbcII ranging between 0.39 and 0.88, but clams 2, 7, 9, 11, and 13 had noticeably lower Clad-NRT2/Clad-rbcII ratios of 0.018, 0.010, 0.022, 0.004, and 0.007, respectively (Table 4). In comparison, the transcript ratios of Duru-NRT2/Duru-rbcII were relatively constant in the outer mantle of these 13 individuals.

For the inner mantle, 10 of the 13 individuals examined displayed Symb-NRT2/Symb-rbcII values > 1.0, but clams 2, 3, and 10 had values < 1.0 (Table 5). Of the 13 individuals examined, three (clams 1, 4, and 8) had Clad-NRT2/Clad-rbcII transcript ratios > 1.0 (ranging from 1.0 to 1.5; Table 5). For the other 10 individuals, six of them (clams 2, 6, 7, 9, 11, and 13) had values close to or below 0.10. The transcript ratios of Duru-NRT2/Duru-rbcII in the inner mantle were again relatively constant among the 13 individuals.

For the foot muscle, out of the 13 individuals examined, 11 of them displayed Symb-NRT2/Symb-rbcII ratios > 1.0, except for clams 9 and 11 (Table 6). One individual (clam 8) had a Clad-NRT2/Clad-rbcII > 1.0 and clams 4, 6, 7, 9, 10 and 11 had values ≤ 0.17 (Table 6). In comparison, the transcript ratios of Duru-NRT2/Duru-rbcII in the foot muscle were relatively constant among the 13 individuals.

For the hepatopancreas, two (clam 3 and 10) of the 13 individuals examined had Symb-NRT2/Symb-rbcII values < 1.0 (Table 7). One individual (clam 9) had a Clad-NRT2/Clad-rbcII > 1.0, and five individuals (clams 2, 4, 7, 11, and 13) had values ≤ 0.16 (Table 7). In comparison, the transcript ratios of Duru-NRT2/Duru-rbcII in the hepatopancreas were relatively constant among the 13 individuals.



Genus-Specific NRT2/rbcII Ratios in the Ctenidium

For the ctenidium, the mean transcript ratio of Symb-NRT2/Symb-rbcII (n = 13; Table 8) was <1.0 because the transcript level of Symb-NRT2 was generally lower than that of Symb-rbcII (Table 3), which was dissimilar to the other four organs. Nevertheless, the mean transcript ratio of Symb-NRT2/Symb-rbcII (n = 13) was significantly higher than that of Clad-NRT2/Clad-rbcII, but comparable to that of Duru-NRT2/Duru-rbcII (Table 8).

Out of the 13 individuals examined, only clams 1 and 13 had Symb-NRT2/Symb-rbcII values > 1.0 (Table 8). As a result, the mean transcript ratio of Symb-NRT2/Symb-rbcII for the ctenidium (0.77; Table 8) was the lowest among the five organs studied (Tables 4–7). The transcript ratios of Clad-NRT2/Clad-rbcII in the ctenidium of all 13 individuals were <1.0, with five of them having particularly low values (<0.10). In comparison, the transcript ratios of Duru-NRT2/Duru-rbcII in the hepatopancreas were relatively constant among the 13 individuals.




DISCUSSION

Giant clams harbor multiple phylotypes of Symbiodiniaceae dinoflagellates in variable proportions. The phylotype composition of dinoflagellates can influence the host’s growth rate (Hernawan, 2008; DeBoer et al., 2012) and affect the host’s ability to withstand environmental changes (Ikeda et al., 2017). Hence, it is logical to deduce that different phylotypes of Symbiodiniaceae dinoflagellates could play distinct physiological roles in the giant clam-dinoflagellate holobiont. One important role of coccoid dinoflagellates is to synthesize essential amino acids and share them with the host, but the host must supply them with nitrogen. Uniquely, the clam host conducts light-enhanced NO3– absorption through the ctenidium to benefit its symbionts. Indeed, our results confirm that Symbiodinium, Cladocopium, and Durusdinium of T. squamosa express NRT2 in the plasma membrane. They also indicate for the first time that different phylotypes of Symbiodiniaceae dinoflagellates in the coccoid stage could have different potentials of NO3– transport and hence different ability to assimilate NO3– into nitrogenous compounds such as amino acids.


Molecular Properties of Symb-NRT2, Clad-NRT2, and Duru-NRT2

Symb-NRT2, Clad-NRT2 and Duru-NRT2 were probably derived from S. tridacnidorum, C. goreaui, and D. trenchii, respectively. Similar to other members of MFS, Symb-NRT2, Clad-NRT2, and Duru-NRT2 had 12 TMs, consisting of two sets of six transmembrane domains linked by a cytosolic loop (see review by Forde, 2000). In addition, Symb-NRT2, Clad-NRT2, and Duru-NRT2 contained a conserved MFS motif between TM 2 and TM 3 (Forde, 2000). A distinguishing feature of the NNP among members of the MFS is the presence of two glycine-rich nitrate signature motifs (Trueman et al., 1996; Unkles et al., 2004a,2012; Yan et al., 2013), and these motifs were present in Symb-NRT2, Clad-NRT2 and Duru-NRT2. By contrast, members of the NPF family have only one signature motif (F-Y-x-x-I-N-x-G-S-L) in TM 5 (Steiner et al., 1995). Symb-NRT2, Clad-NRT2, and Duru-NRT2 could form hydrogen bonds with NO3– because of the presence of the putative NO3– binding site (Yan et al., 2013). The presence of the residue equivalent to Glu-330 in NrtA of Aspergillus nidulans (Unkles et al., 2004a,b), which is known to be involved in the symport of H+ and NO3– (Akhtar et al., 2015; Jacquot et al., 2017), in Symb-NRT2, Clad-NRT2, and Duru-NRT2 implies that they are H+-dependent symporters.



NRT2 Is Localized at the Plasma Membrane of Coccoid Dinoflagellates

NRT2 is localized at the plasma membrane of the coccoid dinoflagellates of T. squamosa, indicating that it can transport NO3– from the luminal fluid of the zooxanthellal tubule into the symbionts. The intracellular vesicles that display NRT2 immunofluorescence could be involved in the transfer of NRT2 from the internal membranes to the plasma membrane as suggested previously for Arabidopsis thaliana (Wirth et al., 2007). Hence, the transcript levels of Symb-NRT2, Clad-NRT2, and Duru-NRT2 can be appropriately used as molecular indicators to estimate the potential of NO3– transport (or uptake) in Symbiodinium, Cladocopium, and Durusdinium, respectively.

Molecular characterization indicates that Symb-NRT2, Clad-NRT2, and Duru-NRT2 probably rely on an inwardly directed [H+] gradient to drive the active absorption of NO3–. Recently, Mani et al. (2021) reported that coccoid dinoflagellates of T. squamosa could excrete H+ into the luminal fluid of zooxanthellal tubules through the merging of intracellular vesicles containing vacuolar-type H+-ATPase (VHA) subunit B (VHA-B) with the plasma membrane. The excreted H+ could augment the dehydration of luminal HCO3– and promote the absorption of CO2 by the photosynthesizing symbionts. The inwardly directed [H+] gradient generated by VHA across the plasma membrane could also drive the transport of NO3– through NRT2 into the symbiont. The absorbed NO3– could be reduced to NH4+. Then, a portion of the carbon fixed during photosynthesis could be utilized to assimilate NH4+ into amino acids catalyzed by glutamate dehydrogenase, glutamine synthetase and glutamine oxoglutarate aminotransferase (Padgett and Leonard, 1996). Some of the amino acids synthesized could be donated to the host in support of its growth and development. Of note, glutamine synthetase and glutamine oxoglutarate aminotransferase have been cloned from dinoflagellates of T. squamosa (Fam et al., 2018; Teh et al., 2021).



Durusdinium Is the Dominant Genus of Dinoflagellates in Tridacna squamosa Obtained From Vietnam

Cladocopium has been reported as the major genus of dinoflagellate found in T. squamosa from Japan (Ikeda et al., 2017), which is temperate and subtropical. However, based on the transcript levels of Symb-rbcII, Clad-rbcII, and Duru-rbcII, Poo et al. (2021) reported that T. squamosa (n = 4) obtained from Vietnam contained mainly Durusdinium (85–95%). Although we also worked with T. squamosa from Vietnam, the individuals involved were different from those examined by Poo et al. (2021). In general, the transcript levels of Symb-rbcII, Clad-rbcII, and Duru-rbcII reported by Poo et al. (2021) were higher than the corresponding results obtained in this study, which could be due to differences in the environmental conditions in the natural habitats of these two batches of T. squamosa. Nonetheless, in agreement with Poo et al. (2021), results of this study (n = 13) also denoted Durusdinium as the dominant genus of dinoflagellates in our experimental animals based on the transcript levels of NRT2 (78–92%) and rbcII (88–94%). This could be related to the tropical environmental conditions of and the availability of Symbiodiniaceae dinoflagellate phylotypes in Vietnam waters. Durusdinium is generally tolerant of a variety of environmental stressors (Brown et al., 2002; van Oppen et al., 2009), including high light intensity that would result in bleaching (Kemp et al., 2014) and turbid reef environments (Ulstrup and Van Oppen, 2003; LaJeunesse et al., 2010; Tonk et al., 2013). Thus, the high abundance of Durusdinium in the outer mantle of T. squamosa from Vietnam could have provided these clams with an advantage under stressful conditions, particularly at elevated temperature in the tropics. Based on the transcript level of Symb-rbcII, individuals of T. squamosa obtained from Vietnam contained relatively small populations of Symbiodinium (1–13%, Poo et al., 2021; 0.1–3%, this study), which could be due to the rarity of Symbiodinium in Indo-Pacific waters as compared to the Red Sea and the Caribbean waters (LaJeunesse, 2002; Baker, 2003).



The Implications of Different Percentage Proportions of Symb-rbcII and Symb-NRT2 Transcripts in Certain Organs of Tridacna squamosa

There are discrepancies in the percentage proportions of Symb-rbcII and Symb-NRT2 transcripts in three organs of the 13 individuals of T. squamosa examined in this study. The percentage proportions of Symb-rbcII in the outer mantle, ctenidium and hepatopancreas (0.8, 1.9, and 3.0%, respectively) were apparently lower than the percentage proportions of Symb-NRT2 in the same organ (10.5, 4.4, and 28.3%, respectively). A logical explanation is that some phylotypes of Symbiodinium in these three organs expressed more transcripts of NRT2 per dinoflagellate cell than phylotypes of Cladocopium and Durusdinium. Hence, our results indicate the presence of different phylotypes of Symbiodinium with different expression levels of NRT2 in the five organs T. squamosa. They also signify that some Symbiodinium phylotypes had a higher potential of NO3– transport than the phototrophic potential. Thus, it was crucial to analyze the transcript ratios of NRT2 to rbcII.



Symbiodinium Generally Have Higher Potential of NO3– Transport Than Cladocopium and Durusdinium

The transcript ratio of NRT2/rbcII estimated for each genus of dinoflagellates (e.g., Symb-NRT2/Symb-rbcII) could indicate whether that genus would have a high or low potential of NO3– transport relative to the potential of phototrophy. Any difference in the transcript ratios among the three genera of dinoflagellates would suggest different potentials of NO3– transport and therefore different abilities to assimilate NO3– for the production of amino acids and other nitrogenous compounds. The mean transcript ratios of Symb-NRT2/Symb-rbcII were significantly higher than those of Clad-NRT2/Clad-rbcII and Duru-NRT2/Duru-rbcII in the outer mantle, inner mantle, foot muscle and hepatopancreas of T. squamosa, and the greatest differences were observed in the outer mantle. Hence, it can be concluded that the phylotypes of Symbiodinium generally had higher potential of NO3– transport than the phylotypes of Cladocopium and Durusdinium in these four organs. For the ctenidium, Symb-NRT2/Symb-rbcII was also significantly higher than Clad-NRT2/Clad-rbcII but comparable to Duru-NRT2/Duru-rbcII. These results imply that the composition of Symbiodinium phylotypes present in the ctenidium of T. squamosa were dissimilar to those present in the other four organs, and particularly distinct from those in the outer mantle.



Some Phylotypes (Species) of Symbiodinium Might Have Higher Potential of NO3– Transport Than the Phototrophic Potential

Symbiodiniaceae dinoflagellates are phototrophic and express high transcript levels of rbcII (Poo et al., 2020, 2021). Yet, the mean transcript levels of Symb-NRT2 in the outer mantle, inner mantle, foot muscle and hepatopancreas of 13 T. squamosa individuals were substantially higher than the corresponding mean transcript levels of Symb-rbcII, resulting in the mean Symb-NRT2/Symb-rbcII ratios of 4.0–8.4 in these four organs. In the outer mantle, the mean Symb-NRT2/Symb-rbcII ratio of 8.4 was much greater than the mean Clad-NRT2/Clad-rbcII ratio of 0.39 and the mean Duru-NRT2/Duru-rbcII ratio of 0.63. These results are unusual as they indicate for the first time that certain phylotypes of Symbiodinium could specialize in NO3– absorption, and hence NO3–assimilation, more so than photosynthesis. They also indicate that the potentials of NO3– transport in these Symbiodinium phylotypes were greater than those in phylotypes of Cladocopium and Durusdinium in general.



Two Physiologically Distinct Phylotypes (Species) of Symbiodinium Based on Symb-NRT2/Symb-rbcII

Of the 13 individuals examined, 11 had ratios of Symb-NRT2/Symb-rbcII that ranged between 7.2 and 13.1 in the outer mantle of T. squamosa, but the ratios for clam 3 (0.41) and clam 10 (1.34) were distinctly < 7. These results indicate that the phylotypes of Symbiodinium in clam 3 and clam 10 had strikingly lower potential of NO3– transport than those in the other 11 clams. Hence, there could be two physiologically distinct phylotypes (species) of Symbiodinium as defined by high or low potential of NO3– transport.

To analyze our results, a Symb-NRT2/Symb-rbcII ratio of 1.0 (i.e., equal transcript levels of Symb-NRT2 and Symb-rbcII) was set arbitrarily to differentiate the Symbiodinium phylotypes with high potential of NO3– transport from those with low potential of NO3–. In the 13 individuals examined in this study, the numbers of clams that displayed a ratio of >1.0 for the outer mantle, inner mantle, foot muscle, hepatopancreas and ctenidium were 12, 10, 11, 11, and 2, respectively. These results indicate that the proportion of phylotypes of Symbiodinium with high potential of NO3– transport varied among the five organs, and that the ctenidium contained mainly Symbiodinium phylotypes with low potential of NO3– transport. It is noteworthy that while muscle tissues can be found in the other four organs, the ctenidium comprises mainly epithelial tissues dedicated for gases exchange, membrane transport and acid-base balance. It could be that the demand for using NO3– to form amino acid is low in the symbionts of the ctenidium in comparison with the symbionts of the other four organs. It could also imply that the symbionts of the ctenidium prefer to use other source of nitrogen, e.g., ammonia, for nitrogen metabolism. On the other hand, the predominant presence of Symbiodinium phylotypes with high potential of NO3– transport in the outer mantle facilitates the effective coupling of NO3– transport and assimilation with photosynthesis. Hence, it can be concluded that the phylotype compositions of Symbiodiniaceae dinoflagellates could vary among organs of T. squamosa based on the host’s physiological needs. Nonetheless, how the relevant phylotypes of Symbiodinium find the way to and establish in different organs of T. squamosa needs to be elucidated in the future.



Cladocopium Phylotypes (Species) Also Display Different Potentials of NO3– Transport

Based on Clad-NRT2/Clad-rbcII, the outer mantle of T. squamosa contained two physiologically distinct phylotypes of Cladocopium. Of the 13 individuals examined, eight had ratios of Clad-NRT2/Clad-rbcII ranging between 0.39 and 0.88. However, clams 2, 7, 9, 11, and 13 had distinctly lower Clad-NRT2/Clad-rbcII ratios (<0.1) and hence lower potential of NO3– transport than the other eight individuals. An examination of Clad-NRT2/Clad-rbcII ratios in the inner mantle, foot muscle, and hepatopancreas indicates the presence of some phylotypes of Cladocopium with Clad-NRT2/Clad-rbcII slightly > 1. The inner mantle, foot muscle, hepatopancreas, and ctenidium apparently contained dissimilar proportions of Cladocopium phylotypes with either high or low potentials of NO3– transport. Overall, Cladocopium phylotypes in the ctenidium, with a mean Clad-NRT2/Clad-rbcII ratio of 0.21 (n = 13), appeared to have lower potentials of NO3– transport than those in the other four organs (0.32–0.57). Again, this might indicate the relative low demand for using NO3– to form amino acids in the ctenidium as compared with the other four organs.



Implications and Perspective

Using NRT2 and rbcII as molecular indicators, our results indicate for the first time that Symbiodiniaceae dinoflagellates harbored by T. squamosa could have different potentials of NO3– transport, and offer insights into the functional diversity among coccoid dinoflagellates at the genus level (Symbiodinium, Cladocopium, and Durusdinium). A corollary of some phylotypes of Symbiodinium having a preference of NO3– uptake and assimilation is that different members of Symbiodiniaceae could be specialized in absorbing and utilizing distinct types of nitrogenous compounds (e.g., ammonia, urea and glutamine) furnished by the host. An important implication is that it would not be possible for the clam host to regulate its general symbiont population by simply reducing the availability of endogenous ammonia to them through the recycling of metabolic ammonia into non-essential amino acids, as has been suggested for scleractinian corals (Falkowski et al., 1993; Cui et al., 2019; Xiang et al., 2020). This is particularly the case for those Symbiodinium phylotypes that can effectively absorb and assimilate NO3–. Rather, the clam host might be able to regulate the population of a specific Symbiodiniaceae phylotype in a certain organ by controlling the translocation of a particular nitrogen-containing compound from the hemolymph through the tubular epithelial cells into the luminal fluid of the zooxanthellal tubules.

Importantly, our results signify that, in the coccoid stage, certain phylotypes (species) of Symbiodinium might specialize in nitrogen metabolism more so than photosynthesis as reflected by their high potential of NO3– transport with transcript ratios of Symb-NRT2/Symb-rbcII much greater than one. This implies that different phylotypes of Symbiodiniaceae dinoflagellates could have different abilities to donate amino acids and carbohydrates to the host. As the host requires ∼20 different types of amino acid for growth and reproduction, it is highly unlikely that these amino acids are donated equally by all the phylotypes of dinoflagellates. Rather, there could be a division of labor among different phylotypes of coccoid dinoflagellates in the supply of nutrients (e.g., specific types of carbohydrate or amino acid) to the host. Therefore, efforts should be made in the future to develop a large variety of molecular indicators (e.g., transporters of ammonia, urea and glutamine, as well as enzymes involved in the syntheses of various amino acids) in order to elucidate the distinct physiological roles of various Symbiodiniaceae phylotypes in the giant clam-dinoflagellate holobiont.
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Okadaic acid (OA), produced by dinoflagellates during harmful algal blooms, is a principal diarrhetic shellfish poisoning toxin. This toxin poses a potential threat to bivalves with economic values. To better understand the toxicity mechanism of OA to bivalves, in this study, oxidative stress biomarkers (superoxide dismutase, SOD; catalase, CAT; glutathione S-transferase, GST; malondialdehyde, MDA) and the expression of detoxification genes (heat shock protein 70, HSP70; heat shock protein 90, HSP90; cytochrome P450, CYP450) were assessed in the gills of scallops Chlamys farreri after 24 h, 48 h and 96 h exposure to OA. In addition, the digestive glands of scallops exposed to OA for 96 h were dissected for an iTRAQ based quantitative proteomic analysis. The results of OA exposure experiments showed that OA induces oxidative stress and significant enhancement of the expression of detoxification genes in scallops. The proteomics analysis revealed that 159 proteins altered remarkably in OA-treated scallops, and these proteins were involved in phagosomes, regulation of actin cytoskeleton, adherens junction, tight junction, and focal adhesion. Amino acid biosynthesis, carbon metabolism, pentose phosphate pathway, fructose and mannose metabolism in the digestive glands were also significantly impacted. Our data shed new insights on the molecular responses and toxicity mechanisms of C. farreri to OA.

Keywords: okadaic acid, Chlamys farreri, oxidative stress, detoxification genes, iTRAQ


INTRODUCTION

In recent years, harmful algal blooms (HABs) have occurred widespread in the ocean, with higher frequency and longer periods than that in the past (Dolah, 2000; Anderson et al., 2012; Gobler et al., 2017). The emergence of HABs poses a major threat to human health, fisheries resources, and marine ecosystems worldwide (Van Dolah and Ramsdell, 2001; Hoagland and Scatasta, 2006; Hallegraeff et al., 2021). One main hazard of HABs is the release of a variety of shellfish toxins, including diarrhetic shellfish toxins (DST), neurotoxic shellfish toxins (NST), paralytic shellfish toxins (PST), and forgetful shellfish toxins (AST) (Christian and Luckas, 2008).

Diarrhetic shellfish toxins (DST) is one of the most threatening shellfish toxins in the world. The lipophilicity allows DST to accumulate in animal tissues and to be biomagnified in the food web (Gerssen et al., 2010; Lloyd et al., 2013; Valdiglesias et al., 2013; Liu et al., 2019). Numerous reports have referred to public safety and health incidents caused by diarrheal shellfish poisoning (DSP) around the world (Yasumoto et al., 1978; de Carvalho et al., 2019; Young et al., 2019). Okadaic acid (OA) and its analogs, a typical DST, are responsible for DSP in humans (Garcia et al., 2005). Studies on mammalian or in vitro mammalian cell lines have shown that OA inhibits the serine and threonine phosphatases PP1 and PP2A (Bialojan and Takai, 1988; Honkanan et al., 1994; Maynes et al., 2001), leads to oxidative damage (Kamat et al., 2013; Vieira et al., 2013) and cytoskeleton destruction (Kreienbuhl et al., 1992; Fiorentini et al., 1996; Opsahl et al., 2013), affects the cell cycle (Messner et al., 2001; Valdiglesias et al., 2010a,b), neurotoxicity (Kamat et al., 2013) and apoptosis (Jayaraj et al., 2009; Ferron et al., 2014; Fu et al., 2019). In bivalves, laboratory exposure experiments have also shown that OA cause DNA damage in clams Ruditapes decussatus (Braga et al., 2021), lead to oxidative stress in oysters Crassostrea gigas and mussels Mytilus galloprovincesis (Romero-Geraldo and Hernandez-Saavedra, 2014; Prego-Faraldo et al., 2017), and decrease the immunity of oysters C. gigas, mussels Perna perna and clams Anomalocardia brasiliana (Mello et al., 2010; Prado-Alvarez et al., 2013). Overall, although the mode and mechanism of action of OA on mammals have been well studied, current studies on the impacts of OA on bivalves are limited and mostly confined to the physiological level.

