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Biomineralization is a complexed process by organisms producing protective and supportive structures. Employed by mollusks, biomineralization enables creation of external shells for protection against environmental stressors. The shell deposition mechanism is initiated in the early stages of development and is dependent upon the concentration and availability of calcium carbonate ions. Changes in concentrations of the critical ions required for shell formation can result in malformation of shells. As pCO2 concentrations in the atmosphere continue to increase, the oceans are becoming more acidified. This process, known as ocean acidification (OA), has demonstrated adverse effects on shell formation in calcifying organisms across taxa. Although OA is known to inhibit the shell deposition in mollusks, the impact of OA on the gene regulation of calcium deposition remains unknown. Here we show the responses of four calcium-binding protein genes, caltractin (cetn), calmodulin (calm), calreticulin (calr), and calnexin (canx), to CO2-derived OA using a Crassostrea virginica mantle cell (CvMC) culture model and a larval C. virginica model. These four genes were cloned from C. virginica and the three-dimensional structures of the proteins encoded by these four genes were fully characterized using homolog modeling methods. Although an acidified environment by increased atmospheric pCO2 (1,000 ppm) did not result in significant effects on CvMC proliferation and apoptosis, lower environmental pH induced upregulations of all four calcium-binding protein genes in CvMCs. Similarly, increased pCO2 did not affect the growth of larval C. virginica in the early stages of development. However, elevated pCO2 concentrations enhanced the expression of these calcium-binding protein genes at the protein level. The four calcium-binding protein genes demonstrated responsive expression profiles to an acidified environment at both cellular and individual levels. Further investigation of these genes may provide insight into the molecular regulation of mollusk biomineralization under OA stress.
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INTRODUCTION

Mollusca have developed hard external structures (shells) to protect their soft tissues against pathogens, predation, and other environmental stressors (Marin et al., 2012; Arivalagan et al., 2017). These protective structures are commonly formed by a biologically controlled process called biomineralization. Mollusk shells contain approximately 95% calcium carbonate (CaCO3) and 5% organic matter (Lowenstam and Weiner, 1989). The major forms of environmental CaCO3 are aragonites, calcites, or vaterites. Although CaCO3 is also the main component, the shells formed by molluscan species are thousands fold tougher than any of these environmental CaCO3 polymorphs (Currey, 1977), which suggests a unique biomineralized structure within shells (Harper, 2000). The hypothesis of the synthesis of this unique structure suggests that shell fabrication is regulated by specialized cells in the host where activities are controlled by a cascade of genes (Mann, 1983).

Biomineralization occurs primarily in the extrapallial cavity, which contains extrapallial fluid with a substantially higher concentration of calcium and carbonate ions compared to the surrounding environment. Numerous calcium-binding proteins, passive calcium transporters, and active calcium pumps are involved in calcium transport and ion regulation to maintain a high CaCO3 saturation state within the extrapallial fluid (Ip et al., 2006). Therefore, the concentrations and availability of environmental calcium and carbonate ions are critical to the shell formation mechanism.

The availability of calcium and carbonate ions in the ocean can be manipulated by a number of environmental factors. Atmospheric CO2 levels are continuing to increase due to anthropogenic activities. The oceans are currently the sink for ~30% of anthropogenic carbon dioxide (Sabine et al., 2004). The relationship between atmospheric CO2 concentration and carbonate ion concentration in water is represented with the following chemical equation (Orr et al., 2005; Zeebe, 2012):
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As a result of increased atmospheric CO2, the balance of inorganic carbon is shifting toward generating more bicarbonate, carbonate, and H+, a process known as ocean acidification (OA). Meanwhile, increased H2CO3 compete with calcifiers on carbonate to generate more bicarbonate, which leads insufficient CaCO3 deposition during biomineralization. As a result, the homeostasis of carbonate and calcium ions in the extrapallial fluid of mollusks is disrupted, which ultimately inhibits the biomineralization process.

It is well known that the early-life history stages of bivalves, including gametes, embryos and larvae are vulnerable to environmental stressors. Although studies have revealed the potential impact of ocean acidification on larval stages of oysters (Parker et al., 2010; Gazeau et al., 2011; Waldbusser et al., 2013), efforts in understanding the mechanism of this impact are limited. Several critical developmental phases, along with significant morphological changes, are involved in the oyster life cycle following gamete fertilization. The first vital development event is initiated 24 h post fertilization in larva when the shell begins to form. In this stage, bivalve larvae are particularly sensitive to decreases in environmental pH (Waldbusser et al., 2013). Within the ocean, pH, dissolved inorganic carbon (DIC), and mineral solubility are regulated by the balance of pCO2 and carbonate ions (Waldbusser et al., 2014). Bivalve larvae utilize dissolved calcium and carbonate ions to deposit their shells through calcification processes. Fluctuation of dissolved CO2 results in equilibrium disruption of pH, mineral solubility and DIC, which disrupts the mechanisms of larval bivalve shell calcification.