The scallops Chlamys farreri is an important fishery and aquaculture species widely distributed in the subtropical western Pacific, playing an important role in the coastal ecosystem (Smaal et al., 2001). Moreover, C. farreri can accumulate shellfish toxins and therefore is widely used in algal toxin research (Li et al., 2017). As little is known about the toxic effects and the molecular mechanisms underlying the effects of OA on bivalves, it is necessary to carry out studies using omics for more global information. In this study, we combined traditional physiology and iTRAQ proteomics to (1) determine the physiological responses of C. farreri to OA and (2) elucidate the potential mechanisms of OA toxicity on C. farreri from the molecular perspective.



MATERIALS AND METHODS


Reagent

Okadaic acid (OA) (NRC CRM-OA-d) was obtained from the Institute for Marine Biosciences (National Research Centre, Halifax Regional Municipality, NS, Canada), and stored in the dark at 4°C until the experiment. Stock solutions (20 μg/L) were prepared in dimethyl sulfoxide (DMSO, Sinopharm Chemical Reagent, China).



Experimental Conditions

Experimental scallops, C. farreri (shell length: 4–6 cm) were collected from a local farm (Yantai, Shandong, China). After cleaning shells, the scallops were transported to the Muping Coastal Environmental Research Station and acclimated in filter-sterilized seawater (temperature 15.3 ± 0.2°C, pH 8.12 ± 0.07, salinity 31.2 ± 0.5‰, mean ± SD) for 14 days. The scallops were fed daily with commercial algal blends during the acclimation period.

After acclimation, three treatment groups, including blank control [filter-sterilized seawater (FSSW)], solvent control (dimethyl sulfoxide, DMSO, 0.01%, v/v), and exposure groups (OA at nominal concentrations of approximately 10–20 μg OA eq. 100 g–1 shellfish meat) were conducted. The exposure concentration of OA used in this study is close to the European Food Safety Authority (EFSA) regulation limit for human consumption of shellfish (16 μg OA eq.100 g–1 shellfish meat) (Authority, 2008). The experiment was carried out in an 80L aquarium with 40 organisms in each aquarium. Three duplicate aquariums were used in each treatment (a total of 120 individuals in each treatment). In the OA treatment, the scallops were directly injected with 100 μL of 20 μg/L OA. The scallops in the blank control and solvent control were injected with 100 μL FSSW and DMSO, respectively. After injection, scallops were put back into the corresponding aquarium and sampled at 24 h, 48 h, and 96 h. No scallop mortality was observed during the experiment. Sampling time points were set according to the standardized method proposed by USEPA (2002). it can be proved that Chlamys farreri is a potential indicator organism that can respond quickly in environmental monitoring events.

At each sampled time point, the gills and digestive glands of the scallops were carefully cut off on the ice and immediately frozen in liquid nitrogen and stored at –80°C for subsequent analysis. The gills of the bivalves are more closely exposed to the environment, more susceptible to exogenous substances (Regoli and Principato, 1995; Magara et al., 2018). In addition, the digestive gland is one of the most important tissues for assessing the health status of bivalves and can be associated with functional damage to cells (Teng et al., 2021).



Oxidative Stress Biomarkers

To measure oxidative stress biomarkers, 10-15 individuals (gills) were dissected at each time point and pooled into 5 independent replicates to minimize biological variation. After sampling, the gills were used to prepare a tissue homogenate as follows: the gills were homogenized in phosphate buffer (50 mM potassium dihydrogen phosphate; 50 mM potassium phosphate dibasic; 1 mM EDTA; pH 7.0) using an IKA homogenizer (Ultra Turrax IKA T10 basic, Staufen, Germany). The homogenates were then centrifuged at 10,000 g for 20 min at 4°C to obtain supernatants. To investigate oxidative stress in scallops, superoxide dismutase (SOD), catalase (CAT), and glutathione S-transferase (GST) activities were determined using the commercial kits from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Malondialdehyde content was measured also using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Subsequently, protein concentrations were determined according to the Bradford method using bovine γ-globulin as a standard (Bradford, 1976).



Real-Time Quantitative PCR

A total of 6–9 individual samples (gills) were dissected and pooled into 3 independent samples for real-time quantitative polymerase chain reaction (PCR) analysis (qRT-PCR). In this study, the genes heat shock protein 70 (HSP70), heat shock protein 90 (HSP90), and cytochrome P450 (CYP450) were selected for qRT-PCR. In addition, β-actin was used as an internal control to quantify the expression of selected genes in scallops. The primers designed for qRT-PCR are listed in Supplementary Table 1. Total RNA was extracted from gills of scallops using TRIzol reagent (Invitrogen, United States) according to the manufacturer’s instructions. The cDNA was synthesized from DNase I-treated (Promega, United States) RNA and then combined with 10 μL of 2 × Master Mix (Applied Biosystems, United States), 4.8 μL of DEPC-treated H2O, and 0.4 μL (0.2 μM) of each forward and reverse primer to a final volume of 20 μL. The qRT-PCR was performed on the Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, United States) using standard protocols. The specificity of the qPCR products was analyzed by a dissociation curve analysis of the amplification products. The expression of selected genes was analyzed using the comparative 2–ΔΔCT method (Livak and Schmittgen, 2001).



iTRAQ-Based Quantitative Proteomic Analysis

After 96 h exposure, six samples of digestive glands in solvent control and OA treatment with three biological replicates per treatment were used in the proteomic analysis with an equal mass (300 mg wet weight). Protein extraction, iTRAQ labeling, and LC-MS/MS analysis were conducted based on standard proteomics methods (Han et al., 2013). More detailed information about the quantitative proteomic analysis is described in the Supplementary Material.

Protein Pilot Software v. 5.0 (AB SCIEX®, United States) was used to analyze the acquired MS/MS raw data, and protein identification was performed using the Paragon algorithm (Shilov et al., 2007). Functional annotations of the differentially expressed proteins (DEPs) were conducted using the Blast2GO program. Differentially expressed proteins were annotated into three categories based on Gene Ontology (GO) terms: biological process (BP), molecular function (MF), and cellular component (CC). The protein pathway was annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Then, the GO enrichment terms and pathways of DEPs in the background of identified proteins were determined via a hypergeometric test (p < 0.05). To gain a deeper understanding of the pathways significantly enriched after OA treatment, protein-protein network analysis was performed using Cytoscape 3.7.1



Statistical Analysis

Experimental data are represented as the means ± standard error of mean and were analyzed using Graphpad prism 7.0. The normality of the data was verified by the Shapiro-Wilk test, and the homogeneity of the variances was analyzed by Levene’s test. One-way ANOVA and Tukey’s post hoc test was performed to analyze whether the differences between each group were significant. P < 0.05 was considered significant difference.




RESULTS

No significant difference was detected in the physiological indexes between the solvent control group and the control group, thus only experimental results derived from the control group were analyzed and discussed.


Oxidative Stress Biomarkers

In the scallops, SOD and CAT activities were significantly stimulated by OA treatment at 96 h, increasing by 1.55-fold and 1.3-fold compared to the control, respectively (Figures 1A,C). Meanwhile, GST activity was enhanced by 1.13-fold after the 48 h exposure to OA (Figure 1B). A significant increase in MDA content was also observed in the OA group in the 48 h and 96 h treatments (Figure 1D).
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FIGURE 1. Activities of SOD (A), GST (B), CAT (C), and MDA content (D) of C. farreri exposed to OA (n = 5). Asterisks indicate significant differences between the control and OA-exposed group within each fixed sampling period, and different letters indicate significant differences among different sampling periods within each treatment (p < 0.05).




Real-Time Quantitative PCR Analyses

Among OA treatments, a significant increase in mRNA expression of HSP70 was observed in the scallops at 48 h and 96 h compared to those at 24 h (Figure 2A). Unexpectedly, the mRNA expression of HSP70 is significantly suppressed by OA in the 24 h treatment (Figure 2A). Although with no statistical difference, the expression of HSP90 transcripts showed a similar temporal trend to HSP70 after OA injection (Figure 2B). In addition, the expression of CYP450 increased significantly at 96 h in the OA-treated group, which was 4.61 times higher than that at 24 h (Figure 2C).
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FIGURE 2. Relative expression levels of HSP70 (A), HSP90 (B), and CYP450 (C) transcripts in the C. farreri after 24 h, 48 h, and 96 h exposure to OA (n = 3). Asterisks indicate significant differences between the control and OA-exposed group within each fixed sampling period, and different letters indicate significant differences among different sampling periods within each treatment (p < 0.05).




Proteome Analysis

A total of 159 DEPs (Supplementary Materials, Supplementary Table 2) were detected in the digestive glands of the scallops exposed to OA, compared to the solvent controls (fold change > 1.2 as up-regulated or < 0.83 as down-regulated, p < 0.05). In these DEPs, 104 of the 159 DEPs were up-regulated and 55 were down-regulated (Figure 3A). At the same time, all the differences in protein GO enrichment (BP, CC, MF) and pathway KEGG enrichment results and significant (p < 0.05) numbers were summarized, and intuitively display through the column figure (Figure 3B). Specifically, 855 proteins were annotated with biological process (BP), and 239 terms were significantly enriched. In contrast, 156 proteins were annotated with cell component (CC), and 58 terms were significantly enriched; 284 proteins were annotated with molecular function, including 94 terms were significantly enriched. Furthermore, KEGG analysis showed that there are 9 pathways were significantly enriched.
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FIGURE 3. Summary of differentially expressed proteins (DEPs). (A) The number of DEPs between solvent control and OA treatment. (B) Summary of differences and significant numbers of protein GO enrichment (BP, CC, MF) and pathway KEGG enrichment results (p < 0.05).


Differentially expressed proteins (DEPs) were classified into various categories based on gene ontology (GO) terms (Figure 4). According to the category of biological process (Figure 4A), the DEPs were mostly annotated to the “single-organism metabolic process,” “organonitrogen compound metabolic process,” and “small molecule metabolic process.” The DEPs covered a wide range of molecular functions (Figure 4B), mainly including “catalytic activity,” “anion binding,” “nucleotide binding,” and “nucleoside phosphate binding.” Based on the category of cellular components (Figure 4C), the DEPs were mainly located in “intracellular,” “intracellular part,” and “cytoplasm.”
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FIGURE 4. GO annotation of DEPs. DEPs were assigned to second-tier GO categories associated with three terms: biological process (A), cellular component (B), and molecular function (C).


To further investigate the main pathways of the scallop’s response to OA, KEGG enrichment analysis and protein-protein interaction (PPI) networks were also performed on the DEPs. As shown in Figures 5, 6, OA treatment led to DEPs involved in several cellular processes in the scallops, such as phagosomes, regulation of actin cytoskeleton, adherens junction, tight junction, and focal adhesion. In addition, DEPs were also significantly enriched in pathways of amino acid biosynthesis, carbon metabolism, pentose phosphate pathway, fructose and mannose metabolism.
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FIGURE 5. Bubble chart showing the significantly enriched KEGG pathways in C. farreri exposed to OA (p < 0.05). In the bubble chart, the vertical axis is the functional classification or pathway and the horizontal axis is the proportion of the different proteins in this functional type compared to the proportion of the identified protein. The color of the circle indicates the enrichment significance P-value, and the size of the circle indicates the number of differential proteins in functional classes or pathways.
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FIGURE 6. DEPs enriched in the protein-protein interaction network in OA-exposed scallops. Proteins are shown as small elliptical nodes (blue nodes represent down-regulated proteins and red nodes represent up-regulated proteins) and are connected with associated KEGG pathways (rectangular Nodes). The size of the line between nodes represents the scoring value of the interaction between the two nodes, and the greater the score, the more reliable.





DISCUSSION


Oxidative Stress Biomarkers

When exposed to environmental stress, organisms usually produce excessive ROS, which leads to oxidative stress (Lushchak, 2011). Antioxidant enzymes play a central role in the cellular defense mechanism against oxidative stress (Valko et al., 2006; Lushchak, 2011). As the first line of the antioxidant defense system, SOD catalyzes superoxide anion disproportionation to oxygen and hydrogen peroxide, while CAT prevents the formation of excessive H2O2 through decomposing H2O2 once it is formed (Halliwell, 1974). As a phase II detoxification enzyme, GST protects cells and tissues against oxidative stress by catalyzing the conjugation of the reduced form of glutathione to various xenobiotic substrates (Hayes and Strange, 1995). These antioxidant enzymes interact with each other to maintain the balance between ROS production and ROS scavenging in an organism. In this study, all three antioxidant enzymes (SOD, CAT, and GST) were generally stimulated in the gills of scallops, indicating that the antioxidant system was activated in response to the OA exposure, which may have caused oxidative stress to the scallops. Similar to our results, increased antioxidant enzymes activity was also observed in the bivalves Nodipecten subnodosus (Campa-Cordova et al., 2009) and Anomalocardia flexuosa (Leite et al., 2021), when exposed to Prorocentrum lima (a dinoflagellate producing DSP toxins).

Lipid peroxidation (LPO) is a major indicator of cellular oxidative damage level in organisms and is a major contributor to the loss of cell function under OA exposure (Cossu et al., 2000; Alves de Almeida et al., 2007). Lipid peroxidation usually occurs when the production of ROS exceeds the capacity of the antioxidant system (Halliwell, 1996; Lushchak, 2011). The main product of lipid peroxidation is MDA, so generally, the extent of LPO can be assessed indirectly by the amount of MDA (Ohkawa et al., 1979). In this study, the LPO level increased significantly in the scallops after 48 h and 96h exposure of OA, indicating that the increasing antioxidant enzyme activities could not maintain the balance between ROS production and elimination, eventually leading to the LPO.



Alterations in Gene Expression of the Stress-Related Proteins

As molecular chaperones, HSPs help organisms combat environmental stresses and maintain cellular homeostasis by promoting protein folding and preventing aggregation of denatured proteins (Johnston and Kucey, 1988; Liu et al., 2014; Johnston et al., 2018). CYP450 is a monooxygenase that promotes the biotransformation and metabolic detoxification of endogenous and exogenous toxic compounds (Snyder, 2000; Xu et al., 2005). HSPs and CYPs genes can be activated by various forces in aquatic organisms, which are widely used as biomarkers for toxicology research (Chaty et al., 2004; Rewitz et al., 2006; Chae et al., 2009; Liu et al., 2013; Ding et al., 2018). In the present study, the expression of both HSPs and CYP450 genes increased with the OA exposure time, supporting their roles in stress response and detoxification process to OA. The time-dependent changes in genes to OA are also in line with the result of previous studies involving other environmental stresses (Liu et al., 2018; Nguyen et al., 2018; Nie et al., 2020; Zhang et al., 2020). We hypothesize that overexpression of the HSPs gene may counteract the proteins damaged by the ROS after OA exposure, while the enhanced synthesis of CYP450 may contribute to complete the biotransformation of OA. In short, expressional changes of these genes reflect pressures of OA on the scallop tissues from the molecular aspect.



Proteomic Responses of Scallops to Okadaic Acid Exposure

As major organelles in the translation process, ribosomes are essential for protein production in cells (Wimberly et al., 2000; Sonenberg and Hinnebusch, 2009). In the OA-treated scallops of this study, 11 ribosome-associated DEPs exhibited significant over-expression (Supplementary Table 2), while significant enrichment of the amino acid biosynthetic pathway was suggested by the KEGG analysis and PPI network. The up-regulation of these proteins or pathways suggests that protein synthesis is effectively enhanced in the scallops exposed to OA, which possibly compensates for the proteins damaged by oxidative stress (Tomanek, 2010; Dasuri et al., 2013).

In the current study, the KEGG pathway analysis shows that phagosome is one of the important pathways in the scallops’ response to OA (Figure 5). In the invertebrate immune system, phagocytosis is a necessary mechanism for the removal of invading microorganisms, dead cells, and other relatively large particles (Mydlarz et al., 2006). The internalization of phagocytosis of large particles is initiated by the combination of particles with cell surface receptors, followed by the reconstitution and reorganization of the cytoskeleton to form phagosomes, which ultimately complete the internalization of particles (Castellano et al., 2001; Freeman and Grinstein, 2014). As an important component of phagocytosis, the formation of phagosomes is a prerequisite for the degradation of intracellular macromolecules (Mizushima, 2007; Xie and Klionsky, 2007; Lancaster et al., 2021). In addition, we also detected the significantly altered abundance of ATP6V0D1, ATP6V1B2, and other lysosome-associated proteins in the OA treatments, suggesting that OA affects the formation of phagocytic lysosomes. Previous studies have shown that some functions of phagosomes occur only in specific membrane domains. For example, phagosomes can only undergo acidification and fuse with lysosomes to produce immunocompetent phagolysosomes (Vieira et al., 2002; Luzio et al., 2007). Moreover, endoplasmic reticulum (ER)-associated proteins, such as RPN2 and Sec61 subunits known as ER marker proteins, were also identified in the phagosome pathway of the scallops. Previous studies have reported that the ER might contribute to the formation of the phagosome (Muller-Taubenberger et al., 2001; Gagnon et al., 2005; Mao et al., 2020). In summary, our results indicated that altered phagocytosis activity is an important way for scallops to respond to OA exposure, which could remove damaged proteins and apoptotic cells caused by OA, thereby reducing inflammation and tissue damage (Ellis et al., 2011; Song et al., 2015).

Our proteomic results showed that a total of 25 cytoskeleton-related proteins changed significantly, and 23 DEPs were up-regulated significantly. KEGG analysis also showed that the regulation of actin cytoskeleton in the OA-treated scallops was changed. In eukaryotic cells, the cytoskeleton is a complex reticular system of protein components such as microtubules, microfilaments, and intermediate fibers (Schliwa and Vanblerkom, 1981), playing a key role in maintaining cell structure, adhesion, migration, differentiation, division, and organelle transport (Hall, 1998). The result of our proteomic study is in accordance with the previous physical and omics studies showing that DST induced extensive exert cytotoxic effects by modulating the cytoskeleton (Espina and Rubiolo, 2008; Hanana et al., 2012; Huang et al., 2015; He et al., 2019). Changes in cytoskeleton-related proteins may also be related to cell connections, such as tight junctions and focal adhesion, thereby affecting the transport of macromolecules between cells and the signal transmission between cells and the extracellular matrix (Schneeberger and Lynch, 1992; Fanning et al., 1998). In this study, OA treatment led to significant alteration in the expression of proteins from tight junction, adherens junction, and focal adhesion pathways. Tight junctions and focal adhesion are two well-known cell connections associated with the cytoskeleton. The former links the plasma membranes of adjacent cells together and maintains normal cell function by acting as a barrier between cells to prevent the diffusion of soluble substances as well as membrane proteins and plasmids (Hartsock and Nelson, 2008). The latter plays a key role in regulating cell migration, proliferation, and apoptosis by mediating mechanical and biochemical signaling between cells and the extracellular matrix (Takeichi, 1995; Gumbiner, 2005; Mitra et al., 2005; Hartsock and Nelson, 2008; Burridge, 2017). Overall, the alteration of cytoskeletal proteins and related cell connections may compensate for the increased protein turnover and altered phagocytosis activity caused by OA.

The glycolytic pathway is the universal metabolic pathway that provides energy and converting energy metabolism to glycolysis has been shown to inhibit apoptosis and thus promote cell survival (Gohil et al., 2010; Slavov et al., 2014; Gao et al., 2020). In this study, the fructose-bisphosphate aldolase B (ALDOB) and fructose-bisphosphate aldolase C-B (ALDOCB) were significantly up-regulated. The two proteins are fructose diphosphate aldolase that catalyzes the formation of dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-phosphate (GAP) from fructose-1,6-bisphosphate (FBP) in the glycolytic pathway (Bauer and Levenbook, 1969). In addition, our KEGG analysis showed significant enrichment in the pentose phosphate pathway and fructose and mannose metabolism (Figure 5). The pentose phosphate pathway and fructose and mannose metabolism are essential branches of glycolysis, and both pathways produce intermediate products of glycolysis that converge into the glycolytic pathway (Jiang et al., 2014). Moreover, data obtained in this study demonstrate that OA exposure significantly enhanced the activity of citrate synthase (CS). Citrate synthase is the downstream process after the glycolytic pathway, which catalyzes the condensation of acetyl coenzyme A with oxaloacetate produced by glycolysis or other isomerization reactions to synthesize citrate in the tricarboxylic acid cycle. The up-regulated expression of CS further confirms the activation of the glycolytic pathway (Champe et al., 2005). In general, after exposure to OA, scallops may increase the energy produced by glycolysis to meet the additional energy demand caused by changes in biological processes such as amino acid biosynthesis and regulation of the actin cytoskeleton (Tomanek and Zuzow, 2010; Huang et al., 2015).




CONCLUSION

In this study, even though the concentration used in this study was well below those tolerated by the scallops, OA still resulted in significant changes in the physiology and proteomics of the scallops. OA not only induced oxidative stress and altered stress gene expression in scallops but also significantly changed biological processes like biosynthesis of amino acids, energy metabolism, cytoskeleton functions, and phagosome in scallops. Our findings provide global information for the potential mechanisms of OA toxicity on bivalves.
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Polyamine Putrescine Regulates Oxidative Stress and Autophagy of Hemocytes Induced by Lipopolysaccharides in Pearl Oyster Pinctada fucata martensii
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The polyamine putrescine (Put) is a ubiquitous small cationic amine. It plays an essential role in controlling the innate immune response. However, little is known about its function in mollusks. In this study, the Put content was observed to increase in the serum of pearl oyster Pinctada fucata martensii after 6 and 24 h of lipopolysaccharide (LPS) stimulation. Activities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) increased, and nitric oxide synthase was downregulated in the Put group (i.e., combined treatment with Put and LPS) compared with that in the LPS group (i.e., combined treatment with phosphate-buffered saline and LPS). Furthermore, activities of alkaline phosphatase and acid phosphatase were inhibited after 6 h of LPS stimulation. The expression levels of the nuclear factor kappa B, IκB kinase, Janus kinase, and signal transducer and activator of transcription proteins genes were all significantly suppressed at 12 and 24 h in the Put group. Pseudomonas aeruginosa and Bacillus subtilis grew better after being incubated with the serum from the Put group than that from the LPS group. Additionally, the Put treatment remarkably inhibited the autophagy of hemocytes mediated by the AMP-activated protein kinase-mammalian target of rapamycin-Beclin-1 pathway. This study demonstrated that Put can effectively inhibit the inflammatory response induced by LPS in pearl oysters. These results provide useful information for further exploration of the immunoregulatory functions of polyamines in bivalves and contribute to the development of immunosuppressive agents.
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INTRODUCTION

Many marine bivalves are economically important. However, diseases caused by bacteria or viruses present in the surrounding water environment negatively affect the development of the marine bivalve aquaculture industry (Mitta et al., 2000; Seo et al., 2010). Aside from physical and biological barriers against invaders, cellular and humoral immunity constitutes the main part of the innate immune response of bivalves (Antunes et al., 2014; Song et al., 2015). Hemocytes are an important part of the innate immune response of bivalves. Hemocytes act through phagocytosis (Hanington et al., 2010) and release cytotoxic molecules, such as nitric oxide and hydrogen, to participate in immune response (Canesi et al., 2002). Hemocytes located in areas in close contact with external microorganisms act as sentinels for any impending infection and migrate to any infection site (Allam and Espinosa, 2016). In addition, the oxidative stress caused by a bacterial infection can trigger autophagy, which is associated with cytoprotection (Yuan et al., 2009). The autophagy response of hemocytes plays a key role in the process of resisting potential pathogens in bivalves, and it determines the expression of autophagy-related genes and signaling pathways (Moreau et al., 2015; Balbi et al., 2018; Liu et al., 2020). Although hemocytes are known to have an effect on the immune system, the efficiency of defense comes from the activation of hemocytes and the components dissolved in serum, such as lectins, antioxidant enzymes, reactive oxygen species, and lysosomal enzymes (Mitta et al., 2000; Canesi et al., 2002). At the first glance, similar to that of other invertebrates, the structure of the existing immune system of bivalves is relatively simple and contains only the innate immune system, lacking an adaptive immune system (Pipe and Coles, 1995). However, accumulating evidence shows that many molecules in bivalves, including acetylcholine (Liu Z. et al., 2016; Cao et al., 2021), biogenic amines (e.g., 5-HT, epinephrine/norepinephrine, and dopamine) (Tiscar and Mosca, 2004; Dong et al., 2017), and amino acid substances (e.g., glutamic acid and γ-aminobutyric acid) (Tiscar and Mosca, 2004; Li et al., 2016), function in regulating their immune response to pathogenic bacteria, viruses, or mechanical damage.

Polyamines, such as putrescine (Put), spermidine (Spd), and spermine, are positively charged biogenic amines that are ubiquitous in all organisms, expect for certain archaeans (Chen and Martynowicz, 1984). The level of polyamines in organisms is strictly regulated. Environmental changes, tumors, oxidative stress, pathogen infection, or injury will cause changes in the polyamine levels (Wickström, 1991; Cipolla et al., 1993; Kournoutou et al., 2014). Polyamines are not only involved in cell growth, gene regulation, differentiation, and development but also have recently been found to alter the inflammatory response in vitro and immunity (Yuan et al., 2001; Pirinen et al., 2007; Choi and Park, 2012). They act as negative immunomodulators of natural killer cell activity (Quemener et al., 1994), lymphocytes (Byrd et al., 1977), and neutrophil locomotion (Ferrante et al., 1986). Polyamines are also important antioxidants (Guérin et al., 2001; Shoji et al., 2005; Toro-Funes et al., 2013; Liu G. et al., 2016), free radical scavengers (Ha et al., 1998), and anti-inflammatory agents (Byrd et al., 1977; Løvaas and Carlin, 1991; Li et al., 2020). In general, polyamines exert their antioxidant function by increasing the activity of antioxidant molecules of an organism, such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px), and inhibiting the generation of free radicals (Durmu and Kadioğlu, 2005; David et al., 2008; Reyes-Becerril et al., 2011; Fang et al., 2016; Yerra et al., 2016). The immune-related genes in gilthead seabream leucocytes are actively regulated by polyamines, especially Put (Reyes-Becerril et al., 2011). Recent studies have found that many signaling pathways are involved in the regulation of the immune response of polyamines, including the nuclear factor kappa B (NF-κB), phosphoinositide 3-kinase/protein kinase B, forkhead box O-3, Janus kinase (JAK)-signal transducer and activator of transcription proteins (STAT), and mitogen-activated protein kinase pathways (Reyes-Becerril et al., 2011; Choi and Park, 2012; Li et al., 2020). Polyamines also regulate autophagy through the AMP-activated protein kinase (AMPK)-mammalian target of rapamycin (mTOR)-Unc-51 like autophagy activating kinase 1 signaling pathway (Liu et al., 2019c). In invertebrates, polyamines were first observed in Cionia intestinalisin in 1954 (Ackermann and Janka, 1954). Subsequently, polyamines have been detected in sea urchin, sea cucumber, sea squirt, oysters, short-necked clam, C. elegans, planarians, earthworms, mussel, and Bombyx mori (Hamana et al., 1991, 1995; Kournoutou et al., 2014; Yerra et al., 2016). In planarians and earthworms, the synthesis of Put is stimulated during regeneration, and under temperature and osmotic stresses, the levels of Put and Spd in C. elegans, planarians, and earthworms are temporarily increased (Hamana et al., 1995). The levels of polyamines fluctuate under Cd+ stress in mussels (Kournoutou et al., 2014). These results suggested that polyamines may be important regulatory molecules in stress response. However, changes in polyamines in bivalves after pathogen infection and their functions in innate immune response remain unknown.

The pearl oyster Pinctada fucata martensii is mainly distributed in the southern provinces of China and Japan. It is one of the most economically important species used in the production of seawater pearls. In this study, we evaluated the changes in the Put levels in pearl oysters under the LPS stress. We also investigated the immune regulation function and molecular mechanism of Put in LPS-induced inflammation. Results suggested that Put may have potential functions in oxidative stress and inflammation in pearl oysters. These results provided some data for exploring further the functions of polyamines as immunomodulators in bivalves.



MATERIALS AND METHODS


Experimental Design and Sample Preparation

Pearl oysters (∼1.5 years old) were obtained from Houhong, Zhanjiang, Guangdong, China. The reagent was injected into the adductor muscle via a 100 μl microsyringe. The challenged group was injected with 100 μl of 0.5 mg/ml LPS (Sigma-Aldrich, St. Louis, MO, United States). The control group was injected with 100 μl of 1 × phosphate-buffered saline (1 × PBS) in the same way. In the Put group, 1 h before LPS injection, 100 μl of 1 mM Put dihydrochloride (Sigma-Aldrich, St. Louis, MO, United States) was injected. The pearl oysters injected with 100 μl of the 1 × PBS solution were used as the control group before LPS stimulation (i.e., LPS group). After LPS stimulation, the pearl oysters were maintained at (25 ± 1)°C in cistern with filtered seawater. Hemolymph was then extracted from eight pearl oysters in each group by using a 2 ml syringe at 6, 12, 24, and 48 h after LPS stimulation. Hemocytes and serum were separated from the hemolymph via centrifugation at 3,000 r/min for 5 min at 4°C. The collected hemocytes were resuspended in the TRIzol reagent (Invitrogen, Carlsbad, CA, United States). Both serum and hemocytes were quick-frozen in liquid nitrogen and stored at −80°C until use.



Detection of Put Content in Serum After Lipopolysaccharide Stimulation

Serum was collected from five individuals at different times post-LPS stimulation in each group. The Put levels were determined using kits (mlbio, Shanghai, China) following the instructions of the manufacturer. The procedure includes the following: 10 μl of the testing sample, 40 μl of the sample diluent, and 100 μl of the horseradish peroxidase-conjugate reagent were added to each well. Then, it was covered with an adhesive strip and incubated for 60 min at 37°C. Each well was aspirated and washed, repeating the process four times for a total of five washes. Notably, 50 μl of chromogen solution A and 50 μl of chromogen solution B were added to each well, gently mixed, incubated for 15 min at 37°C, and protected from light. Finally, 50 μl of stop solution was added to each well, and the OD450 value of each well at 37°C was determined using a microplate reader. Five samples of parallel tests were performed on each group.



Detection of Immune-Related Enzymes and Antibacterial Activities of Serum

After the Put treatment, the activities of antioxidant-related enzymes were detected in five individuals. SOD, CAT, activities of lysozyme (LYS), acid phosphatase (ACP), alkaline phosphatase (ALP), and GSH-Px were detected using kits (mlbio, Shanghai, China) in accordance with the instructions. The detection protocols are the same as the detection protocols of the Put level described in the “Detection of Put content in serum after LPS stimulation” section. The activity of iNOS was tested by kits (Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China) following the protocol of the manufacturer. First, 30 μl serum and 40 μl reagent 4 were mixed. Then, 200 μl reagent 1, 10 μl reagent 2, and 100 μl reagent 3 were added to each tube. They were gently mixed and incubated at 37°C for 15 min. Finally, 100 μl of reagent 4 and 2 ml of reagent 5 were added, and the OD450 value was detected using a microplate reader.

The antibacterial activity of serum after the Put treatment was detected. Pseudomonas aeruginosa and Bacillus subtilis were cultured to the logarithmic growth phase with the LB medium. Afterward, 10 μl of the bacterial solution and 50 μl of serum were added to a sterile 96-well plate and mixed well. After incubating for 3 h at room temperature, 200 μl of LB medium was added to each well. The OD600 value of each well at 37°C was determined using a microplate reader (the test was performed once every 30 min and continued for 24 h). Five samples of parallel tests were performed on each group.



Real-Time PCR for Detection of the Expression of Immune-Related Genes After Put Treatment

The total RNA of all samples was isolated using the TRIzol method (Invitrogen, United States). The cDNA template was prepared with Moloney murine leukemia virus (M-MLV) reverse transcriptase (RT) (Takara, Clontech, Japan). The relative expression of target genes was detected via quantitative RT-PCR (qRT-PCR) performed on the Applied Biosystems 7500/7500 instrument. β-Actin was selected to assess the relative expression of genes. All the primers used herein were designed using the Primer Premier 5 software (Table 1).


TABLE 1. Primer sequences used in this study.
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Monodansylcadaverine Assay for Autophagy Evaluation

The autophagy levels in hemocytes were detected using the monodansylcadaverine (MDC) autophagy staining detection kit (Beijing Solarbio Science & Technology, Beijing, China). After 48 h of Put + LPS treatment, 200 μl of hemolymph was drawn using a 2 ml syringe, and then the hemolymph was spread on the cover glass. After 10 min, the cells were washed twice with 1× washing buffer and the supernatant was removed. Then, 90 μl of 1× washing buffer and 10 μl of MDC stain were added and the cells were incubated at room temperature for 1 h. Three samples of parallel tests were performed on each group. The hemocyte autophagy levels were observed and photographed using a fluorescence microscope (Nikon ECLIPSE Ni, DS-Ri2, Tokyo, Japan). Five fields of view were randomly selected for each sample to calculate the autophagy ratio of hemocytes.



Data Analysis

The data on qRT-PCR, detection of enzyme activity, and antibacterial activity were analyzed using the SPSS 22.2 software. Differences in enzyme activity and gene expression level at different time points in the same group were determined using ANOVA. Differences in enzyme activity, gene expression level, bacterial growth level, and hemocyte autophagy levels between different groups at the same time point were determined via t-test. P-values < 0.05 were considered statistically significant.




RESULTS


Changes in Put Concentration in Serum After Lipopolysaccharide Stimulation

The concentration of Put in serum after 6, 12, and 24 h of LPS stimulation was quantified (Figure 1). In contrast to that in the in the PBS group, Put concentrations in serum significantly increased after 6 and 24 h by 1.24- and 1.32-fold, respectively, in the LPS stimulation group (P < 0.05). However, changes in Put concentrations in serum were not significant after 12 h of LPS stimulation (P > 0.05). Therefore, the Put concentration was sensitive to LPS stimulation in pearl oysters.


[image: image]

FIGURE 1. Detection of the putrescine level in serum after lipopolysaccharide (LPS) stimulation. Values are shown as mean ± SE (N = 5). Lowercase letters represent differences at different time points in the same groups, and capital letters represent differences in the different groups at same time points.




Immune- and Antioxidant-Related Enzymes and Antibacterial Activities

The regulatory functions of Put in LPS-induced humoral immunity were investigated by determining the LYS, ACP, ALP, SOD, CAT, GSH-Px, and inducible nitric oxide synthase (iNOS) in the Put group (i.e., combined treatment with Put and LPS) and the LPS group (i.e., combined treatment with PBS and LPS). As shown in Figures 2A–C, ACP and ALP activities were significantly inhibited by 1.24- and 1.21-fold, respectively, at 6 h in the Put group. However, the ACP activity was significantly induced at 48 h in the Put group compared with that in the LPS group (Figures 2B,C, P < 0.05). In contrast, the LYS activity did not significantly change (Figure 2A, P > 0.05). Furthermore, the SOD activity increased by 1.23-fold at 6 h in the Put group compared with that in the LPS group (Figure 2D, P < 0.05). In the Put group, the GSH-Px activity significantly increased by 1.25- to 1.42-fold at 6–48 h compared with that in the LPS group (Figure 2E, P < 0.05). The CAT activity was upregulated by 1.17-fold at 6 h and then downregulated at 24 and 48 h in the Put group compared with that in the LPS group (Figure 2F, P < 0.05). The iNOS activity was downregulated by 5.45- to 6.1-fold at 12–48 h in the Put group compared with that in the LPS group (Figure 3, P < 0.05). These results indicated that Put pretreatment remarkably attenuated oxidative stress.
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FIGURE 2. Detection of enzyme activity after the putrescine treatment. LYS, lysozyme; ACP, acid phosphatase; ALP, alkaline phosphatase; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase. Values are shown as mean ± SE (N = 5). Lowercase letters represent differences at different time points in the same groups, and capital letters represent differences in the different groups at same time points. Lipopolysaccharide (LPS) group, PBS_LPS; Put group, Put dihydrochloride_LPS. (A–F) represent the activities of LYS/ACP/ALP/SOD/GSH-Px/CAT after the putrescine treatment, respectively.
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FIGURE 3. Detection of iNOS activity in serum after the putrescine treatment. Values are shown as mean ± SE (N = 5). iNOS, inducible nitric oxide synthase. Lowercase letters represent differences at different time points in the same groups, and capital letters represent differences in the different groups at same time points. Lipopolysaccharide (LPS) group, PBS_LPS; Put group, Put dihydrochloride_LPS.


The antibacterial activity of serum was determined using a microplate reader. As shown in Figure 4, P. aeruginosa and B. subtilis grew significantly better after co-incubation with the serum from the Put group at 48 h than that with the serum from the LPS group (P < 0.05, Figure 4).
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FIGURE 4. Antibacterial activity of serum after the putrescine treatment. Values are shown as mean ± SE (N = 5), and different superscripts indicate significant differences at P < 0.05. Lipopolysaccharide (LPS) group, PBS_LPS; Put group, Put dihydrochloride_LPS. Lowercase letters represent differences at different time points in the same groups, and capital letters represent differences in the different groups at same time points.




Changes in Expression of Immune-Related Genes

The NF-K B/JAK-STAT signaling pathway is a potential pathway to mediate the oxidative stress and inflammation. The expression levels of NF-K B, IKK, JAK, and STAT genes were determined via qRT-PCR (Figure 5). Compared with those in the LPS group, the expression levels of NF-κB and IKK from the NF-κB signaling pathway were significantly downregulated at 12 and 24 h by 3.16- to 8.23-fold in the Put group, respectively (P < 0.05, Figures 5A,B). The relative expressions of two genes from the JAK/STAT signaling pathway investigated herein were all significantly suppressed, declining by approximately 6.3- to 24.56-fold for JAK and STAT at 12 and 24 h, respectively (P < 0.05, Figures 5C,D).


[image: image]

FIGURE 5. Expression of the nuclear factor kappa B (NF-κB), IκB kinase (IKK), Janus kinase (JAK), and signal transducer and activator of transcription proteins (STAT) genes after putrescine treatment. Values are shown as mean ± SE (N = 5). Lipopolysaccharide (LPS) group, PBS_LPS; Put group, Put dihydrochloride_LPS. Lowercase letters represent differences at different time points in the same groups, and capital letters represent differences in the different groups at same time points. (A–D) represent the expression of NF-κB/IKK/JAK/STAT after the putrescine treatment, respectively.




Detection of Hemocyte Autophagy Level

To achieve a better understanding of the underlying molecular mechanisms of Put-mediated autophagy inhibition, we explored the possible involvement of signaling pathways. Compared with the 0 h group, AMPK was significantly upregulated by 2.51- to 2.63-fold at 12 and 24 h by LPS stimulation, respectively (P < 0.05, Figure 6A). Moreover, mTOR was highly induced by 2.13- and 1.74-fold at 12 and 48 h, respectively (P < 0.05, Figure 6B). In the LPS group, Beclin-1 was highly induced by 4.63-fold at 48 h compared with 0 h (P < 0.05, Figure 6C). These results showed that autophagy was induced by LPS stimulation. Compared with that in the LPS group, the expression of AMPK was obviously decreased by 1.77- and 3.75-fold at 12 and 24 h, respectively, whereas that of mTOR increased by 1.75-fold at 48 h in the Put group (P < 0.05, Figures 6A,B). Compared with that in the LPS group, Beclin-1 expression decreased to 1.77- and 3.75-fold at 24 and 48 h, respectively, in the Put group (P < 0.05, Figure 6C).
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FIGURE 6. Putrescine treatment significantly inhibited hemocyte autophagy in pearl oysters. (A–C) mRNA expression of AMP-activated protein kinase (AMPK), mammalian target of rapamycin (mTOR), and Beclin-1 in hemocytes was analyzed. Values are shown as mean ± SE (N = 5). Lowercase letters represent differences at different time points in the same groups, and capital letters represent differences in the different groups at same time points. (D–G) Level of autophagy in hemocytes was detected via the monodansylcadaverine (MDC) method. Green fluorescence represents a positive signal. Lipopolysaccharide (LPS) group, PBS_LPS; Put group, Put dihydrochloride_LPS.


Subsequently, we adopted the MDC method to detect the autophagy level of pearl oyster hemocytes (Figures 6D–G). In the LPS group, the hemocyte autophagy level increased from 5.2 to 12.7% compared with that in the 0 h group (P < 0.05). Compared with that in the LPS group, the hemocyte autophagy level decreased from 12.7 to 5.3% at 48 h in the Put group (P < 0.05). Therefore, the Put pretreatment inhibited hemocytes autophagy via the AMPK-mTOR-Beclin-1 pathway upon LPS stimulation.




DISCUSSION

Polyamines are a class of ubiquitous positively charged biogenic amines (Bae et al., 2018). In vertebrates, polyamines are important antioxidants and anti-inflammatory agents, and they regulate the immune response (Guérin et al., 2001; Shoji et al., 2005; Rider et al., 2007; Toro-Funes et al., 2013; Liu G. et al., 2016). Polyamines are also widespread in bivalve mollusks, suggesting that they may also be an important immune regulatory molecule (Hamana et al., 1991; Kournoutou et al., 2014). However, the immunomodulatory function of polyamines in the immune response of bivalves remains unknown. In this study, Put accumulation occurred at 6 and 24 h after LPS stimulation in pearl oysters. In eukaryotes, changes in the polyamine levels occur under various stresses, such as oxidative stress, pathogen infection, tissue damage, and drought/temperature stress (Wickström, 1991; Cipolla et al., 1993; Kournoutou et al., 2014; Adamipour et al., 2020; Tsaniklidis et al., 2021). In mussels, an increase in Put concentration under Cd+ stress may play an important role in the oxidative stress caused by this cation (Kournoutou et al., 2014). Polyamine accumulation and extensive changes in its levels under stress conditions indicate that they play a role in adaptive responses to various environmental stresses. Therefore, the accumulation of Put after LPS stimulation in pearl oysters indicated that it may play an important role in LPS-induced immune response.

To explore further the function of Put in LPS stress, we used this polyamine to treat pearl oysters before LPS stimulation. Owing to their lack of adaptive immunity, pearl oysters mainly rely on hemocytes and humoral immunity to resist pathogenic invasion (Pipe and Coles, 1995; Antunes et al., 2014; Song et al., 2015). LYS, ACP, and ALP are important antibacterial molecules in the humoral immunity of bivalves. In this study, the activities of ACP and ALP in pearl oyster were considerably inhibited in the Put group, which were consistent with those reported in mammals (Jing et al., 2021). Bacterial infections can cause oxidative stress. SOD, CAT, and GSH-Px are the main parameters of oxidative stress (Bilbao et al., 2009; Kolaiti et al., 2009; Venier et al., 2011). The increased activity of the antioxidant-related enzyme observed in our research suggested that oxidative stress weakened when treated with Put. In mammals, diets supplemented with Put substantially increase the activities of SOD, CAT, and GSH-Px (Liu et al., 2019a). Reactive nitrogen species, such as NO, are also free radicals that cause oxidative stress. iNOS is a critical enzyme that catalyzes the biosynthesis of NO. Our results showed that the iNOS activity was effectively inhibited after the Put treatment, similar to that observed in vertebrates (Choi and Park, 2012; Liu et al., 2019b). These results indicate that Put can effectively attenuate the oxidative stress response caused by LPS stimulation. Furthermore, the expression levels of NF-κB, IKK, JAK, and STAT genes were notably downregulated in hemocytes to be pretreated with Put before LPS stimulation. Previous studies have shown that inhibiting the NF-κB/JAK-STAT signaling pathway can remarkably reduce the oxidative stress and inflammation response (Choi and Park, 2012; Zhao et al., 2017; Liu et al., 2019b; Hu et al., 2020). Therefore, we speculated that Put may inhibit the LPS-stimulated oxidative stress by blocking the NF-κB and the JAK/STAT signaling pathways in the hemocytes of pearl oysters.

Autophagy is one of the main sensors of the oxidative stress signal (Lee et al., 2012). To respond to bacterial infections and prevent damage caused by oxidative stress, cells activate their autophagy system (Nakagawa et al., 2004; Travassos et al., 2010; Lee et al., 2012). In this study, the hemocyte autophagy level of pearl oysters decreased after the Put treatment. In vertebrates, the inhibition of iNOS by drug inhibitors can reduce autophagy in cardiomyocytes (Yuan et al., 2009). Therefore, the inhibition of the iNOS activity by the Put treatment may be one of the reasons for the decrease in hemocyte autophagy. Numerous key genes and signaling pathways involved in autophagy have been identified, such as mTOR, AMPK, and Beclin-1 (He and Klionsky, 2009; Booth et al., 2018). Autophagy-related genes are regulated by mTOR (Rosenbluth and Pietenpol, 2009). Inhibition of mTOR activity induces autophagy (Floto et al., 2007). Beclin-1 is a crucial protein that initiates autophagy (Booth et al., 2018). AMPK is an energy sensor that mediates autophagy (Harhaji-Trajkovic et al., 2009). Furthermore, it has been revealed that polyamines regulate autophagy through the AMPK-mTOR pathway (Pichiah et al., 2011; Liu et al., 2019c; Chen et al., 2021). To better understand the molecular mechanism of autophagy regulated by Put, we explored the possible involvement of signaling pathways. Results showed that Put inhibited the expression of AMPK and Beclin genes and induced that of mTOR, suggesting that Put may inhibit LPS-induced hemocyte autophagy through the AMPK-mTOR-Beclin-1 pathway.



CONCLUSION

The Put levels were induced after LPS stimulation in pearl oysters. Put weakened the oxidative stress in pearl oysters. The NF-κB/JAK-STAT pathways regulated by Put may be the potential pathways that regulate oxidative stress. Put inhibited hemocyte autophagy through the AMPK-mTOR-Beclin-1 pathway. Pearl oyster is one of the most economically important species for cultivating seawater pearls. During artificial pearl breeding, the damage and pathogenic infection caused during transplantation will cause strong immune rejection and even the death of pearl oysters. Therefore, the function of Put as an immunomodulator in pearl cultivation will be explored in a follow-up study.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The pearl oyster Pinctada fucata martensii is a lower invertebrate, and therefore, the study was not subject to ethical approval.