Numerous genes that are potentially involved in biomineralization have been identified from various mollusk species with the completion of genome sequencing and the development of high-throughput sequencing. Zhang et al. predicted over 250 shell formation related genes from the genome of Crassostrea gigas by looking for the classic calcium-binding domain, E-F hand structures (Friedberg, 1988) in translated amino acid sequences (Zhang et al., 2012). Another study using a Pinctada fucata microarray containing over 58,000 transcript represented probes suggested that 31 gene regulation pathways were likely to be involved in shell formation during larval development. One identified pathway was directly related to calcium signaling in the database of Kyoto Encyclopedia of Genes and Genomes (KEGG, ko04020) (Liu et al., 2015). The most recent genomic study obtained a group of shell formation related genes from 14 released molluscan genomes (Takeuchi, 2017). In addition to genes identified by high-throughput techniques, many biomineralization-related individual genes were also recognized as calcium-binding protein encoding genes (Weiss et al., 2000; Hattan et al., 2001; Huang et al., 2007; Yan et al., 2007; Takagi and Miyashita, 2010; Su et al., 2013). Unfortunately, most of the calcium-binding protein encoding genes have not been sequenced or identified in the model species of the current study, C. virginica. Therefore, the first goal of this study is to clone and fully characterize the structures of the full length of some calcium-binding protein genes from C. virginica.

Four calcium binding proteins were investigated in the current study. Calmodulin (CALM) is a well-studied calcium-binding protein in mollusk biomineralization. Several calmodulins and the homologs have been identified and cloned from various mollusk species, including Pinctada fucata (Li et al., 2004; Yan et al., 2007), Hyriopsis schlegelii (Peng et al., 2017), and C. gigas (Li et al., 2016). Through studying bivalve organs and tissues in mollusks, it was determined that mantle tissue produced the highest number of calmodulins in P. fucata (Li et al., 2005). The recombinant calmodulin in vitro was established as a protein that modifies calcite formation and nucleate aragonite during biomineralization (Yan et al., 2007). Less frequently studied in mollusk biomineralization, caltractin (CETN), also known as centrin, was recognized as a calmodulin-related protein (Nishi et al., 2013). Identified from various species ranging from yeast to human, caltractins were believed to participate in numerous calcium-related cell activities (Nishi et al., 2013). Calreticulin (CALR) and calnexin (CANX) were additionally studied in mollusk species as biomineralization-related genes. Originally discovered in the cell endoplasmic reticulum, CALR has also been located in the cell surface (Arosa et al., 1999), bloodstream (Sueyoshi et al., 1991), and extracellular matrix (Somogyi et al., 2003) in many cell types and species (Coppolino and Dedhar, 1998). These are consistent to another finding which suggests that the biomineralization proteins can be provided through other resources, such as hemolymph (Mount et al., 2004). Similarly, CANX, a close relative to calreticulin, demonstrated strong calcium binding abilities in various signaling pathways in cells (Corbett and Michalak, 2000; Michalak et al., 2002).

Atmospheric CO2 is expected to reach 1,000 ppm by the year 2100, which is more than double the amount of current CO2 in the air (400 ppm), according to the Intergovernmental Panel on Climate Change (IPCC, 2007). Therefore, it is critical to identify the potential impacts of increased atmospheric CO2 on the biomineralization process of calcifying mollusks, many of which are important both economically and ecologically in coastal areas. The second goal of this study is to investigate the effect of elevated pCO2 on the regulation of these proteins in biomineralization. Expression levels of four calcium-binding protein encoding genes, caltractin (calt), calmodulin (calm), calreticulin (calr), and calnexin (canx) were investigated during the development of larval C. virginica at two atmospheric pCO2 concentrations. Cells cultured from the mantle of C. virginica were established and utilized to study the regulation of these four calcium-binding proteins in response to elevated pCO2 since over 80% biomineralization-related genes in C. gigas are mantle tissue specific (Zhang et al., 2012). Our results indicate that CO2-derived OA alters the larval mollusk shell formation through the regulation of calcium-binding proteins. These calcium-binding proteins can potentially be used as indicators of successful development and stress levels in larval mollusks, and as selective breeding markers for the improvement of OA resistant lines in mollusk aquaculture.