AUTHOR CONTRIBUTIONS

YJ, XD, and ZZ: conceptualization. YC: writing—original draft preparation. SZ, XL, ZL, and JC: validation. XX and ZG: formal analysis. ZZ and YJ: writing—review and editing. All authors have read and agreed to the published version of the manuscript.



FUNDING

This research was funded by the National Natural Science Foundation of China (32002369 and 32102817), the Guangdong Basic and Applied Basic Research Foundation (2021A1515011199 and 2020A1515011096), the Department of Education of Guangdong Province (2021KCXTD026, 2021KTSCX041 and 2020ZDZX1045), and the China Agriculture Research System of MOF and MARA.



REFERENCES

Ackermann, D., and Janka, R. (1954). First observation of spermine in invertebrate Cionia intestinalis. Hoppe Seylers Z. Physiol. Chem. 296, 279–282.

Adamipour, N., Khosh-Khui, M., Salehi, H., Razi, H., and Moghadam, A. (2020). Role of genes and metabolites involved in polyamines synthesis pathways and nitric oxide synthase in stomatal closure on Rosa damascena Mill. under drought stress. Plant Physiol. Biochem. 148, 53–61. doi: 10.1016/j.plaphy.2019.12.033

Allam, B., and Espinosa, E. P. (2016). Bivalve immunity and response to infections: are we looking at the right place. Fish Shellfish Immunol. 53, 4–12. doi: 10.1016/j.fsi.2016.03.037

Antunes, F., Hinzmann, M., Lopes-Lima, M., Vaz-Pires, P., Ferreira, S., Domingues, B., et al. (2014). Antibacterial effects of Anodonta cygnea fluids on Escherichia coli and enterococci multi-drug-resistant strains: environmental implications. Toxicol. Environ. Chem. Rev. 96, 880–889. doi: 10.1080/02772248.2014.989853

Bae, D. H., Lane, D. J. R., Jansson, P. J., and Richardson, D. R. (2018). The old and new biochemistry of polyamines. Biochim. Biophys. Acta Gen. Subj. 1862, 2053–2068. doi: 10.1016/j.bbagen.2018.06.004

Balbi, T., Cortese, K., and Ciacci, C. (2018). Autophagic processes in Mytilus galloprovincialis hemocytes: effects of Vibrio tapetis. Fish Shellfish Immunol. 73, 66–74. doi: 10.1016/j.fsi.2017.12.003

Bilbao, E., Cajaraville, M. P., and Cancio, I. (2009). Cloning and expression pattern of peroxisomal β-oxidation genes palmitoyl-CoA oxidase, multifunctional protein and 3-ketoacyl-CoA thiolase in mussel Mytilus galloprovincialis and thicklip grey mullet Chelon labrosus. Gene 443, 132–142. doi: 10.1016/j.gene.2009.05.008

Booth, L., Roberts, J. L., Poklepovic, A., Kirkwood, J., Sander, C., Avogadri-Connors, F., et al. (2018). The levels of mutant K-RAS and mutant N-RAS are rapidly reduced in a Beclin1 / ATG5 -dependent fashion by the irreversible ERBB1/2/4 inhibitor neratinib. Cancer Biol. Ther. 19, 132–137. doi: 10.1080/15384047.2017.1394556

Byrd, W. J., Jacobs, D. M., and Amoss, M. S. (1977). Synthetic polyamines added to cultures containing bovine sera reversibly inhibit in vitro parameters of immunity. Nature 267, 621–623. doi: 10.1038/267621a0

Canesi, L., Gallo, G., Gavioli, M., and Pruzzo, C. (2002). Bacteria-hemocyte interactions and phagocytosis in marine bivalves. Microsc. Res. Tech. 57, 469–476. doi: 10.1002/jemt.10100

Cao, Y. F., Jiao, Y., Zheng, C., Zhan, S. Z., Gu, Z. F., Xiong, X. W., et al. (2021). Transcriptome analysis provides insights into the function of the cholinergic system in Pearl oyster transplantation immunity. Aquaculture 15:737205. doi: 10.1016/j.aquaculture.2021.737205

Chen, K. Y., and Martynowicz, H. (1984). Lack of detectable polyamines in an extremely halophilic bacterium. Biochem. Biophys. Res. Commun. 124, 423–429. doi: 10.1016/0006-291X(84)91570-5

Chen, Q. S., Shen, A., Dai, J. W., Li, T. T., Huang, W. F., Shi, K., et al. (2021). IL37 overexpression inhibits autophagy and apoptosis induced by hepatic ischemia reperfusion injury via modulating AMPK/mTOR/ULLK1 signalling pathways. Life Sci. 276:119424. doi: 10.1016/j.lfs.2021.119424

Choi, Y. H., and Park, H. Y. (2012). Anti-inflammatory effects of spermidine in lipopolysaccharide-stimulated BV2 microglial cells. J. Biomed. Sci. 19:31. doi: 10.1186/1423-0127-19-31

Cipolla, B., Guillé, F., Moulinoux, J. P., Quemener, V., Staerman, F., Corbel, L., et al. (1993). Polyamines and prostatic carcinoma: clinical and therapeutic implications. Eur. Urol. 24, 124–31. doi: 10.1159/000474279

David, M., Munaswamy, V., Halappa, R., and Marigoudar, S. R. (2008). Impact of sodium cyanide on catalase activity in the freshwater exotic carp, Cyprinus carpio (Linnaeus). Pestic. Biochem. Physiol. 92, 15–18. doi: 10.1016/j.pestbp.2008.03.013

Dong, W., Liu, Z., Qiu, L., Wang, W., Song, X., Wang, X., et al. (2017). The modulation role of serotonin in Pacific oyster Crassostrea gigas in response to air exposure. Fish Shellfish Immunol. 62, 341–348. doi: 10.1016/j.fsi.2017.01.043

Durmu, N., and Kadioğlu, A. (2005). Spermine and putrescine enhance oxidative stress tolerance in maize leaves. Acta Physiol. Plant. 27, 515–522. doi: 10.1007/s11738-005-0057-8

Fang, T., Jia, G., Zhao, H., Chen, X., Tang, J., Wang, J., et al. (2016). Effects of spermine supplementation on the morphology, digestive enzyme activities, and antioxidant capacity of intestine in weaning rats. Anim. Nutr. 2, 370–375. doi: 10.1016/j.aninu.2016.09.002

Ferrante, A., Maxwell, G. M., Rencis, V. O., Allison, A. C., and Morgan, D. (1986). Inhibition of the respiratory burst of human neutrophils by the polyamine oxidase-polyamine system. Int. J. Immunopharmacol. 8, 411–417. doi: 10.1016/0192-0561(86)90125-6

Floto, R. A., Sarkar, S., Perlstein, E. O., Kampmann, B., and Rubinsztein, D. C. (2007). Small molecule enhancers of rapamycin-induced TOR inhibition promote autophagy, reduce toxicity in Huntington’s disease models and enhance killing of mycobacteria by macrophages. Autophagy 3, 620–622. doi: 10.4161/auto.4898

Guérin, P., El, M. S., and Ménézo, Y. (2001). Oxidative stress and protection against reactive oxygen species in the pre-implantation embryo and its surroundings. Hum. Reprod. Upd. 7, 175–189. doi: 10.1093/humupd/7.2.175

Ha, H. C., Sirisoma, N. S., Kuppusamy, P., Zweier, J. L., Woster, P. M., and Casero, R. A. (1998). The natural polyamine spermine functions directly as a free radical scavenger. Proc. Natl. Acad. Sci. U. S. A. 95, 11140–11145. doi: 10.1073/pnas.95.19.11140

Hamana, K., Hamana, H., and Shinozawa, T. (1995). Alterations in polyamine levels of nematode, earthworm, leech and planarian during regeneration, temperature and osmotic stresses. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 111, 91–97. doi: 10.1016/0305-0491(94)00222-G

Hamana, K., Niitsu, M., Samejima, K., and Matsuzaki, S. (1991). Novel tetraamines, pentaamines and hexaamines in sea urchin, sea cucumber, sea squirt and bivalves. Comp. Biochem. Physiol. B Comp. Biochem. 100, 59–62. doi: 10.1016/0305-0491(91)90084-Q

Hanington, P. C., Forys, M. A., Dragoo, J. W., Zhang, S. M., Adema, C. M., and Loker, E. S. (2010). Role for a somatically diversified lectin in resistance of an invertebrate to parasite infection. Proc. Natl. Acad. Sci. U. S. A. 107, 21087–21092. doi: 10.1073/pnas.1011242107

Harhaji-Trajkovic, L., Vilimanovich, U., Kravic-Stevovic, T., Bumbasirevic, V., and Trajkovic, V. (2009). AMPK-mediated autophagy inhibits apoptosis in cisplatin-treated tumor cells. J. Cell Mol. Med. 13, 3644–3654. doi: 10.1111/j.1582-4934.2008.00663.x

He, C., and Klionsky, D. J. (2009). Regulation Mechanisms and Signaling Pathways of Autophagy. Annu. Rev. Genet. 43, 67–93. doi: 10.1146/annurev-genet-102808-114910

Hu, X., Ding, C., Ding, X., Fan, P., and Li, Y. (2020). Inhibition of myeloid differentiation protein 2 attenuates renal ischemia/reperfusion-induced oxidative stress and inflammation via suppressing TLR4/TRAF6/NF-kB pathway. Life Sci. 256:117864. doi: 10.1016/j.lfs.2020.117864

Jing, W., Yxb, C., Jl, C., Ming, Q., and Bie, T. (2021). Serum biochemical parameters and amino acids metabolism are altered in piglets by early-weaning and proline and putrescine supplementations. Anim. Nutr. 7, 334–345. doi: 10.1016/j.aninu.2020.11.007

Kolaiti, R. M., Lucas, J. M., and Kouyanou-Koutsoukou, S. (2009). Molecular cloning of the ribosomal P-proteins MgP1, MgP2, MgP0, and superoxide dismutase (SOD) in the mussel Mytilus galloprovincialis and analysis of MgP0 at stress conditions. Gene 430, 77–85. doi: 10.1016/j.gene.2008.10.024

Kournoutou, G. G., Pytharopoulou, S., Leotsinidis, M., and Kalpaxis, D. L. (2014). Changes of polyamine pattern in digestive glands of mussel Mytilus galloprovincialis under exposure to cadmium. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 165, 1–8. doi: 10.1016/j.cbpc.2014.05.005

Lee, J., Giordano, S., and Zhang, J. (2012). Autophagy, mitochondria and oxidative stress: cross-talk and redox signalling. Biochem. J. 441, 523–540. doi: 10.1042/BJ20111451

Li, G., Ding, H., Yu, X., Meng, Y., Li, J., Guo, Q., et al. (2020). Spermidine suppresses inflammatory DC function by activating the FOXO3 pathway and counteracts autoimmunity. iScience 23:100807. doi: 10.1016/j.isci.2019.100807

Li, M., Wang, L., Qiu, L., Wang, W., Xin, L., Xu, J., et al. (2016). A glutamic acid decarboxylase (CgGAD) highly expressed in hemocytes of Pacific oyster Crassostrea gigas. Dev. Comp. Immunol. 63, 56–65. doi: 10.1016/j.dci.2016.05.010

Liu, G., Liang, X., Wei, C., Fang, T., Gang, J., Chen, X., et al. (2016). Changes in the metabolome of rats after exposure to arginine and N-carbamylglutamate in combination with diquat, a compound that causes oxidative stress, assessed by 1H NMR spectroscopy. Food Funct. 7, 964–974. doi: 10.1039/C5FO01486G

Liu, Z., Zhou, Z., Wang, L., Dong, W., Qiu, L., and Song, L. (2016). The cholinergic immune regulation mediated by a novel muscarinic acetylcholine receptor through TNF pathway in oyster Crassostrea gigas. Dev. Comp. Immunol. 65, 139–148. doi: 10.1016/j.dci.2016.07.003

Liu, H., Dong, J., Song, S., Zhao, Y., and Yang, J. (2019c). Spermidine ameliorates liver ischaemia-reperfusion injury through the regulation of autophagy by the AMPK-mTOR-ULK1 signalling pathway. Biochem. Biophys. Res. Commun. 519, 227–233. doi: 10.1016/j.bbrc.2019.08.162

Liu, G., Mo, W., Xu, X., Wu, X., Jia, G., Zhao, H., et al. (2019a). Effects of putrescine on gene expression in relation to physical barriers and antioxidant capacity in organs of weaning piglets. RSC Adv. 9, 19584–19595. doi: 10.1039/C9RA02674F

Liu, G., Zheng, J., Wu, X., Xu, X., Jia, G., Zhao, H., et al. (2019b). Putrescine enhances intestinal immune function and regulates intestinal bacteria in weaning piglets. Food Funct. 10, 4134–4142. doi: 10.1039/C9FO00842J

Liu, S., Wang, W., Liu, Y., Cao, W., Yuan, P., Li, J., et al. (2020). Protein kinase-like ER kinase (PERK) regulates autophagy of hemocytes in antiviral immunity of Pacific oyster Crassostrea gigas. Fish Shellfish Immunol. Rep. 1:100002. doi: 10.1016/j.fsirep.2020.100002

Løvaas, E., and Carlin, G. (1991). Spermine: an anti-oxidant and anti-inflammatory agent. Free Radic. Biol. Med. 11, 455–461. doi: 10.1016/0891-5849(91)90061-7

Mitta, G., Vandenbulcke, F., Hubert, F., Salzet, M., and Roch, P. (2000). Involvement of mytilins in mussel antimicrobial defense. J. Biol. Chem. 275, 12954–12962. doi: 10.1074/jbc.275.17.12954

Moreau, P., Moreau, K., Segarra, A., Tourbiez, D., Travers, M. A., Rubinsztein, D. C., et al. (2015). Autophagy plays an important role in protecting Pacific oysters from OsHV-1 and Vibrio aestuarianus infections. Autophagy 11, 516–526. doi: 10.1080/15548627.2015.1017188

Nakagawa, I., Amano, A., Mizushima, N., Yamamoto, A., Yamaguchi, H., Kamimoto, T., et al. (2004). Autophagy defends cells against invading group a streptococcus. Science 306, 1037–1040. doi: 10.1126/science.1103966

Pichiah, P., Suriyakalaa, U., Kamalakkannan, S., Kokilavani, P., and Achiraman, S. (2011). Spermidine may decrease ER stress in pancreatic beta cells and may reduce apoptosis via activating AMPK dependent autophagy pathway. Med. Hypotheses 77, 677–679. doi: 10.1016/j.mehy.2011.07.014

Pipe, R. K., and Coles, J. A. (1995). Environmental contaminants influencing immunefunction in marine bivalve molluscs. Fish Shellfish Immunol. 5, 581–595. doi: 10.1016/S1050-4648(95)80043-3

Pirinen, E., Kuulasmaa, T., Pietilä, M., Heikkinen, S., Tusa, M., Itkonen, P., et al. (2007). Enhanced polyamine catabolism alters homeostatic control of white adipose tissue mass, energy expenditure, and glucose metabolism. Mol. Cell. Biol. 27, 4953–4967. doi: 10.1128/MCB.02034-06

Quemener, V., Blanchard, Y., Chamaillard, L., Havouis, R., and Moulinoux, J. P. (1994). Polyamine deprivation: a new tool in cancer treatment. Anticancer Res. 14, 443–448. doi: 10.1007/BF02303562

Reyes-Becerril, M., Ascencio-Valle, F., Tovar-Ramírez, D., Meseguer, J., and Esteban, M. (2011). Effects of polyamines on cellular innate immune response and the expression of immune-relevant genes in gilthead seabream leucocytes. Fish Shellfish Immunol. 30, 248–254. doi: 10.1016/j.fsi.2010.10.011

Rider, J. E., Hacker, A., Mackintosh, C. A., Pegg, A. E., Woster, P. M., and Casero, R. Jr. (2007). Spermine and spermidine mediate protection against oxidative damage caused by hydrogen peroxide. Amino Acids 33, 231–240. doi: 10.1007/s00726-007-0513-4

Rosenbluth, J. M., and Pietenpol, J. A. (2009). mTOR regulates autophagy-associated genes downstream of p73. Autophagy 5, 114–116. doi: 10.4161/auto.5.1.7294

Seo, J. K., Stephenson, J., Crawford, J. M., Stone, K. L., and Noga, E. J. (2010). American Oyster, Crassostrea virginica, expresses a potent antibacterial histone H2B protein. Mar. Biotechnol. 12, 543–551. doi: 10.1007/s10126-009-9240-z

Shoji, H., Oguchi, S., Fujinaga, S., Shinohara, K., Kaneko, K., Shimizu, T., et al. (2005). Effects of human milk and spermine on hydrogen peroxide-induced oxidative damage in IEC-6 cells. J. Pediatr. Gastroenterol. Nutr. 41, 460–465. doi: 10.1093/carcin/bgp122

Song, L., Wang, L., Zhang, H., and Wang, M. (2015). The immune system and its modulation mechanism in scallop. Fish Shellfish Immunol. 46, 65–78. doi: 10.1016/j.fsi.2015.03.013

Tiscar, P. G., and Mosca, F. (2004). Defense mechanisms in farmed marine molluscs. Vet. Res. Commun. 28, 57–62. doi: 10.1023/B:VERC.0000045379.78547.23

Toro-Funes, N., Bosch-Fuste, J., Veciana-Nogues, M. T., Izquierdo-Pulido, M., and Vidal-Carou, M. C. (2013). In vitro antioxidant activity of dietary polyamines. Food Res. Int. 51, 141–147. doi: 10.1016/j.foodres.2012.11.036

Travassos, L. H., Carneiro, L. A., Ramjeet, M., Hussey, S., Kim, Y. G., Magalhães, J. G., et al. (2010). Nod1 and Nod2 direct autophagy by recruiting ATG16L1 to the plasma membrane at the site of bacterial entry. Nat. Immunol. 11, 55–62. doi: 10.4161/auto.6.3.11305

Tsaniklidis, G., Charova, S. N., Fanourakis, D., Tsafouros, A., Nikoloudakis, N., Goumenaki, E., et al. (2021). The role of temperature in mediating postharvest polyamine homeostasis in tomato fruit. Postharvest Biol. Technol. 179:111586. doi: 10.1016/j.postharvbio.2021.111586

Venier, P., Varotto, L., Rosani, U., Millino, C., and Pallavicini, A. (2011). Insights into the innate immunity of the Mediterranean mussel Mytilus galloprovincialis. BMC Genomics 12:69. doi: 10.1186/1471-2164-12-69

Wickström, K. (1991). Polyamines in rabbit aqueous humor after surgical trauma to the eye. Curr. Eye Res. 10, 463–469. doi: 10.3109/02713689109001753

Yerra, A., Challa, S., Valluri, S. V., and Mamillapalli, A. (2016). Spermidine alleviates oxidative stress in silk glands of Bombyx mori. J. Asia Pacific Entomol. 19, 1197–1202. doi: 10.1016/j.aspen.2016.10.014

Yuan, H., Perry, C. N., Huang, C., Iwai-Kanai, E., Carreira, R. S., Glembotski, C. C., et al. (2009). LPS-induced autophagy is mediated by oxidative signaling in cardiomyocytes and is associated with cytoprotection. Am. J. Physiol. Heart Circ. Physiol. 296, H470–H479. doi: 10.1152/ajpheart.01051.2008

Yuan, Q., Ray, R. M., Viar, M. J., and Johnson, L. R. (2001). Polyamine regulation of ornithine decarboxylase and its antizyme in intestinal epithelial cells. Am. J. Physiol. Gastrointest. Liver Physiol. 280, G130–G138. doi: 10.1152/ajpgi.2001.280.1.G130

Zhao, L., Wu, D., Sang, M., Xu, Y., Liu, Z., and Wu, Q. (2017). Stachydrine ameliorates isoproterenol-induced cardiac hypertrophy and fibrosis by suppressing inflammation and oxidative stress through inhibiting NF-κB and JAK/STAT signaling pathways in rats. Int. Immunopharmacol. 48, 102–109. doi: 10.1016/j.intimp.2017.05.002


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Cao, Jiao, Zhan, Liang, Li, Chen, Xiong, Gu, Du and Zheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 07 January 2022
doi: 10.3389/fphys.2021.762681





[image: image]

Transcriptome Profiling Based on Larvae at Different Time Points After Hatching Provides a Core Set of Gene Resource for Understanding the Metabolic Mechanisms of the Brood-Care Behavior in Octopus ocellatus
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The metabolic processes of organisms are very complex. Each process is crucial and affects the growth, development, and reproduction of organisms. Metabolism-related mechanisms in Octopus ocellatus behaviors have not been widely studied. Brood-care is a common behavior in most organisms, which can improve the survival rate and constitution of larvae. Octopus ocellatus carried out this behavior, but it was rarely noticed by researchers before. In our study, 3,486 differentially expressed genes (DEGs) were identified based on transcriptome analysis of O. ocellatus. We identify metabolism-related DEGs using GO and KEGG enrichment analyses. Then, we construct protein–protein interaction networks to search the functional relationships between metabolism-related DEGs. Finally, we identified 10 hub genes related to multiple gene functions or involved in multiple signal pathways and verified them using quantitative real-time polymerase chain reaction (qRT-PCR). Protein–protein interaction networks were first used to study the effects of brood-care behavior on metabolism in the process of growing of O. ocellatus larvae, and the results provide us valuable genetic resources for understanding the metabolic processes of invertebrate larvae. The data lay a foundation for further study the brood-care behavior and metabolic mechanisms of invertebrates.
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INTRODUCTION

Cephalopods are marine mollusks that are widely distributed throughout the world’s oceans. The artificial breeding of cephalopods has gradually appeared all over the world in the last few years because of the difficult catching (Arkhipkin, 1985; Budelmann, 1994; Schnell et al., 2020). Previous studies have shown that the reproductive cycle of cephalopods is generally around 2 months (Zheng et al., 2009; Wang et al., 2010). They lay eggs about a month after mating, and the eggs hatch after 25–40 days. It’s worth noting that water temperature significantly affects the incubation time, suitable water temperature will greatly reduce the incubation time (Wang et al., 2010; Zheng et al., 2011). Normally, the incubation rates of cephalopod larvae are 70–80%, and the survival rate is more than 90% (Zheng et al., 2009, 2011; Wang et al., 2010). Octopus ocellatus has become a sought-after breed for its high nutritional value, short growth cycle, rapid growth, strong adaptability to the breeding environment, and ease of reproduction (Boletzky, 1975; Navarro and Villanueva, 2003; Rosas et al., 2013; Wei et al., 2015). In China, the research on O. ocellatus larvae has mainly focused on survival, feeding, and palatability factors, with relatively less research on the breeding methods of O. ocellatus during the hatching period (Boletzky, 1989; Li et al., 2019).

There are many factors that affect the growth and development of O. ocellatus larvae, including water quality, dissolved oxygen, light, temperature, and brood-care (Boletzky, 1989; Quiroga and Garcia, 2003; Huffard, 2013; Vidal et al., 2014; Seibel, 2016; Chatterjee et al., 2018). The brood-care behavior of female O. ocellatus can reduce the occurrence of hatching diseases and improve the hatching rate (Boletzky, 1989; Baeza and Fernández, 2002). Similarly, in marine vertebrates such as catfish, perch, and other fish, parents may display brood-care behavior, and this has an impact on the birth rate and bodily functions of fish larvae (Bunn et al., 2000; Baldridge and Lodge, 2013; Foster et al., 2016). The brood-care behavior affects the growth of O. ocellatus larvae and determines the immune and metabolic functions of the larvae to a certain extent (Zheng et al., 2009; Wang et al., 2010).

Metabolism is the synthesis and biochemical processes of cells and tissues (Harper and Patti, 2020). The metabolic network of organisms is very complex, and multiple metabolic processes share the metabolic functions together. Changes in one metabolic process often lead to changes in other processes. A good understanding of metabolic functions is conducive to the study of the physiological and biochemical functions of organisms (Hosseini et al., 2016; Matsumoto et al., 2018; Xu and Zheng, 2020). In studies of invertebrate metabolism, energy accounts for a large proportion; for example, glucose metabolism in marine mollusks or the comparison of energy metabolism between Bivalvia and Brachiopoda (Martínez-Quintana and Yepiz-Plascencia, 2012; Bruning et al., 2013; Payne et al., 2014). Studies of cephalopod metabolic impact factors mainly focus on external environmental factors, such as water depth and habitat temperature, while other studies consider metabolic mechanisms through starvation, individual size, and other aspects (Seibel et al., 1997; Pimentel et al., 2012; Ikeda, 2016; Speers-Roesch et al., 2016). The relationships between metabolism and brood-care behavior have not been reported up to now.

We divide O. ocellatus eggs laid by the same parent into Pro group (brood-care group) and Unp (brood-careless group) in our research. We performed transcriptome sequencing and bioinformatics analyses using these larvae in two groups at 0 h, 4 h, 12 h, and 24 h after hatching, including gene function annotation, differentially expressed genes analysis, GO enrichment analysis, KEGG functional enrichment analysis, and metabolism-related protein–protein interaction networks (PPI network) analysis. Among these analyses, 3,486 DEGs were identified, which may be related to metabolic processes. The results of a heatmap indicate that brood-care has a great impact on the metabolism of larvae. Ten metabolism-related KEGG signaling pathways were enriched in our study. They are closely related to larval metabolism and maintain the metabolic functions. We then construct a protein–protein interaction network using 49 genes enriched in these pathways and find multiple key genes most related to larval metabolism. In the end, quantitative RT-PCR (qRT-PCR) was used to identify and verify 10 hub genes. These results supply us with novel insights for further comprehending the relationships between O. ocellatus brood-care behavior and larval metabolic mechanisms. This conclusion lays a foundation for the artificial breeding technology of O. ocellatus.



MATERIALS AND METHODS


Ethics Statement

Octopus ocellatus samples were obtained from a commercial hatchery. This research was conducted in accordance with the protocols of the Institutional Animal Care and Use Committee of the Ludong University (protocol number LDU-IRB20210308NXY) and the China Government Principles for the Utilization and Care of Invertebrate Animals Used in Testing, Research, and Training (State Science and Technology Commission of the People’s Republic of China for No. 2, October 31, 19881).



Sample Collection and RNA Preparation

We caught wild O. ocellatus parents in Rizhao sea area to prepare for this experiment, the latitude and longitude of animals sampling site are 34.91005177008973 and 119.63820016113283. The eggs spawned by parents were collected after temporary feeding, and these were divided into two groups (Pro and Unp). Among them, the eggs in Pro group continued to be brooded by their parents, and the eggs in Unp group were hatched in flowing seawater without parent brood. Then, the primary incubation larvae were temporarily cultured in floating seawater for 24 h. The temperature of seawater was stable at the optimum temperature of eggs hatching (19–20.8°C) in 29 days of hatching. The larvae at 0h, 4h, 12h, and 24h after hatching were collected and stored in liquid nitrogen container until RNA extraction using TRIzol method.

We randomly selected nine primary incubation larvae at each time point in two groups for RNA extraction: brood-care larvae grow for 0h (Pro-C), brood-care larvae grow for 4h (Pro-4h), brood-care larvae grow for 12h (Pro-12h), and brood-care larvae grow for 24h (Pro-24h); brood-careless larvae grow for 0h (Unp-C), brood-careless larvae grow for 4h (Unp-4h), brood-careless larvae grow for 12h (Unp-12h), and brood-careless larvae grow for 24h (Unp-24h). Three of the nine larvae in a group at each time point were randomly selected, and their equal molar mass of RNA was concentrated in a replicate as a template for constructing the transcriptome library; the same method was used to pooled equal molar mass RNA from the three larvae into the second replicate, and the equal molar mass RNA of the remaining larvae was concentrated in the third replicate. We subsequent qRT-PCR verification using remaining RNA that has been preserved.



Library Construction and Illumina Sequencing

The method of Li et al. (2017) description was used to construct the library. And Illumina Hiseq 4000 platform was used to sequence samples.



The Expression and Function Annotation of Genes

We splice Trinity with RSEM to obtain reference sequences and map the clean reads to these sequences. Then, a great quantity of read counts of each sample mapped to each gene was obtained. To understand the expression and abundance of genes, we transform read counts into FPKM. The result showed that there was a positive correlation between FPKM and the expression level of samples. The unigenes were annotated by searching the sequences against the NR, NT, GO, SwissProt, and KOG databases using BLASTX with a cut-off of Evalue ≤ 1e-5. Meanwhile, we annotated unigenes into Pfam database with Hmmer 3.0 package (Evalue ≤ 0.01).



The Screening and Analysis of Differentially Expressed Genes

Differentially expressed genes (DEGs) were screened out using the DESeq2 package for R, and the filter parameters were | log2 Fold Change| ≥ 4 and q-value ≤ 0.01. We identified DEGs distribution and multiple GO terms by analyzing DEGs with GO functional enrichment analysis and conduct the DEGs statistical analyses. We used KEGG enrichment analysis to further study the specific functions of DEGs, and the metabolism-related pathways involved in DEGs were annotated. Finally, the signaling pathways with significant enrichment of DEGs were selected, and we count the species and number of DEGs after selecting.



The Construction of Functional Protein Association Networks

STRING v11.0 with default parameters was used to construct PPI networks to study relationships between functions of metabolism-related genes (Damian et al., 2018).



The Validation of Quantitative Real-Time Polymerase Chain Reaction

We verified the accuracy of our RNA-Seq results using quantitative real-time polymerase chain reaction (qRT-PCR) to validate 10 selected genes. In this experiment, each group contained three biological replicates, and Primer Premier 5.0 software was used to project gene-specific primers. We screened 10 genes for verification, and their names and primer sequences are listed in Table 1. The stability of three genes including 18S, β-actin, and GAPDH were evaluated in different tissues and embryo development stages of O. ocellatus. By comparison, we used O. ocellatusβ-actin as an endogenous control based on its expression level which tended to be stable. This experiment is based on Li et al.’s (2019) description method for qRT-PCR.


TABLE 1. Primer list for quantitative RT-PCR verification.
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RESULTS


Apparent Results of Octopus ocellatus Larvae

Brood-care behavior affects the hatching rate and survival rate of O. ocellatus larvae. The survival rate of brood-careless eggs was significantly lower than that of normal hatching larvae, and the hatching rate was reduced by 30–40%. However, there were no significant differences in morphology and development of larvae between Pro and Unp.



The Results and Quality Assessment of Sequencing

Samples at four time points in two groups were sequenced by RNA-Seq. Table 2 shows the detailed results of sequencing. Raw sequencing reads were submitted to Sequence Read Archive in NCBI; the SRA accession numbers were SRR15204591, SRR15204592, SRR15204593, SRR15204594, SRR15204595, SRR15204596, SRR15204597, SRR15204598, SRR15204599, SRR15204600, SRR15204601, SRR15204602, SRR15927331, SRR15927332, SRR15927333, SRR15927334, SRR15927336, SRR15927337, SRR15927338, SRR15927339, SRR15927340, SRR15927341, SRR15927342, and SRR159273432.


TABLE 2. Summary of sequencing results.
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Differential Expression Analysis

Through differential expression analysis, we found 229, 583, 659, and 2,328 DEGs in Pro group at 0h, 4h, 12h, and 24h after hatching compared with Unp group. Among these, 101 DEGs were up-regulated, and 128 DEGs were down-regulated at 0h after hatching; 298 DEGs were up-regulated, and 285 DEGs were down-regulated at 4h after hatching; 323 DEGs were up-regulated, and 336 DEGs were down-regulated at 12 h after hatching; 1,657 DEGs were up-regulated, and 671 DEGs were down-regulated at 12 h after hatching (Figure 1). Venn diagram helps us find the union of DEGs at three time points (Figure 2). The clustering distribution of DEGs is shown in Figure 3 intuitively.


[image: image]

FIGURE 1. (A) Volcano plot of DEGs distribution trends between Pro-C and Unp-C. Each dot stands for a gene. Red dots indicate up-regulated DEGs; blue dots are down-regulated DEGs; and yellow dots stand for the genes with no difference. (B) Volcano Plot of DEGs distribution trends between Pro-4h and Unp-4h. (C) Volcano Plot of DEGs distribution trends between Pro-12h and Unp-12h. (D) Volcano Plot of DEGs distribution trends between Pro-24h and Unp-24h.
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FIGURE 2. The Venn diagram shows the overlap of the DEGs at 0h (red), 4h (green), 12h (blue), and 24h (purple) after hatching.



[image: image]

FIGURE 3. Heatmap analysis of hierarchical clustering of DEGs at four time points in two groups. Each row represents one gene, and each column stands for a time point. The colors range from green to red, indicating the level of expression from low to high.




GO and KEGG Enrichment Analyses of Differentially Expressed Genes

We identified 269 level-3 terms based on GO enrichment analysis including 151 biological process subclasses, 72 molecular function subclasses, and 46 cellular component subclasses. And the top 10 level-3 terms were shown in Figure 4. Meanwhile, The KEGG signaling pathways enriched with DEGs was analyzed to help us further understand the gene functions. We enriched 179 level-2 KEGG classes pathways containing 1,777 selected DEGs (Figure 5), and 10 significantly enriched metabolism-related pathways (Table 3) were identified in our study.
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FIGURE 4. GO analysis of DEGs. Distribution of level-3 GO annotation in three categories. The y-axis represents the corresponding number of DEGs; the x-axis stands for the gene functional classification based on GO.
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FIGURE 5. KEGG analysis of DEGs. The y-axis indicates level-2 KEGG classes; the x-axis represents the corresponding number of DEGs.



TABLE 3. Summary of 10 significant metabolism-related signaling pathways.
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Construction of Metabolism-Related Protein–Protein Interaction Networks

Proteins exist in all organisms as the main components of cells and tissues. All significant parts of the organism need protein participation, which is the main undertaker of life activities. We can identify key genes in the metabolic gene population by constructing protein–protein interaction networks. In our research, we used 49 gene protein sequences in the signaling pathways in Table 3 to construct the protein–protein interaction networks. The networks were shown in Figure 6. We found that the ITPR1 gene had the highest number of protein-protein interactions, and other genes were interacted with more than 10 proteins. Relevant parameter information of them was listed in Table 4. There were 44 nodes and 197 edges in the network, and each node was interacted with an average of 8.95 nodes. The clustering coefficient was 0.5, and the p-value of this network was ≤ 1.0e-16.
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FIGURE 6. Metabolism-related protein–protein interaction networks. Network nodes stand for proteins. The legend represents the relationships between nodes.



TABLE 4. Network Statistics of metabolism-related proteins.
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Analysis of Key Metabolism-Related Differentially Expressed Genes

The interaction relationships between key metabolism-related DEGs were studied in our research. We identified 10 genes (Table 5) with high protein interactions or involved in multiple signaling pathways based on KEGG enrichment and PPI networks analyses, and then explored their interaction relationships. We divided these 10 key DEGs into five categories: solute carrier family, purine metabolism signaling pathway, cAMP signaling pathway, protein digestion and absorption signaling pathway, and other significant metabolism-related DEGs. The family and signaling pathways were gone hand in hand to metabolic processes, analyzing them will promote us to further understand the metabolic mechanisms of differences of larval growth between Pro group and Unp group.


TABLE 5. Summary of 10 key DEGs.
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Differentially Expressed Genes Verification by Quantitative Real-Time Polymerase Chain Reaction

We detected the expression of 10 metabolism-related DEGs at each time point in the two groups using qRT-PCR, and verified the consistency of qRT-PCR and RNA-Seq expression. The results of qRT-PCR suggested that all DEGs measured were single products. We compared the gene expression profiles between qRT-PCR results and RNA-Seq results (Figure 7). And the result suggested that their results were significantly correlated, and showed the same trend pattern.
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FIGURE 7. Comparison of expression of 10 hub genes between qRT-PCR and RNA-Seq results. The transcript expression levels of the selected DEGs were each normalized to that of the β-actin gene. The x-axis represents the growth time after hatching; the y-axis stands for fold change.





DISCUSSION


The Purpose and Significance of This Study

Due to the rich nutrition and excellent taste, O. ocellatus is gradually favored by people (Boletzky, 1975; Wei et al., 2018). As an economically important species employed in mariculture, the artificial breeding of O. ocellatus is an issue of concern. We understand that multiple octopuses have the brood-care behavior based on previous studies, and the behavior directly affects the growth and development of their larvae. Thus, understanding the effects of brood-care behavior is vital to O. ocellatus larval growth and artificial breeding. Our research screened 3,486 DEGs, and these genes are considered to have significant relationships with O. ocellatus larval metabolic processes. A heatmap showed that the genes in two groups have significant differences of the same point in time. It is further indicated that there are quite metabolic differences between the brood-care larvae and the brood-careless larvae. Then, we identified 10 metabolism-related KEGG signaling pathways, they interact with each other and share the metabolic function of organisms. Finally, we construct protein-protein interaction networks using 49 DEGs in these signaling pathways to further explore O. ocellatus larval metabolic mechanisms.



Enrichment Analyses of Metabolism-Related GO Terms and KEGG Pathways

Many metabolism-related terms and pathways were yielded through GO and KEGG enrichment analyses, including cell adhesion term, protein phosphorylation term, cAMP signaling pathway, purine metabolism signaling pathway, and other key pathways and terms. These pathways and terms are directly related to metabolic processes, suggesting that there were several metabolism-related DEGs between larvae in two groups, and thus resulted in complex metabolic mechanisms of larvae. We comprehensively analyzed these terms and signaling pathways. The results will help us to understand the metabolic processes and molecular mechanisms of O. ocellatus under different incubation conditions within 24h of incubation, so as to lay a foundation for the artificial breeding of O. ocellatus.



Speculation of Hub Genes

Protein is an essential component of an organism and is closely related to metabolic processes. Studying their interaction relationships helps us to enrich our understanding of biological metabolic mechanisms We construct protein–protein interaction networks based on 49 key genes contained in metabolism-related signaling pathways. These proteins interacted significantly better than randomly selected groups of proteins of similar size. This conclusion suggests that the above proteins may function as a group. We thus speculated that proteins interact with more other proteins in the network were hub proteins in metabolism. The genes corresponding to hub proteins are further studied.



Functional Analyses of Metabolism-Related Hub Genes and Signaling Pathways

In our research, we analyze the differences in metabolic mechanisms between larvae under different hatching conditions using transcriptome profiling. The results help us to further understand the effect of O. ocellatus brood-care behavior on metabolic mechanisms. Ten hub genes were speculated and screened involved in multiple protein interactions or metabolism-related signaling pathways, and these hub genes, pathways, and the larval metabolic differences between two groups at the same time point were investigated.



Analysis of Three Metabolic Pathways

Purine metabolism is one of the key ways for aquatic animals to detoxify and obtain energy, which plays a major part in maintaining the metabolic stability of organisms. In the liver of marine organisms, purines are converted by degrading enzymes into urea and glyoxylate, and then excreted by other metabolic pathways (Noguchi et al., 1982). In recent studies, we found that there is a urease that can decompose urea into NH3 in marine invertebrates. NH3 is very soluble in water, organisms can excrete urea in the form of NH3 and CO2 through purine metabolism to prevent poisoning caused by excessive urea in the body (Yeldandi et al., 1996). In addition to detoxification, purine metabolism will release ATP, ADP, and other derivatives, providing the energy necessary for biological life activities (Furchgott, 1966; Sakuraba et al., 1996). In our research, key metabolism-related genes such as NPR1 and AMPD2 were enriched in this pathway. Compared with the Unp group, NPR1 was continuously up-regulated with the growth of O. ocellatus larvae, AMPD2 was down-regulated slightly in the first 4 h of growth, and up-regulated significantly in the last 20 h. These results indicate that brood-care larvae have higher detox and energy production abilities than brood-careless larvae, and that they have higher metabolic capacity; cAMP is an essential substance in biological cells. It regulates many biological functions, such as proliferation, differentiation, and apoptosis of cells. Meanwhile, cAMP also plays a role in regulating the balance of energy and nutrition. cAMP is widely distributed in many organelles, such as nucleus and cytoplasm. In mitochondria, cAMP can stabilize the function of mitochondria, and promote the growth of O. ocellatus larvae by regulating the stress response of cells and mitochondrial activity (Zhang et al., 2016). cAMP signaling pathway acts a key part in regulating the metabolism of saccharides and fat. It maintains the metabolic homeostasis by regulating the content of various saccharides. At the same time, it can regulate the formation of fat and the distribution of lipid in adipose tissue, control the differentiation of adipocytes, and maintain the fat content in vivo (Ravnskjaer et al., 2015). The maladjustment of cAMP signaling pathway may lead to cell metabolic disorders and the occurrence of various diseases (Tang et al., 2021). In our research, a large number of DEGs were significantly enriched in this pathway. And most DEGs were up-regulated in Pro group compared with Unp group, suggesting that the metabolic mechanisms of the brood-care larvae were more complex, and the ability to regulate this metabolic process was stronger. This phenomenon explains that the O. ocellatus larvae in Pro group had a stronger metabolic capacity and higher survival rate compared with those in Unp group; Protein digestion and absorption signaling pathway regulates the decomposition of proteins by digestive organs to produce favorable carbohydrates and energy (Freeman and Kim, 1978). This pathway was significantly enriched in our research, indicating that the digestive organs of O. ocellatus larvae were active, and metabolized rapidly. Moreover, we found multiple metabolism-related genes enriched in this pathway were significantly up-regulated compared with brood-careless larvae, including COL22A1, COL12A1, and other key genes. However, COL9A1 were down-regulated in our research, the specific reasons need to additional explore. All of these pathways are important pathways for the regulation of biological metabolism, and they are significantly enriched. Compared with the Unp group, most of the genes that are beneficial to biological metabolism enriched in above three important pathways were up-regulated, which suggests that the metabolic efficiency of O. ocellatus larvae in the Pro group was higher and more stable. And it was beneficial to the growth and development of O. ocellatus larvae.


Solute Carrier Family

Solute carrier families are the main factors affecting solute transport in organisms. There are many subunits in the family, and they act roles in almost all organs. In this study, we significantly enriched five family members, which play a significant regulatory part in substance transport and metabolism. SLC8A2, also known as NCX2, is a plasma membrane transporter that regulates intracellular calcium concentration and plays a major part in the regulation of Ca2+ in stomach, intestine, vascular smooth muscle, and other organs (Azuma et al., 2012). Similarly, as another subtype of the solid carrier family, SLC8A3 is highly expressed in the brain, and can regulate the concentration of Ca2+ in the excitatory cells. It is worth mentioning that SLC8A3 also acts a key role in maintaining blood transport in the brain (Sokolow et al., 2004; Yuan Z. et al., 2016). Ca2+ is an essential part of biological metabolism processes, which can regulate the synthesis and release of neurotransmitters and hormones. Above two genes regulate the concentration of Ca2+, indicating that they are important genes regulating the metabolic process (Wu et al., 2020). SLC3A1 and SLC7A9 are cystine transport factors, they regulate the metabolic processes of organisms by regulating the concentration of cysteine and the synthesis of glutathione (Alter et al., 2016). As an ammonia transport factor, SLC18A2 is active in a variety of organisms. Lack of SLC18A2 will result in obstruction of the motor system, which will affect the larvae from normal activities (Jin et al., 2014). The five genes of solute carrier family enriched in our study were all metabolism-related, and their high expression was helpful to O. ocellatus larval growth and development. Beside SLC3A1, the other four genes were significantly up-regulated in brood-care larvae compared with brood-careless larvae, indicating that larvae in the Pro group had more complex metabolic processes and higher metabolic capacity.



Three Significant Hub Genes Analysis

Among all hub genes, ITPR1, MAP2K1, and ADCY5 were enriched in more than seven metabolism-related signaling pathways, and they possessed higher numbers of protein–protein interactions. ITPR1, also known as IP3R1, is a phosphate receptor that regulates the concentration of Ca2 +, and promotes the metabolic activity of organisms by increasing the concentration of Ca2+ (Wakai and Fissore, 2019). In somatic cells, Ca2 + is transported to mitochondria to stimulate mitochondrial metabolism. And in oocytes, Ca2 + can increases cell activity and ATP content (Valladares et al., 2018; Wakai and Fissore, 2019). Moreover, ITPR1 plays a significant part in regulating vasodilation and maintaining normal blood pressure (Yuan Q. et al., 2016). MAP2K1 is a protein kinase, which exists in most cells, and can be activated by many extracellular signals to regulate metabolism processes of organisms (Crews et al., 1992). MAP2K1 can regulate cell growth, proliferation, and differentiation, and maintain the stability of biological metabolism (Chung et al., 2011). ADCY5 is an important subtype of adenyl cycles family, which transforms ATP into cAMP in vivo. As a protein kinase activator, cAMP is widely used in various organisms. It regulates the physiological function and material metabolism to control cell activity and hormone application, which plays an important part in carbohydrate, fat metabolism, nucleic acid, and protein synthesis (Richter-Landsberg and Jastorff, 1986; Frezza et al., 2018). The above three genes are significantly enriched, and have the highest protein interaction number, which are closely related to metabolism. Compared with the Unp group, the expression of ADCY5 gene was up-regulated at 4h after hatching, and down-regulated from 4 to 24 h in the Pro group; the expression of ITPR1 was down-regulated in the first 12 h, and significantly up-regulated in the second 12 h; the expression of MAP2K1 was down-regulated from 4h to 12h, and significantly up-regulated within 0 to 4 h and 12 to 24 h, indicating that the brood-care eggs had more complex metabolic mechanisms. These results explain that the O. ocellatus larvae in Pro group had a stronger metabolic capacity compared with those in Unp group. However, the specific functions of these genes in larval metabolism need to be further explored.



Other Signaling Pathways and Hub Genes

In addition to the above signaling pathways and hub genes, other metabolism-related key genes and signaling pathways involved in the metabolism of O. ocellatus larvae were identified such as long-term depression signaling pathway, glutamatergic synapse signaling pathway, and two key genes AKT3 and ADCY9. In previous studies, these two genes and signaling pathways have been reported to be involved in biological metabolic processes and act significant roles (Marty and Llano, 1995; Rodríguez and Ortega, 2017; Teixeira et al., 2017; Chen et al., 2018; DuBois et al., 2019). The effects of genes and pathways on metabolism of O. ocellatus under different brood-care behaviors need to be further explored from now on.





CONCLUSION

We performed transcriptome profiling of gene expression in larval growth from brood-care and brood-careless eggs and constructed a PPI network. Ten hub genes with numerous protein–protein interaction relationships or that involved in multiple KEGG signaling pathways were identified. In our research, we first study the effects of brood-care behavior on metabolic mechanisms of O. ocellatus larval growth using PPI networks. Our results provide valuable gene resources for understanding the metabolism of invertebrate larvae. Meanwhile, the data lays a foundation for further understanding invertebrate brood-care behaviors.
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Giant clams harbor dinoflagellates generally of the three genera (Symbiodinium, Cladocopium, and Durusdinium) of phototrophic Symbiodiniaceae. Coccoid dinoflagellates (alias zooxanthellae) are found mainly inside zooxanthellal tubules located in the colorful outer mantle. The symbionts need to obtain carbon, nitrogen and phosphorus from the host for growth and metabolism. The host can absorb exogenous ammonia through the ctenidium and assimilate it into glutamine. Although the host does not normally excrete ammonia, its hemolymph contains only low concentrations of ammonia, indicating that the symbionts can absorb and recycle the ammonia produced metabolically by the host. In this study, we had obtained from the outer mantle of the giant clam, Tridacna squamosa, three major ammonium transporter 2 (AMT2) sequences, one each for Symbiodinium spp. (Symb-AMT2), Cladocopium spp. (Clad-AMT2), and Durusdinium spp. (Duru-AMT2), which comprised 1341 bp, 1308 bp, and 1296 bp, respectively. The respective deduced amino acid sequences contained 447 (~ 46.5 kDa), 436 (~ 45.5 kDa), and 432 (~ 45.0 kDa) residues. Phenogramic and sequence similarity analyses confirmed that these sequences were derived from dinoflagellates. Zooxanthellae-AMT2 (Zoox-AMT2), which represented comprehensively AMT2 of Symbiodinium spp., Cladocopium spp., and Durusdinium spp. was localized at the dinoflagellates’ plasma membranes, indicating that it could partake in the absorption of ammonia from the luminal fluid of the zooxanthellal tubules. Zoox-AMT2 expression was detected in the outer mantle, inner mantle, foot muscle, hepatopancreas and ctenidium of T. squamosa, indicating that the coccoid dinoflagellates residing in all five organs had the potential of ammonia absorption. The outer mantle had the highest transcript level of Zoox-AMT2, and illumination upregulated the protein abundance of Zoox-AMT2 therein. Therefore, it can be deduced that the coccoid dinoflagellates residing in the outer mantle could augment the potential of ammonia absorption in alignment with photosynthesis as the assimilation of ammonia required an increased supply of carbon chains.
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Introduction

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

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

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

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

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

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



Materials and Methods


Giant Clams and Maintenance Conditions

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



Experimental Conditions and Tissues Collection

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



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

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



Deduced Amino Acid Sequences

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



Phenogramic Analysis

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



Quantitative Polymerase Chain Reaction

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

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



Antibodies

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


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



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



SDS-PAGE Electrophoresis and Western Blotting

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

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



Immunofluorescence Microscopy

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



Data Analysis

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




Results


Nucleotide and Translated Amino Acid Sequences

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

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




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






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





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

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




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





Immunolocalization of Zoox-AMT2 in Coccoid Dinoflagellates

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




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





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

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




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



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




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




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






Discussion

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


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

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

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



Zoox-AMT2 Is Associated With the Dinoflagellates’ Plasma Membrane

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



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

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

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

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

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



The Potentials of Ammonia Absorption in Five Organs

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

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




Conclusion

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

NF-kB-F
NF-kB-R
Ikk-F
Ikk-R
STAT-F
STAT-R
JAK-F
JAK-R
B-actin-F
B-actin-R
mTOR-F
mTOR-R
Beclin-1-F
Beclin-1-R
AMPK-F
AMPK-R

Primer sequence (5'-3')

AGAAGAGACAGGCCAAAGAGCA
AGAGAGAACAGGCGTGAGAAGC
TATTAAAGGCTCAGGCAGAGGTAT
TTGGAGTTGCTGATTACGGATT
TTTCAAGATTCACAAGCCCAACT
AACTTTCCCATTTCCTCCCG
ATGGAGTTATGGCGTTCTTATGTG
ATGCTGCTTTGGCTGTTTCG
CGGTACCACCATGTTCTCAG
GACCGGATTCATCGTATTCC
CCGTATGGAAGCGGTCAGAAC
TGTGATGCCCACGACCAGTAGT
TCTAACGCTCCTTTGATTCCACA
CTTGCTACCTTGACCCTATGACTGA
ATTCTTGGCGATACTCTGGGTGT
CCCTGCTACATATTCCATCACCA

AMPK, AMP-activated protein kinase; IKK, IkB kinase; JAK, Janus kinase; mTOR,
mammalian target of rapamycin; NF-kB, nuclear factor kappa B; STAT, signal
transducer and activator of transcription proteins.





OPS/images/fphys-12-781324/fphys-12-781324-g006.jpg
K
©c o o 2
O S — —
@) o%e] = [\
| 1 | |

o

e

=
|

=

O

()
!

The relative expression of AMP

=

=

S
]

O

0.08 1
0.071
0.06'-
0.05-
0.04'-
0.037
0.02—-
0.0l-

The relative expression of Beclin-1

0.00-

[ |LPS
| I P

Aab Aa

Oh

- LPS

B Put

Aab Aab

Oh

Aa Aa

6h

Aa
Aa

6h

Ad

12h

Abc
Aa

12h

Ac

24h

Ba

24h

Abc
Aa

48h

Ac

Bb

48h

The relative expression of mTOR

Autophagy ratio

0.012 -
|[__JLPS B
I Put q
0.010 - i
0.008 -
0.006 -
0.0044 Aa Aa
Aa
Aa
0.002 -
0.000 -
Oh 6h 12h 24h 48h
I
0.15 A |
P<0.05 P<0.05
0.10 1
0.05 A I
0.00 . .
Oh Put-48h LPS-48h

(&
5






OPS/images/fmars-08-667636/fmars-08-667636-g004.jpg
Additivity ELD-J ELB-T ELUD ELOD
I II 111 | AV V VI VII | VIII | IX X X1 XII
Categories [J-D-T | J-D-T | J-D-T|J-D-T |J-D-T | J-D-T | J-D-T | J-D-T [ J-D-T | J-D-T [J-D-T | J-D-T
Tra”;‘;gtome 555 | 207 | 173 | 139 | 127 | 787 9 40 3 38 7 160
mMiRNAome
SEH 1 4 4 19 3 19 0 5 0 1 0 17






OPS/images/fmars-08-667636/fmars-08-667636-g005.jpg
A First-class
hierarchy

Diseases

Organismal
Systems

EIP*

Metabolism

o

B First-class
hierarchy

Diseases

Metabolism

0s*
GIP*
o

C First-class
hierarchy

Metabolisms

Organismal Endocrine system
Systems Immune system
Excretory system
Signal transduction
EIP* -
_ Immune disease
Diseases Neurodegenerative disease
Cancer
Dorso \ Ventral axis formation

Second-class
hierarchy

Pathway

Immune disease

Digestive system

Nervous system

Circulatory system

Signaling molecules and interaction —‘

Cellular community

Second-class
hierarchy

Pathway

| Hypertrophic cardiomyopathy (HCM)

Cardiovascular disease

| Dilated cardiomyopathy

l Epithelial cell signaling

Infectious disease: bacterial

Neurodegenerative disease

‘ Salmonella infection

| Amyotrophic lateral sclerosis (ALS)

Carbohydrate metabolism

‘ Pyruvate metabolism

‘ Galactose metabolism

Lipid metabolism

| Fatty acid biosynthesis

Endocrine system

Replication and repair

| Adipocytokine signaling pathway

| DNA replication

Cell growth and death

Second-class
hierarchy

Amino acid metabolism

| Cell cycle

Pathway

Digestive system

Tyrosine metabolism
Phenylalanine metabolism
E— Glutathione metabolism
Arginine and proline metabolism
D-Glutamine and D-glutamate metabolism
Metabolism of cofactors and vitamins —— Ubiquinone biosynthesis
| Protein digestion and absorption
\ Bile secretion
| Renin-angiotensin system
| Hematopoietic cell lineage
{ Proximal tubule bicarbonate reclamation
| Notch signaling pathway
| Jak-STAT signaling pathway
Signaling molecules and interaction —| cytokine-cytokine receptor interaction
{Autoimmune thyroid disease
| Prion diseases
| Transcriptional misregulation in cancer
| Dorso-ventral axis formation
T T
0O 2 4 6 8

Asthma

Autoimmune thyroid disease

Primary immunodeficiency

|J Mineral absorption

I Long-term potentiation

I Vascular smooth muscle contraction

ECM-receptor interaction

Cell adhesion molecules (CAMs)

Glycan biosynthesis and metabolism \ Glycosphingolipid biosynthesis - globo series
Carbohydrate metabolism 4< Amino sugar and nucleotide sugar metabolism
| Focal adhesion

0 2 4 6 8 1012

Number of Genes

0 4 8 1216 20 24

Number of Genes

Number of Genes





OPS/images/fmars-08-667636/fmars-08-667636-g006.jpg
Categories ELD-J pairs ELD-T pairs ELOD & ELUD pairs
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Sequence (5'-3')

GCUGGUGGUGUGACUGUAUTT
AUACAGUCACACCACCAGCTT
UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT
ACATCCTGCGTATGATCAAGCC
CATTCACGTCCAAACTGTATCGG
TGAAGTCTGGCGTGTCAAGT

CGTCTCAAAAGGGCATTACC
TCGATACATCCGA GG
ATTTGAAGGTTAGACGCCC
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RNAI
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gRT-PCR of RNAi

gRT-PCR of the
reference gene

SNP
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Locus/variation type Genotype zJ FJ
TG/CG x 2/P value TG/CG X 2/P value
Number Genotype frequency Number Genotype frequency
€.269C > T/transition CC 51/39 38.64/32.23 2.833/0.243 76/45 79.16/45 26.993/0.000
CT 56/56 42.42/46.28 17/38 17.71/38
T 25/26 18.94/21.49 3/17 3.13/17
¢.323T > C/transition TT 46/38 34.85/31.41 22.965/0.000 74/39 77.08/39 30.849/0.000
TC 57/25 43.18/20.66 18/44 18.75/44
CC 29/58 21.97/47.93 417 41717
¢.401G > A/transition GG 71/71 53.79/58.67 3.65/0.161 89/60 92.71/60 31.196/0.000
GA 54/38 40.91/31.41 6/34 6.25/34
AA 712 5.30/9.92 1/6 1.04/6
€.620C > T/transition CC B3/27 40.15/22.31 11.983/0.003 20/24 20.83/24 6.244/0.044
CT B7/57 43.18/47.11 30/45 31.25/45
T 22/37 16.67/30.58 46/31 47.92/31
¢.677T > C/transition TT 39/18 29.54/14.88 8.114/0.017 12/12 12.50/12 0.096/0.953
TC 55/58 41.67/47.93 41/41 42.71/41
CC 38/45 28.79/37.19 43/47 44.79/47
€.872C > T/transition CC 106/76 80.30/62.81 10.125/0.006 74/70 77.08/70 4.032/0.133
CT 23/42 17.43/34.71 19/20 19.79/20
TT 33 2.27/2.48 3/10 3.13/10
¢.1181T > G/transversion T 73/40 55.30/33.06 12.843/0.002 27/31 28.13/31 0.457/0.796
TG 37/49 28.03/40.49 39/36 40.62/36
GG 22/32 16.67/26.45 30/33 31.25/33
€.1247C > T/transition CC 85/13 26.52/10.74 10.582/0.005 16/11 16.67/11 1.337/0.512
CT 71/29 53.79/23.97 32/35 33.33/35
T 26/79 19.69/65.29 48/54 50/54
¢.1373A > C/transversion AA 68/31 51.51/25.62 20.448/0.000 44/34 45.83/34 4.573/0.102
AC 46/54 34.85/44.63 36/38 37.50/38
CC 18/36 13.64/29.75 16/28 16.67/28

The loci in bold black were those showing significant differences between the two populations.
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Population Locus TG CG
Ho He Ne PIC Ho He Ne PIC
ZJ c.269C > T 0.424 0.482 0.481 0.365 0.463 0.496 0.494 0.373
c.323T > C 0.432 0.494 0.492 0.371 0.207 0.488 0.486 0.369
c.401G > A 0.409 0.384 0.383 0.311 0.314 0.383 0.381 0.311
c.620C > T 0.432 0.474 0.472 0.360 0.471 0.499 0.497 0.373
c.677T > C 0.417 0.502 0.500 0.375 0.479 0.477 0.475 0.363
c.872C>T 0.174 0.196 0.196 0177 0.347 0.319 0.318 0.269
c.1181T > G 0.280 0.427 0.425 0.336 0.405 0.500 0.498 0.374
c1247C > T 0.538 0.500 0.498 0.374 0.231 0.348 0.347 0.284
c1373A > C 0.349 0.430 0.428 0.336 0.446 0.501 0.499 0.375
FJ c.269C > T 0.788 0.211 1.267 0.189 0.537 0.461 1.855 0.355
c.323T > C 0.765 0.234 1.306 0.206 0.522 0.476 1.908 0.363
c.401G > A 0.920 0.080 1.087 0.074 0.644 0.354 1.549 0.292
c.620C > T 0.534 0.463 1.863 0.356 0.450 0.498 1.990 0.374
c.677T > C 0.550 0.448 1.811 0.348 0.560 0.439 1.782 0.343
c.872C>T 0.772 0.227 1.679 0.201 0.678 0.320 1.471 0.269
c1181T > G 0.505 0.492 1.969 0.371 0.498 0.450 1.999 0.375
c.1247C>T 0.553 0.444 1.800 0.344 0.590 0.408 1.688 0.325
c.1373A > C 0.540 0.458 1.843 0.353 0.499 0.498 1.993 0.374
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Gene name Gene length ExonNo.  Protein length (aa) S TKc domain length/ Molecular PI Accession

(bp) position (aa) weight (kDa) number
Tssk1/2 7,009 4 204 255/16-270 33.44 906 MW273893
Tsskd 1,068 1 355 258/59-316 4111 907 MW273895
Tsskd 1,467 2 346 257/45-301 3927 9.05 MW273896
Tssks 10,729 12 731 276/64-339 82.42 979 MW273897

Tesk7 1494 1 497 262/232-493 54.47 860 MW273894
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Gene
name

Tssk1/2

Tosk3

Tsska

Tosks

Tosk7

EF1A

Primer sequences (5-3) Amplicon
fength (bp)
F:CATTCTATATATTATGGTGTGCGCC %
R:TGGAGAACCCTATCTTCTTCTCAAG
F:GTGTCCGAGGAATGCCAGAG 101
R:TCTGCGAGCCAGCTGTGAT
F:CAAGTCATTGAGACAACTACACGGT 104
R:GCGACATCCTCCTCTATCATCTT
F:GGAACGAAGAAATACCCGGTAG 115
RTAGATATTCCAGGGCTAGCTGTTG
FATGATGTGTGGTAGAATGCOCT 11
R:GGCATGTAACTTATCTAATACGCG
F:CCATCTGCTCTGACAAGTGA 196

R:GGACAATAAGCTGAGCCATAA

Amplification
efficiency
108

1.01

0.97

1.02

1.02
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Gene
name

Tesk1/2

Tesk3.

Teskd

ToskS.

Tosk?

Primer sequences (5-3)

F.TCCGTGAAAAGTTCCTTCCTCG
R:ACGGGTGCTCTTTGATAGTAACGAT
F-SPB:ATTTAGGTGACACTATAGTCOGTGAAAAGTTCCTTCCTCG
R-T7:TAATACGACTCACTATAGGGACGGGTGCTCTTTGATACTAACGAT
F-TCCTAAGATACATACAGAGAAGCGGG
RTAGCGGTGGAGCGGAACAGT
F-SPG:ATTTAGGTGACACTATAGTCCTAAGATACATACAGAGAAGCGGG
R-T7.TAATACGACTCACTATAGGGTAGCGGTGGAGCGGAACAGT
F:AGAAGATGATAGAGGAGGATGTCGC
R:GCTGGCATTACAGAATCTATGGTTG
F-SPB:ATTTAGGTGACACTATAGAGAAGATGATAGAGGAGGATGTCGC
R-T7:TAATACGACTCACTATAGGGGCTGGCATTACAGAATCTATGGTTG
F:AGGGGTTATGCGGAGAAAAGG
RTGTCTTCAGGTAGGTGTCACGATTC
F-SP6:ATTTAGGTGACACTATAGAGGGGTTATGCGGAGAAAAGG
R-T7:TAATACGACTCACTATAGGGTGTCTTCAGGTAGGTGTCACGATTC
F:ATTACCCAACAGCCCGTTTAGATT
RTTGATGGCGTTTCGGTGACTT
F-SPG:ATTTAGGTGACACTATAGATTACCCAACAGCCOGTTTAGATT
R-T7:TAATACGACTCACTATAGGGTTGATGGCGTTTCGGTGACTT

Primers F and R were sed to amplity the cDNA fragment, and the product was used.
for the second-round PCR with the primers F-SP6 and R-T7.
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Classification

Mollusca

Cnidaria

Brachiopoda
Echinodermata
Heterokonta
Plantae

Chlorophyta
Mollusca

Species (accession number)

Pomacea canaliculata (XP_025092447.1)
Crassostrea gigas (EKC21620.1)
Crassostrea virginica (XP_022325213.1)
Mizuhopecten yessoensis (XP_021377460.1)
Exaiptasia pallida (XP_020903863.1)
Pocillopora damicornis (XP_027050156.1)
Lingula anatina (XP_013385768.1)
Acanthaster planci (XP_022083307.1)
Ectocarpus siliculosus (CBJ32177.1)

Morus notabilis (EXCO1477.1)

Theobroma cacao (EOY33772.1)

Gossypium arboreum (KHG28505.1)

Zea mays (NP_001105269.2)
Auxenochlorella protothecoides (KFM27578.1)
Octopus bimaculoides (XP_014781027.1)
Aplysia californica (XP_012937515.1)
Biomphalaria glabrata (XP_013060704.1)

Protein

Sodium-dependent phosphate transporter 1-like
Sodium-dependent phosphate transporter 1
Sodium-dependent phosphate transporter 1-like
Sodium-dependent phosphate transporter 1-like
Sodium-dependent phosphate transporter 1-like
Sodium-dependent phosphate transporter 1-like
Sodium-dependent phosphate transporter 1-like
Sodium-dependent phosphate transporter 1-like

PIT family phosphate transporter

Sodium-dependent phosphate transport protein 1
Sodium-dependent phosphate transport protein 1
Sodium-dependent phosphate transport protein 1, chloroplastic
Phosphate transporter protein 1

Sodium-dependent phosphate transport protein 1, chloroplastic
Sodium-dependent phosphate transport protein 2A-like
Sodium-dependent phosphate transport protein 2A-like
Sodium-dependent phosphate transport protein 2A-like

Similarity (%)

54.4%
52.3%
51.9%
50.8%
48.6%
47.8%
43.1%
38.4%
27.3%
14.3%
11.2%
10.7%
8.8%
11.8%
12.7%
10.9%
9.8%

Sequences are arranged according to decreasing similarity.
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Gene name Gene name Number of Number of
(abbreviation) (official full name) protein- KEGG
protein signaling
interactions pathways

ADCY5 adenylate cyclase type 5 19 13

ADCY9 adenylate cyclase 9 15 8

AKT3 AKT serine/threonine kinase 3 14 12

GRIA2 glutamate receptor, ionotropic 15 6
kainate 2

GRM5 glutamate metabotropic 12 6
receptor 5

ITPR1 inositol 1,4,5-trisphosphate 21 8
receptor 1

MA2PK1 mitogen activated protein 19 7

kinase kinase 1
PDETA phosphodiesterase 1A 13 3
PPP1R12A protein phosphatase 1, 14 5
regulatory subunit 12A
SLC8A2 solute carrier family 8 member 12 2

A2
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Network statistics

Number of nodes

Number of edges

Average node degree
Clustering coefficient
Expected number of edges
PPI enrichment p-value

44
197
8.95
0.5
86
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Pathways

Purine metabolism

Long-term depression
Glutamatergic synapse

Vascular smooth muscle contraction
Regulation of actin cytoskeleton
CcAMP signaling pathway

Protein digestion and absorption
Synaptic vesicle cycle

Estrogen signaling pathway
cGMP-PKG signaling pathway

Number of DEGs

~N O M © N O OO0 O

p-value

0.002236
0.004845
0.016325
0.021284
0.022174
0.026442
0.034676
0.037186
0.041634
0.045143
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Sample

Pro-C-1
Pro-C-2
Pro-C-3
Pro-4h-1
Pro-4h-2
Pro-4h-3
Pro-12h-1
Pro-12h-2
Pro-12h-3
Pro-24h-1
Pro-24h-2
Pro-24h-3
Unp-C-1
Unp-C-2
Unp-C-3
Unp-4h-1
Unp-4h-2
Unp-4h-3
Unp-12h-1
Unp-12h-2
Unp-12h-3
Unp-24h-1
Unp-24h-2
Unp-24h-3

Raw reads

50,581,378
49,281,546
55,727,122
43,683,716
50,981,374
44,781,414
42,605,216
54,564,714
56,997,500
51,418,618
60,787,322
63,795,232
69,297,090
49,510,168
52,262,354
54,619,850
62,608,192
61,292,170
64,476,180
58,363,420
65,401,084
53,869,700
49,403,688
56,415,060

Clean reads

49,165,388
46,846,720
53,007,342
40,502,546
47,814,924
41,833,784
40,622,842
51,170,678
53,933,392
49,235,968
58,211,806
61,219,086
66,526,390
47,736,620
49,721,676
52,087,242
59,723,836
58,349,184
61,827,626
55,956,658
62,469,082
51,669,944
45,089,092
54,214,330

Q20 (%)

97.54
97.42
97.39
97.38
97.47
97.30
97.72
97.30
97.61
97.71
97.52
97.57
97.51
97.41
97.36
97.14
97.26
96.28
97.47
96.85
97.42
97.35
97.22
97.40

Q30 (%)

93.27
93.07
92.94
92.93
93.15
92.78
93.70
92.72
93.42
93.67
93.20
93.32
93.22
93.01
98.89
92.52
92.76
92.11
93.17
91.92
93.08
92.94
92.70
93.04
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Gene name Forward primer TM Reverse primer TM  Amplicon
(5'-3) (°C) (5'-3) (°C) length (bp)
ADCY5 GCAGTTTGAT 60 CCCAAATAGT 60 105
GTGTGGTCTA TCAGGGTGTC
ADCY9 CAGTCCTCCT 60 CACCTGAATG 60 116
CTTCCCTATT TCGTGTGTC
AKT3 CTCCACCGCA 60 CTGCAGATGC 60 129
GACAATAAC GCTAAGATAG
GRIA2 CAGACAGACA 61 AGTAGTACTCC 61 103
GACACAGAGA CTTGCTCATC
GRM5 CATCGTCTCA 60 AGAGTCATGG 60 112
GATGGTCAAG GAGTCGTATC
ITPR1 GGCACCTTC 60  AACGAGGCGA 60 136
CTTGTCTAAAT GAGAGTATTA
MAP2K1 CCATCAGAA 60 CTCCGGATCC 60 17
AGGGCAGATTT ATACCCATTA
PDE1A CCTTGGGCTG 60 TCTGGGAGC 60 140
CTATTTCTATC CCATGTTTA
PPP1R12A GTCGTTCAAC 60 GTCAGAGCCCT 60 118
ACAGGGTATC TATCACATTC
SLC8A2 CACTCATCTT 60 CTCGTGCTGGT 60 118
TCTCAGCAGTC GTTGATTAT
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C. gigas AMT1 (XP_011442564.1)

7. squamosa AMT1 (ATC20499.1)

A. thaliana AMT1.5 (AEE76885.1)

A. thaliana AMT1.1 (AEE83287.1)

TS Duru-AMT2 (MyW023802)

D. trenchii (DN31709 ¢1 g1i10)

D. trenchii (DN31709 ¢1 g1i9)
Cladocopium C92 (comp22352 ¢0 seq2)
Cladocopium C92 (comp22352 ¢0 seqd)
C. goreaui (comp262103 c0 seq16)

C. goreaui (comp262103 ¢c0 seq7)

TS Clad-AMT2 (MW023801)

S. microadriaticum (gene5936)

S. tridacnidorum (comp26844 c0 seq2)
S. tridacnidorum CCMP2592 (gene37049)
S. microadriaticum KB8 (c48641)

G. theta CCMP2712 AMT (EKX43695.1)
E. cofi AmtB (AAD14837.1)

A. thaliana AMT2 (AEC09519.1)

Z. mays AMT2 (AQK62873.1)

S. efongatus PCC 7942 Amt1 (CAC48117.1)
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Protein name [species] identified

1.nrgA* [Symbiodinium sp. KB8]

2.Ammonia channel [Symbiodinium microadriaticum]
3.Ammonia channel [Symbiodinium microadriaticum]
4.amt [Symbiodinium sp. CCMP2592]

5.Ammonia channel [Symbiodinium microadriaticum]
6.Ammonia channel [Symbiodinium microadriaticum]
7.amt [Symbiodinium sp. CCMP2592]

8.amt [Symbiodinium sp. CCMP2592]

9.hypothetical protein AK812_SmicGene18073 [Symbiodinium microadriaticum]
10.amt [Symbiodinium microadriaticum]

11.amt [Symbiodinium sp. CCMP2592]

12.nrgA* [Symbiodinium necroappetens]

13.Ammonia channel [Symbiodinium microadriaticum]
14.nrgA* [Symbiodinium microadriaticum)

15.amt [Symbiodinium sp. KB8]

Query cover (%)

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

E-value

2.00E-06
8.00E-05
8.00E-05
8.00E-05
8.00E-05
8.00E-05
8.00E-05
8.00E-05
8.00E-05
9.00E-05
0.004
0.004
0.12
0.12
0.12

Percentage identity (%)

100.00
92.31
92.31
92.31
92.31
92.31
92.31
92.31
92.31
92.31
84.62
84.62
76.92
76.92
76.92

Accession

CAE7213139.1
OLP99391.1
OLP99380.1

CAE7789534.1
OLP99396.1
OLP99381.1

CAE7219361.1

CAE7638152.1
OLP99392.1

CAE7360128.1

CAE7219434.1

CAE7535118.1
OLQ07066.1

CAE7867562.1

CAE7193192.1

*nrgA is the gene nomencilature of AMT based on bacteria.
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AMT2 from T.
squamosa

Symb-AMT2

Clad-AMT2

Duru-AMT2

Species (ITS2 type) and database reference

Symbiodinium tridacnidorum (A3) (Shoguchi
et al, 2018)

S. microadriaticum (A1) (Bayer et al., 2012)

S. microadriaticum (A1) (Aranda et al., 2016)
Symbiodinium linucheae (A4) (Gonzalez-Pech
etal, 2021)

Symbiodinium necroappetens (A13) (Gonzalez-
Pech et al., 2021)

Cladocopium C92 (Shoguchi et al., 2018)
Cladocopium goreaui (C1) (Davies et al., 2018)
Cladocopium C3K (Ladner et al., 2012)
Durusdinium trenchii (D1a) (Bellantuono et al.,
2019)

Durusdinium D2 (Ladner et al., 2012)
Durusdinium glynii (D1) (Rosic et al., 2015)

Contig number

comp26844 c0 seq2

kb8 rep c48641
Smic18079
CCMP2456.gene31623. mRNA1

CCMP2469.gene26961.mRNAT

comp22352 c0 seqd
comp262103 c0 seq16
GAF001020207.1

TRINITY DN31709 c1 g1 i5

GAFP01017486.1
GBRR01001505.1

Similarity Length of sequence com-

(%)
98.1

93.0
92.8
92.7

788

97.2
96.9
93.8
97.7

97.2
758

pared (bp)

1341 (FS)

1335
1341 (FS)
888"

1341 (FS)

1308 (FS)
1308 (FS)
583"
943"

789"
1288"

Nucleotide
position

1-1341

10-1341
1-1341
457-1341

1-1341

1-1308
1-1308
441-1023
349-1291

1-789
9-1296

FS, full sequence.

*Comparisons are limited by the length of AMT2 contigs available in the databases.
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Big
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YY1

YYa — —
o BBs BYs
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BB and YY indicate blue and yellow-green strain’s progeny, respectively. BY and
YB indicate reciprocal hybrids between blue and yellow-green strains, respectively.
The subscript number 1, 2, 3 denotes three replicates, and each replicate was
conducted by single pair mating. Each replicate consisted of single sperm from
one clam and single eggs from other clam of each strain.
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H(%) = [Xp1 — (Xpp + Xyv)/2] x 100/[(Xpp + Xvv)/2]
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1 atggggaatgeagttggtygegecatagaatetactgateaceeacgetaaaaategaaagt tgateat t tgagtact gaaggeetgegaaa\IGAGTGA
MSD

101 TAAAGAAAGAAGGGATTCACGGTCTCCCTCTAGCGAATCAGAAGGATCTAAGGAAAGGAGATCTGTAAAGAGGTCACCGAAATCTGATCATTCTGCTGCG
KERRDSRSPSSESEGSIKERRSYEKRSPIKSDHSAA

201 TCACGAACTCCTTCCAGGACACCCTCAAGGTCAAGATCTGGCTCTCATTACAAGTCAAAGTCTAGGTCACGTTCAAGATCGCACTCTAGAAGTCACAAGA

SRTPSRTPSRSRSGSHYKSKSRSEkSRS 1 SIS

301 GGAGGAGGAGATCCAGGTCCAAAAGCAGAGAACACCACAAACATTCACGATCCAGGTCCCGAAGCCCCTATTACAAAGACGTAGGTCCAGGAGCAGGAG

401 TCGAGGAAGGTCACCCCGATATGATCGGTATGACCACAGAGATCGATACAGTAATTACCGCAGCCGGAGTCGATCTCCTATGTCATCTCGTCGAAGGCAC

GRS NRNSNRESE s ¢ 5 P M S SRR R

501 CAGGGAGATAGGGATGATCCTGAACCATCAAAGTGCCTGGGTGTATTTGGTCTAAGTT TATACACAGAGGAACGAGAATTGCATGACGTATTTAGCAGAT

QGDRDDPEPSEKCLGYFGLSLYTEERELHDVYTFS SR
601  TCGGCTCTCTAGATACTGTTCAAATAGTATATGACAGACAGAGTGGTCGATCCAGAGGATTTGCTTTTGTGTATTTCCATTCAGTTGATGATGCAATTGA
FEGES TLTD T YO T EVEY TDE REQESTGERE SR TGN FNATERVEYE FEHE S D NDITASTINE
701 GGCAAAAGACCGATGTAATGGTTCAGAGATAGATGGTAGAAGAATCAGGGTGGAT TATTCCATCACACACAGGGCACACACACCTACACCAGGGATCTAC

AKDRCNGSETIDGRERTIRVYDYS I 1 HKISENENGEE

801 CTGGGTAMCCCACTAGTGGATTCAGTAGGAAACGCTCCTCTTCTCCCAACTATGAAGGTACCAAAAAAAAAGCAGTAAATACTCCAGATCCAGG TCCCG
DNGIKNENENSIG F S R KRSSSPNYEGTEKEKEKAVNTPDEPGEP
901 GTCAAGATCATATTCATCACCTAAATGCAGATTTTGAAGTGTTAAAAGTTTGTATTTTTCTCAGGTTTTGAAGAAAGAAA! gtttgaagataga
GQDHIHNNLNADFEVLEKSLYFSQVLEKEKEEKH®*
1001 aaaatgaagtttgaagatagaaaaatgaagtttgaagttaaattgaagaaagaaaatgtigaagaatgaaatatgaagtggt taagaaggaaaggggaga
1101 aggaagaattttagaaganaaatgaatggtt taganganagggggaganaagagtagetictigaatet ttgganaaageat tttgageaact ttggtea
1201 gttctagaagcaacatagaaatgggtggaatccaatgaagaagattagtgecateattttctaaaaccattttccaaagaaaaaccatggcaaagecggt
1301 atatagggtcaaaatttgggagacatatgacanaaatgtttggaaget ttaatectacact ttttgtteageaatgtgectacact ttgtgtteaacaa
1401 tgtgaattcaaactttatttgtgecteocagatgtaatgatttaacactaatatttasaagget ttctteanat tt taganat tggtganaaccagat tt
1501 tgattctctattttttaaactgttaagaacttgaactctttattatgactttaatttctaaaatcagaataaaact tggaaacaagt taaacttgettgt
1601 ctacatttatgaggataaganaagagtttggtiettecatgtggact ttgaat taacaacagtcagetgtaacagtagtanageet tgat gaact tgeca
1701 tcttcaacgcatgtcttaacatggactcatgttttcaggaagttttctttcagectecagttcagttcagaatgtageccatgeaggeaggaacgaatga

1801 gtgatgcaacacagcttttgaaataaattgttttgtctgaaaataaaatgttacgctaaaaaaaaaa
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Samples Clean bases (G) Q20 (%) Mapping rate (%) BS conversion rate (%) 5x coverage (%) mCG (%) mCHG (%) mCHG (%)

CNN_1 41.29 98.02 59.06 99.912 71.65 84.04 11.78 418
CNN_2 42.27 97.47 54.98 99.901 54.79 83.69 12.47 3.84
CNN_3 54.59 97.92 56.56 99.925 70.72 83.71 12.05 4.24
CNS_1 41.11 97.79 57.63 99.942 69.28 87.03 9.44 3.53
CNS_2 42.74 97.6 56.31 99.907 67.62 81.34 13.98 4.68

CNS_3 45.98 97.74 57.15 99.928 69.68 83.89 11.93 4.18
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Samples Cleanreads (M) Clean bases (G) Q20 (%) Q20 (%) Mapping rate (%) Unique mapping rate (%) Multiple mapping rate (%)

CNN_1 45.15 6.77 97.93 93.69 82.29 71.53 6.1
CNN_2 56.99 8.55 97.92 93.71 81.78 71.18 5.45
CNN_3 45.66 6.85 97.49 92.62 83.47 234 5.14
CNS_1 44.08 6.61 97.57 92.91 83.63 72.81 5.44
CNS_2 44 .11 6.62 97.49 92.70 83.99 73.2 5.32

CNS_3 67.69 10.15 97.29 92.23 82.64 71.67 5.36
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0.062
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0.005
0.003

Survival ability

F value

6.686
15.356
0.421
23.453
14.569

0.128

0.018
0.656
0.387

P

0.012*
<0.001"**
0.793
<0.001**
<0.001***
0.972

0.892
0.624
0818

dicates P < 0.001; df, degrees of freedom; MS, Mean Squares.
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2238
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0.013
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0.004
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Zooxanthellae

Clade A3
Clade B1
Clade C1
Clade D1
Clade E1

Size at iridocyte
appearance (mm)

T. squamosa

1.03 +0.02*
1.04 £0.03*
1.06 +£0.04*
1.03 +0.08*
1.04 £0.08*

T. crocea

098 +0.02°
0.97 £0.03*
1.00 +0.02*
0.99 +0.08*
1.00 £ 0.08*

Time to iridocyte
appearance (d)

T. squamosa

45.35 + 1.49°
4725 £1.52%
44.33 +1.50*
46.67 + 1.35%
51.75 £ 2.16°

T. crocea

52.33 & 1.45°
53.50 % 1.50*
54.67 £ 1.39*
51.39 + 1.63*
62.75 +2.38°

Different superscript letters in each column indicate significant differences, P < 0.05.
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Zooxanthellae T. squamosa T. crocea
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Clade D1 100% - - 100%

Clade E1 100% = - 100%
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Microorganisms MIC value* (Rpdef3 pM)

Gram-positive bacteria

Staphyloccocus aureus 3.0-6.0
Micrococcus luteus 0.25-0.50
Gram-negative bacteria

Vibrio anguillarum 0.25-0.50
Enterobacter cloacae 1.0-2.0
Vibrio harveyi 0.5-1.0
Proteus mirabilis 1.0-2.0
Enterobacter aerogenes 1.0-2.0
Vibrio parahaemolyticus 1.0-2.0
Vibrio splendidus 1.0-2.0
Escherichia coli 0.25-0.50

*MIC values were expressed as the range between the highest concentration of
the protein observed for bacterial growth and the lowest concentration that 100%
inhibited the bacteria growth.
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Items Blue type Yellow type Mixing type
BB 100 (100%) 0 0
YY 0 100 (100%) 0
BY 0 0 100 (100%)
YB 0 0 100 (100%)

Mixing type includes the blue and yellow-green colors.

Total

100 (100%)
100 (100%)
100 (100%)
100 (100%)
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Items D larvae (n m) Day 7 (n m) Day 15 (. m) Day 90 (mm) Day 360 (mm)

BB 151.87 + 3.51a 182.81 + 4.96a 215.08 + 40.020 4.93 +1.53b 37.86 & 5.30c
YY 1561.81 + 3.55a 180.50 = 2.45b 203.70 + 17.66b 4.81+1.35b 40.83 £ 5.61b
BY 150.56 + 3.38a 180.78 + 6.42b 257.33 + 55.48a 5.35 + 0.98a 42.95 + 5.05ab
YB 152.95 + 5.21a 180.82 + 5.01b 230.38 + 53.18a 5.32 + 1.53a 45.46 + 5.02a
H(%) 0.21 -0.47 16.47 9.55 12.35
Iay (%) ~0.86 —1.11 19.67 8.52 13.44
Iy5(%) 1.29 0.18 13.10 10.60 11.34

H indicates mid-parent heterosis; and Igy and kg indicate the single parent heterosis of BY and YB groups, respectively. For growth traits (SL, WW), n = 90 (3
replicates x 30) in each experimental group. Different superscript letters in each column indicate significant differences (p < 0.05).
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Items Source df Survival rate Shell length
MS F-value P MS F-value P
Day7 EO 1 0.013 4.144 0.050 0.001 4.357 0.038*
MS 1 0.086 0.649 0.426 <0.0001 2.959 0.086
EO x MS 1 0.002 0.105 0.748 0.001 5.008 0.026*
Day 15 EO 1 0.469 31.245 <0.0001*** 0.178 31.204 <0.0001***
MS 1 0.047 3.114 0.087 0.451 79.118 <0.0001***
EO x MS 1 0.001 0.072 0.790 0.001 0.235 0.628
Day 90 EO 1 0.024 1.795 0.191 0.036 3.559 0.060
MS 1 0.025 1.874 0.182 0.055 5.346 0.021*
EO x MS 1 0.139 10.429 0.003** 0.410 40.02 <0.001***
Day360 EO 1 0.025 3.108 0.87 0.001 0.109 0.741
MS 1 0.027 3.276 0.080 0.053 8.359 0.004**
EO x MS 1 0.017 2.106 0.047* 0.005 0.750 0.387

*indicates p<0.05; **indicates p<0.01; ***indicates p<0.001.
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Items Hatching index Survival rate (%)
Egg diameter (n m) Cleaved rate (%) D-stage (%) Day 7 Day15 Day 90 Day 360

BB 94.84 + 2.53a 97.96% + 10.66%a 90.76% + 9.83a 93.70 + 7.45a 31.87 £ 10.57a 85.10 + 9.47b 82.03 £+ 1.62a
YY 95.30 + 1.09a 98.08% + 1.87%a 81.26 £ 15.77b 95.48 + 3.52a 8.69 + 5.81b 87.72 £ 7.40b 80.24 £+ 2.85a
BY —— 98.47% + 0.98%a 92.82 + 6.03a 91.59 +2.78a 37.28 + 16.84a 94.61 £9.17a 82.97 + 3.55a
YB —— 98.44% + 0.97%a 90.16 + 7.38a 93.40 £ 3.21a 16.83 & 10.48b 90.45 + 5.80a 84.77 £3.27a
H(%) —— 0.44 6.37 —2.21 33.41 3.86 3.37

Igy (%) —— 0.52 2.27 -2.25 16.98 3.08 1.15
ly(%) —— 0.37 10.95 —-2.18 93.67 4.60 5.64

X + SD indicates mean + standard deviation. H indicates mid-parent heterosis; and Igy and Iyg indicate the single parent heterosis of BY and YB groups, respectively.
For cleavage rate, D-stage rate, cumulative survival on different days, n = 9 (3 replicates x 3) in each experimental group. Different superscript letters in each column

indicate significant difference (p<0.05).
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A. thaliana NRT1.5 (NP_174523.2)

R. fortunei NRT1 (AST13252.1)

M. truncatuia NRT1 (AES81116.2)

A. thaliana NRT1.1 (NP_563899.1)
Cladocopium C92 (comp31304 c0 seq1)
C. goreaui (TR75066 ¢3 g3 i1)

C. goreaui (comp261289 c0 seq3)
| TS Clad-NRT2 (MZ014640) |

C. goreaui (comp261289 c0 seq1)

D. trenchii (TRINITY DN30920 c0 g1 i1)
| TS Duru-NRT2 (MZ014641) |

D. frenchii (TRINITY DN31614 ¢1 g1i1)
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SNP16
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SNP18

Position

4,900,234 (C > T)
4,900,243 (C > T)
4,900,273 (C > T)
4,900,303 (T > G)
4,901,462 G > A)
4,901,547 G > A)
4,902,338 (A > G)
4,902,368 (C > T)
4,903,720 G > A)
4,903,771 (C > A
4,904,485 (T > C)
4,904,527 (T > C)
4,904,822 (C > T)
4,904,900 (C > T)
4,904,908 (A > G)
4,910,826 (C > T)
4,910,841 (T > G)
4,910,873 G > A)

Genotype

TT.CC:.CT
TT.CC:.CT
TT.CT
GG:GT:TT
GG:AAAG
GG:AAAG
GG:AG
TT.CC:.CT
GG:AAAG
AC:CC
TT.CT
TT.CT
TT.CC:.CT
TT.CC:.CT
AAAG
TT.CC:.CT
GG:GT:TT
GG:AAAG

Ind. of R

21:0:9
3:15:12
28:2
5:18:7
24:1:5
3:13:14
30:0
1:19:10
15:0:15
4:26
255
25:5
2111
2:10:11
255
1:2:21
5:23:2
2:7:21

Ind. of W

8:4:18
0:29:1
19:11
13:14:3
28:0:2
17:0:13
21:9
0:30:0
2:18:10
7:23
28:2
19:11
0:27:3
4:6:20
28:2
18:4:13
13:13:4
4:13:13

P

0.002*
0.000**
0.01*
0.059
0.273
0.000**
0.002*
0.001**
0.000**
0.506
0.424
0.143
0.000**
0.014*
0.424
0.114
0.08"
0.000**

Allele

T.C
T.C
T.C
GT
GA
GA
GA
T.C
GA
A:C
T.C
T.C
T.C
T.C
AG
T.C
GT
GA

Ind. R

51:9
18:42
58:2
28:32
53:7
20:40
60:0
12:48
45:15
4:56
5556
55:5
21:39
16:45
55:5
356:25
33:27
25:35

Ind. of W

34:26
1:59
49:11
40:20
58:2
47:13
51:9
0:60
14:46
7:53
58:2
49:11
357
28:32
58:2
39:21
39:21
21:39

P

0.001*
0.000™
0.016*
0.042*
0.163
0.000™
0.003*
0.000™
0.000™
0.529
0.439
0.178
0.000™
0.022*
0.439
0.573
0.352
0.573

P-values are from chi-square test of genotype and allele frequencies in the R and W. *P < 0.05, **P < 0.01.
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patterns axis x diameter)
Bipolar 18.9% Bipolar spindles 240+ 4.1 pm x

18.3 4.1 pm
Tripolar 38.9% Tripolar spindles 18.6 £ 3.9 pm x

9.9+1.3um
Separated 16.5% Two bipolar spindles 183+ 28 um x 11.2
bipolar +1.8 um
Unclassified 25.6% Several types of

spindles at low
frequency
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Primer

PmPIAS-5"-outer

PmPIAS-5'-inner
PmPIAS-3’-outer

PmPIAS-3'-inner
PmPIAS-F
PmPIAS-R
B-Actin-F
B-Actin-R

Primer sequences (5'-3')

CTTTGAACCTGGTCTGAAATCTCTT

CTGGCTTTCCTGTTGG CG
TCTTTCACCTACGATGCCCAAT

ACAGACATGCTGATCATACACGG
ATTACTCCAATCCGATGGGTGC
CTTTGAACCTGGTCTGAAATCTCTT
CGGTACCACCATGTTCTCAG
GACCGGATTCATCGTATTCC

Application

5'RACE

5’RACE
3’'RACE

3’RACE

gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
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4,910,841 (T > Q)
4,910,873 (G > A)
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PIC
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HWE
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Odors Crassostrea angulata ~ Crassostrea sikamea

3,5-Octadien-2-one 4234 339£45
2-Nonanone 4308 72117
3-Undecen-2-one 2906 4803
6-Octen-2-one 0.7 £0.06 0.4£0.05"
5-ethylfuran-2(5H)-one 0.7 £0.07 0.8+0.09
3-Penten-2-one 0.6 +0.04 0.5+0.04
3-Octen-2-one 0402 060,03
3,5-Nonadien-2-one 04014 0302
2,3-Pentanedione 04401 0.3+0.03
Adehydes
(2E,4E)-hepta-2,4-dienal 86+14 126+ 12"
2-Methyl-2-pentenal 24+11 2102
Octanal 0701 120"
Hexanal 05201 12£03"
Heptanal 03002 0.40.05"
2-Methyl-2-heptenal 0.3+0.03 0.2+0.04°
Nonanal 0.1£0.01 0.2+0.03"
Aeohols
1-Penten-3-ol 6106 6209
1,5-Octadien-3-0l 2702 17405
1-Octen-3-ol 16403 17402
Oers
Dimethyl sufoxide 0802 0602
3-Heptadecen-5-yne 5005 4215

The data are the proportion of substance in al the volatile organic compounds. Data are
the mean + SD, n=4.
“p <0.05; “'p < 0.01 (Student’s t-test).
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Content Species Taste threshold" TAV"

(mg/400 g dry weight) C. angulata C. sikamea (mg/100 mi) C. angulata C. sikamea
Free amino acid Aspartic acid 238.4 £ 586 259.2 £ 37 100 037 0.39
Glutamic acid 7259+ 1163 473.6 £70.4" 30 373 238
Serine 428119 45.6+6.1 150 0.04 0.05
Alanine 3265 +£47.5 317.1£36.4 60 084 08
Glycine 527.0£137.2 261.7 £+ 36.9" 130 062 03
Threonine 106.6 +21.6 106.3+ 16.8 260 0.06 0.06
Arginine 257.6 +932 102.1 + 14.3" 50 079 031
Histidine 57.8+16.2 60.3+5.3 20 0.45 0.46
Tyrosine 346+82 332+36 i
Cysteine 23+05 21+03 =
Valine 442110 58.0+7.2 40 017 022
Methionine 103+6.2 76+19 30 0.05 0.04
Phenylalanine 1346 +23.3 1136+ 185 920 023 0.19
Isoleucine 192+51 24.0+38 920 0.03 0.04
Leucine 349+93 490274 190 003 004
Lysine 55.0+14.8 28834 50 017 0.00
Proline 201.0+29.2 292.0 £ 451" 300 01 0.15
Taurine 29416 + 481.4 2159.3 + 223.4" =
Total FAA 5759.2 + 1008.4 4393.3 + 484.4
Succinic acid 16128 178 £ 41 37 067 073
Nucleotides and IMP 84:16 9329 25 052 056
related compounds  GMP 4829 363 125 059 043
AVP 216510 15218 50 067 035

*Taste threshold value (mg/mj of free amino acids in water (8 ot a, 2021),
When calculating the taste actiity value (TAV), the content was converted to mg/100 g wet weight according to the moisture content.
Data are the mean + SD, n = 4.

‘p < 0.05; “'p < 0.01 (Student’s t-test).
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Relative OoTU Phylum Class Order Family Genus Species
abundance number
DP 43.48% Otu1 Tenericutes Mollicutes - - - -
23.29% Otu2 Cyanobacteria Synechococcophycideae  Synechococcales — Synechococcaceae Synechococcus -
4.52% Otué Planctomycetes  Planctomycetia Planctomycetales  Planctomycetaceae Planctomyces —
2.70% Otu27 Cyanobacteria Synechococcophycideae  Synechococcales — Synechococcaceae Synechococcus -
1.89% Otu7 Tenericutes Mollicutes Mycoplasmatales ~ Mycoplasmataceae Mycoplasma —
1.55% Otus Cyanobacteria Chloroplast Stramenopiles — — —
1.44% Otu327  Cyanobacteria Synechococcophycideae  Synechococcales — Synechococcaceae Synechococcus -
1.30% Otu8 Tenericutes Mollicutes — - — -
1.28% Otu18 Proteobacteria Alphaproteobacteria Rhizobiales Cohaesibacteraceae  — -
1.22% Otu3 Tenericutes Mollicutes Mycoplasmatales ~ Mycoplasmataceae Mycoplasma —
DW  9.98% Otu2 Cyanobacteria Synechococcophycideae  Synechococcales — Synechococcaceae Synechococcus -
6.75% Otu10 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae — -
6.07% Otu4d Cyanobacteria Chloroplast Stramenopiles — — —
4.08% Otui2 Proteobacteria Alphaproteobacteria — — — -
3.45% Otu274  Cyanobacteria Chloroplast Stramenopiles — — —
3.44% Otu488  Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae — -
3.22% Otu1s Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae Candidatus_Portiera —
3.19% Otu14 Actinobacteria Actinobacteria Actinomycetales Microbacteriaceae Candidatus_Aquiluna Candidatus_
Aquiluna_
rubra
2.26% Otu20 Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae - -
2.23% Otu39 Proteobacteria Gammaproteobacteria Alteromonadales OMB0 — -
HP 17.68% Otu2 Cyanobacteria Synechococcophycideae  Synechococcales — Synechococcaceae Synechococcus -
8.14% Otud Cyanobacteria Chloroplast Stramenopiles — — —
8.04% Otu1 Tenericutes Mollicutes — - - -
5.22% Otu7 Tenericutes Mollicutes Mycoplasmatales  Mycoplasmataceae Mycoplasma —
4.87% Otui1 Cyanobacteria Synechococcophycideae  Synechococcales — Synechococcaceae Synechococcus -
2.95% Otu274  Cyanobacteria Chloroplast Stramenopiles — — —
2.84% Otu3 Tenericutes Mollicutes Mycoplasmatales ~ Mycoplasmataceae Mycoplasma —
2.44% Otué Planctomycetes  Planctomycetia Planctomycetales  Planctomycetaceae Planctomyces —
2.19% Otu9 Proteobacteria Gammaproteobacteria Alteromonadales Ferrimonadaceae Ferrimonas —
1.98% Otu8 Tenericutes Mollicutes — - — -
HW  21.09% Otu4d Cyanobacteria Chloroplast Stramenopiles — — -
7.27% Otu2 Cyanobacteria Synechococcophycideae  Synechococcales — Synechococcaceae Synechococcus -
4.69% Otu274  Cyanobacteria Chloroplast Stramenopiles — — —
4.30% Otu10 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae — -
3.92% Otu14 Actinobacteria Actinobacteria Actinomycetales Microbacteriaceae Candidatus_Aquiluna Candidatus_
Aquiluna_
rubra
2.60% Otu488  Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae — -
2.36% Otu19 Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Formosa -
2.36% Otu25 Bacteroidetes Flavobacteriia Flavobacteriales Cryomorphaceae — —
2.29% Otu16 Actinobacteria Actinobacteria Actinomycetales Microbacteriaceae — —
1.65% Otu26 Cyanobacteria Chloroplast Stramenopiles — — —
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Replicate (number)

Number of asters

n 2 3 4
1 173 19.1% 39.3% 41.6%
2 171 12.7% 42.3% 45.1%
Average 15.9% 40.8% 43.3%
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IAP No. Copies  LRT statistics (p value)(No. Sites Pr > 95%)

MO vs. M3 M1a vs. M2a M7 vs. M8

BIRCH 6 100.1 (0) 0(1) 0.9 (0.624)
BIRC4 9 137.7 (0) 0(1) 8.5 (0.014) (6)
BIRC5 29 253.9 (0) 0(1) 7.9 (0.020)

Likelihood ratio test (LRT) is likelihood ratio test statistic for model MO vs. M3; M1a
vs. M2a; M7 vs. M8 from PAML package. Significant results with P < 0.05 are
highlighted in bold. Pr, posterior probability for sites under positive selection.
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The numbers indicated significantly up- and down-regulated IAPs from different subfamilies with |logaFC| > 1 and p-value < 0.05 at each test time point.
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Ctenidium of Symb-NRT2/ Clad-NRT2/ Duru-NRT2/

individuals Symb-rbcll Clad-rbcll Duru-rbcll
Clam 1 1.44 0.65 0.36
Clam 2 0.36* 0.07* 0.34
Clam 3 0.65* 0.20 0.36
Clam 4 0.89* 0.05* 0.47
Clam 5 0.50* 0.33 0.44
Clam 6 0.51* 0.08* 0.55
Clam 7 0.36* 0.03* 0.48
Clam 8 0.53 0.28 0.44
Clam 9 0.60* 0.11 0.45
Clam 10 0.22* 0.13 0.45
Clam 11 0.47* 0.13 0.43
Clam 12 0.26* 0.60 0.49
Clam 13 3.25 0.01* 0.40
Mean + SEM 0.77 £ 0.22° 0.21 + 0.062 0.44 +0.02°

Means not sharing the same letter are significantly different from each other with
p-value < 0.017 after Bonferroni adjustment.

*Values of Symb-NRT2/Symb-rbcll < 1.00.

#\alues of Clad-NRT2/Clad-rbell < 0.1.
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Hepatopancreas Symb-NRT2/ Clad-NRT2/ Duru-NRT2/

of individuals Symb-rbcll Clad-rbcll Duru-rbcll
Clam 1 2.82 0.47 0.26
Clam 2 3.30 0.02# 0.31
Clam 3 0.08* 0.41 0.32
Clam 4 5.58 0.16* 0.33
Clam 5 4.51 0.25 0.36
Clam 6 6.43 0.20 0.43
Clam 7 5.01 0.02# 0.30
Clam 8 6.46 0.44 0.37
Clam 9 519 1.361 0.35
Clam 10 0.04* 0.31 0.45
Clam 11 476 0.16* 0.35
Clam 12 5.43 0.27 0.34
Clam 13 5.79 0.05* 0.35
Mean =+ SEM 4.26 + 0.59° 0.32 £0.102 0.35 + 0.012

Means not sharing the same letter are significantly different from each other with
p-value < 0.017 after Bonferroni adjustment.

*Values of Symb-NRT2/Symb-rbcll < 1.00.

#Values of Clad-NRT2/Clad-rbcll < 0.16.

tValues of Clad-NRT2/Clad-rbcll > 1.00.
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Foot muscle of Symb-NRT2/ Clad-NRT2/ Duru-NRT2/

individuals Symb-rbcll Clad-rbcll Duru-rbcll
Clam 1 5.82 0.66 0.34
Clam 2 4.66 0.63 0.52
Clam 3 1.51 0.25 0.44
Clam 4 7.60 0.09* 0.42
Clam 5 1.23 0.33 0.42
Clam 6 2.80 0.01# 0.42
Clam 7 5.29 0.03* 0.40
Clam 8 6.72 1.45" 0.41
Clam 9 0.98* 0.08# 0.27
Clam 10 1.04 0.17* 0.39
Clam 11 0.86* 0.01* 0.38
Clam 12 7.04 0.84 0.43
Clam 13 6.92 0.88 0.37
Mean =+ SEM 4.04 4+ 0.74b 0.42 +£0.122 0.40 4+ 0.022

Means not sharing the same letter are significantly different from each other with
p-value < 0.017 after Bonferroni adjustment.

*Values of Symb-NRT2/Symb-rbcll < 1.00.

#Values of Clad-NRT2/Clad-rbcll < 0.17.

tValues of Clad-NRT2/Clad-rbcll > 1.00.
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Inner mantle of Symb-NRT2/ Clad-NRT2/ Duru-NRT2/

individuals Symb-rbcll Clad-rbcll Duru-rbcll
Clam 1 228 1511 0.70
Clam 2 0.92* 0.02# 0.65
Clam 3 0.47* 0.97 0.61
Clam 4 7.51 1.03F 0.58
Clam 5 2.60 0.94 0.63
Clam 6 7.10 0.02# 0.55
Clam 7 6.69 0.01* 0.49
Clam 8 6.49 1.35" 0.62
Clam 9 9.35 0.01* 0.51
Clam 10 0.36* 0.65 0.66
Clam 11 2.88 0.005% 0.52
Clam 12 513 0.81 0.59
Clam 13 10.8 0.11# 0.59
Mean =+ SEM 4.81 £ 0.96° 0.57 £ 0.16° 0.59 4+ 0.022

Means not sharing the same letter are significantly different from each other with
p-value < 0.017 after Bonferroni adjustment.

*Values of Symb-NRT2/Symb-rbell < 1.00.

#Values of Clad-NRT2/Clad-rbcll < 0.11.

tValues of Clad-NRT2/Clad-rbcll > 1.00.
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Outer Mantle of Symb-NRT2/ Clad-NRT2/ Duru-NRT2/

individuals Symb-rbcll Clad-rbcll Duru-rbcll
Clam 1 753 0.71 0.48
Clam 2 7.29 0.02# 0.61
Clam 3 0.41* 0.68 0.54
Clam 4 10.5 0.46 0.81
Clam 5 11.3 0.88 0.72
Clam 6 8.81 0.71 0.67
Clam 7 10.3 0.01* 0.74
Clam 8 10.5 0.42 0.65
Clam 9 10.7 0.02* 0.51
Clam 10 1.34 0.39 0.63
Clam 11 8.29 0.004* 0.55
Clam 12 13.1 0.72 0.73
Clam 13 9.34 0.01* 0.51
Mean =+ SEM 8.41 +1.03° 0.39 + 0.09% 0.63 4+ 0.032

Means not sharing the same letter are significantly different from each other with
p-value < 0.017 after Bonferroni adjustment.

*Values of Symb-NRT2/Symb-rbcll < 1.00.

#\alues of Clad-NRT2/Clad-rbell < 0.01.
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Organ

Transcript levels (copies of transcript per ng of total RNA)

Symb-rbcll Clad-rbcll Duru-rbcll Symb-NRT2 Clad-NRT2 Duru-NRT2
Outer mantle® 1409 + 2222 21190 £ 103912 181502 + 17740P 14176 + 2629+ 15317 4+ 8180* 115896 + 13769Y*
Inner mantle 16 £ 32 1317 £ 6742 27176 + 3699° 89 4 37 1657 £+ 1026 16011 4+ 2201Y*
Foot muscle 15 £ 42 876 + 5522 9005 =+ 2130° 87 + 27%* 727 £ 420% 3795 + 931Y*
Hepatopancreas 199 £ 492 313 + 1652 8514 + 25190 1069 + 303Y* 90 &+ 43¢ 3273 £ 1126V
Ctenidium 234+ 22 58 +£ 192 1444 + 1780 20 + & 24 + 13 658 + 96Y*

Results are presented as mean + SEM.

Means not sharing the same letter among Symb-rbcll, Clad-rbcll, and Duru-rbcll (a and b) and among Symb-NRT2, Clad-NRT2, and Duru-NRT2 (x and y) are significantly

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

*Significantly different between the genus-specific NRT2 and the corresponding genus-specific rbcll of the particular organ (p-value < 0.05).
#Refer to Supplementary Table S4 for the transcript levels obtained from the outer mantle in individual clams.
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Symb-NRT2 Clad-NRT2 Duru-NRT2

clone clone clone
Symb-NRT2 primer 24.90 UND UND
Clad-NRT2 primer UND 25.34 UND
Duru-NRT2 primer UND UND 19.95

Results are presented as average cycle threshold (Ct) values obtained from
reactions between each of the three pairs of primers and the three clones
generated, whereby a low Ct value represents a favorable reaction.

UND indicates undetermined or no reaction between the specific set of
primer and the clone.
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NRT2 from
T. squamosa

Symb-NRT2

Clad-NRT2

Duru-NRT2

Species (ITS2 type) and database Contig number
reference

Symbiodinium tridacnidorum (A3) comp27251 c0 seq1
(Shoguchi et al., 2018)

Symbiodinium microadriaticum (A1) Smic4659
(Aranda et al., 2016)

S. microadriaticum (A1) Smic.gene2827
(Chen et al., 2020)

Symbiodinium linucheae (A4) gene19887
(Gonzalez-Pech et al., 2019)

Cladocopium goreaui (C1) comp261289 c0 seq3
(Davies et al., 2018)

C. goreaui (C1) (Levin et al., 2016) TR75066 ¢3 g3 i1
Cladocopium C92 (Shoguchi et al., 2018) comp31304 cO seq1
C. goreaui (C1) (Liu et al., 2018) SymbC1.scaffold658.2

Durusdinium trenchii (D1a)
(Bellantuono et al., 2019)

Durusdinium D2 (Ladner et al., 2012) GAFP01020301.1

Durusdinium glynii (D1) GBRR01005531.1
(Rosic et al., 2015)

TRINITY DN31614 c1 g1 i1

Similarity (%)

98.6

94.9

94.6

77.5

99.5

99.3
77.8
75.9
99.3

89.0
81.5

Length of sequence
compared (bp)

1617 (FS)

1617 (FS)

1617 (FS)

1617 (FS)

1662 (FS)

1308*
1662 (FS)
1019*
902"

908"
966"

Nucleotide
position

11617

1-1617

1-1617

1-1617

1-1662

1-1308
1-1662
1-1019

4931394

1-908
485-1450

FS, full sequence.

*Comparisons are limited by the length of NRT2 contigs available in the databases.





OPS/images/fmars-08-784662/fmars-08-784662-g004.jpg
OM Symb-rbcll F oMm Symb-NRT2
0.8%3 Clad-rbcell 10 5%2

11.2%?

Clad-NRT2
11.0%?

Duru-rbcll Duru-NRT?2
88.0%" 78.5%"P
IM Symb-rbell G |M  Symb-NRT2
0% Jdac-IuGi d 0.5%3 Clad-NRT2
Duru-rbcll Duru-NRT2
94 2%¢ 91.2%"
FM Symb-rbcll H v Symb-NRT2
0.2%?3 Clad-rbcll 1.8%32 Clad-NRT2
i [ 9.8%b 13.3%2
Duru-rbcll Duru—l\(l,l‘?b T2
90.0%° 84.8%
HP Symb-rbcll I HP

3.0%? Clad-rbcll

0/.a Symb-NRT2
V S 28.3%"

Duru-rbcll Clad-NRT2
91.3%" 67 7%¢ 4.0%3
] Symb-rbcll 3 J Symb-NRT?2
1.9%3 Clj 3 OZbaCI I CT 4 493 Clad-NRT2
J, e 4.0%?
Duru-rbcll Duru-NRT?2

93.8%" 91.6%"





OPS/images/fphys-12-632518/fphys-12-632518-t002a.jpg
Gene ID

CL5057.Contig3_All
Unigene1004_All
Unigene25450_All
Unigene965_All
Unigene29179_All
CL6630.Contig1_All
Unigene84857 _All
Unigene2767_All
Unigene7119_All
CL23.Contig3_All
CL7409.Contig2_All
CL23.Contig1_All
CL1249.Contig3_All
Unigene26238_All
CL2824.Contig1_All
Unigene66723_All
CL3723.Contig2_All
Unigene14502_All

FPKM

11877.03
10901.33
6987.01
6832.25
6022.21
4850.91
4269.15
4073.99
3616.44
3101.565
3067.15
2813.56
2774.88
2764.39
2713.71
2640.42
2517.48
2499.78

Expected count

227556.58
290933.14
34236.72
120549
39162
8839
18026.34
24511
80508
96749
78944.73
94295.25
9660.64
14780
7266
19929
40584
7827

Annotation

NA

Cytochrome ¢ oxidase subunit | (mitochondrion)
NA

NA

NA

NA

Arylsulfatase B-like

Metallothionein allelic variant 2

Cytochrome b (mitochondrion)
PREDICTED: elongation factor 1-alpha
PREDICTED: filamin-A-like

Hypothetical protein BRAFLDRAFT_122567
Alpha-tubulin, partial

NA

PREDICTED: 40S ribosomal protein S25
NA

PREDICTED: actin, cytoplasmic

Ribosomal protein rps15

Species

Alcithoe lutea

Mizuhopecten yessoensis
Littorina littorea
Columbella adansoni
Biomphalaria glabrata
Aplysia californica
Branchiostoma floridae
Phyllonorycter ringoniella

Aplysia californica

Aplysia californica
Lineus viridis
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Gene ID

Unigene28053_All
Unigene18554_All
Unigene1004_All
Unigene28567_All
Unigene19985_All
Unigene965_Al
Unigene28951_All
Unigene29021_All
CL23 Contig3_Al
CL23 Contig!_Al
Unigene8368_All
Unigene14502_All
Unigene7119_All
CL2824.Contigl _All
Unigene13104_All
Unigene1937_All
CL7409.Contig2_All
CL1249.Contig8_All
Unigene8670_All
Unigene8444_All

FPKM

17863.36
10831.29
9724.1
9472.35
8244.64
71855
6865.91
4124.78
3989.31
3658.3
3690.27
3461.4
3276.67
3125.79
3005.92
2986.35
2894.33
2831.93
2803.16
2713.35

Expected count

90078.65
98693
266313.39
18235
27144
129529
52161
22927
127710
126829.81
13992
11085
74848
8556
8424
5126
76446.85
10087.31
6600
9798

Annotation

NA
NA

Cytochrome ¢ oxidase subunit | (mitochondrion)
NA

NA

NA

Feritin, partial

Uncharacterized protein LOG110239669
PREDICTED: elongation factor 1-alpha
Hypothetical protein BRAFLDRAFT_122567

NA

Ribosomal protein rps15

Cytochrome b (mitochondrion)

PREDICTED: 408 ribosomal protein S25
PREDICTED: ubiquitin-60S ribosomal protein L40
60S Ribosomal Protein L37A

PREDICTED: filamin-A-like

Alpha-tubulin, partial

PREDICTED: 60S ribosomal protein L35
PREDICTED: 60S ribosomal protein L23a

Species

Alcithoe lutea

Reishia clavigera
Exaptasia palida
Biomphalaria glabrata
Branchiostoma floridae

Lineus viridis
Columbella adansoni
Aplysia californica
Aplysia californica
Pantala flavescens
Aplysia californica
Phyllonory cterringoniella
Condylura cristata
Aplysia californica





OPS/images/fphys-12-632518/fphys-12-632518-t003.jpg
Gene ID

Unigene82003_All
Unigene89374_All
Unigene30394_All

Unigene87634_All

Unigene9268_All

Unigene71970_All

CL484.Contig1 Al
Unigene4844_All

Nr/Swissprot annotation

Bone morphogenetic protein 1 [Human]
Bone morphogenetic protein 1 [Mouse]
Bone morphogenetic protein 1
homolog OS [Strongylocentrotus
purpuratus)

K10162 BMP and activin
membrane-bound inhibitor
[Mizuhopecten yessoensis]

Garbonic anhydrase 2 OS [Tribolodon
hakonensis]

PREDICTED: chitinase-3-like protein 1
WAplysia californica)

Chitinase-like lectin [Littorina ittorea)
Chitinase-like lectin [Littorina littorea)

FDR

6.83E-12
9.54E-05
2.71E-31

7.50E-07

3.85E-09

7.27E-271

6.47E-123
7.24E-143

log2FC

5.564784619
8912889336
—8.997179481

3.967432138

1.930997212

12.033423

3.230297619
3.080460984

Significant or not

Up. yes
Up, yes
Down, yes

Up, yes

Up, no

Up. yes

Up. yes
Up, yes

qPCR validation

Up (P>0.05)
Down (P> 0.01)
Up (P<0.01)

Up (P>0.05)

Up (P<0.01)

Up (P>0.05)

Down (P> 0.05)
Down (P> 0.08)
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Charonia tritonis

Charonia tritonis

foot muscle mantle
Total raw reads (M) 45.34 45.34
Total clean reads (M) 44.07 4412
Total clean bases (Gb) 6.61 6.62
Q20 (%) 96.84 96.86
Q30 (%) 92.83 92.79
Clean reads ratio (%) 97.20 97.30
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