MATERIALS AND METHODS

Cloning and Bioinformatics Analyses of Calcium-Binding Protein Genes From C. virginica

All the oysters used in this study were maintained at the Michael C. Voisen Louisiana Sea Grant Oyster Research Laboratory. The original oyster individuals were collected from the Barataria Bay near Grand Isle, Louisiana. The current individuals were generated from those original individuals through several passages. The water condition in the Oyster Research Laboratory was created to mimic the natural environment near the coast of Grand Isle (pH8.5; salinity 15 ppt).

Four calcium-binding protein encoding genes, caltractin (cetn), calmodulin (calm), calreticulin (calr), and calnexin (canx), were cloned. Briefly, a pair of cloning primers were designed based on expressed sequence tag (EST) in the GenBank database from Crassostrea spp. (Table 1). The C. virginica individuals used for gene cloning were obtained from Grand Isle, Louisiana. The total RNA was isolated from homogenized C. virginica mantle tissues using TRIzol® Reagent (Life Technologies, Carlsbad, CA) followed by DNA removal with TURBO DNA-free™ Kit (Thermo-Fisher Scientific, Plaquemine, LA). The total RNA was then used for cDNA synthesis with SuperScript IV Reverse Transcriptase (Thermo-Fisher Scientific) following the manufacturer's instructions. Fragments of the four calcium-binding protein genes were amplified using the gene cloning primers and GoTaq® DNA Polymerase (Promega Biotechnology Co., Madison, WI) using regular PCR cycles (94°C 5 min followed by 32 cycles of 94°C 30 s-55°C 30 s-72°C 30 s, and a final extension step at 72°C for 7 min). The PCR product was then purified from a 7% polyacrylamide-TBE gel using a DNA dialysis collection method following the standard protocol (Sambrook and Russell, 2006b). The purified PCR products were cloned to the pGEM®-T Easy Vector Systems (Promega Biotechnology Co.) and transformed into DH5α competent Escherichia coli following a standard protocol (Sambrook and Russell, 2006a). The bacterial suspension was spread on LB plate containing 100 ng/ml ampicillin overnight at 37°C. Colonies were randomly picked, verified, and submitted for sequencing at the Gene Lab of the Louisiana State University, School of Veterinary Medicine (Baton Rouge, LA). For plasmids isolated from each bacterial inoculate, the inserts of the plasmids were sequenced from two directions with T7 and SP6 primers, respectively. The two reads of each insert were aligned using BLASTn. The aligned sequences were trimmed with VecScreen to remove the sequence of pGEM-T Easy vector.


Table 1. PCR primers used in the study.
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With the obtained fragment of calr and canx, new primers were designed using the primer design software provided by the IDT DNA website. These specific primers were used for both full-length gene cloning and qPCR. Cloning of full length sequences of the four genes was performed using the Rapid Amplification of cDNA Ends (RACE) system from Invitrogen (Life Technologies). PCR products for 3′ or 5′ end gene fragments were loaded and run on a 0.8% agarose TAE gel and purified using Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA) following the manufacturer's directions. The purified PCR products were submitted for sequencing at the Gene Lab using the gene specific primers for each gene.

The obtained 3′ and 5′ end sequences of each gene along with the originally cloned fragment in step 2 were assembled using BLASTn for two sequences. The protein sequence of each gene was predicted by the mRNA translation tool in Expert Protein Analysis System (ExPaSy) (Artimo et al., 2012). The open reading frame (ORF) of each gene was identified based on the length of predicted ORF and the length of the ORFs in homologous sequences in GenBank database. The translated protein sequence for each gene was first submitted to GenBank for homologous sequence searching using BLASTp. Then motifs and signature sequences of each protein were predicted using the simple modular architecture research tool (SMART) (Schultz et al., 1998; Letunic et al., 2015). Finally, the three-dimensional structure of each protein was predicted based on protein structure homology-modeling system (SWISS-MODEL, Figure 1) (Arnold et al., 2006; Kiefer et al., 2009; Biasini et al., 2014). To select the best structure from multiple predictions for each protein, we used GMQE (Global Model Quality Estimation) and the QMEAN as parameters. The 3D structure with the highest GMQE and QMEAN scores was chosen for each protein.
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FIGURE 1. Prediction of calcium-binding domains and three dimensional structures of calcium binding proteins. Classic calcium-binding domains, E-F hands (EF_H_2), were identified from caltractin (A, left) and calmodulin (B, left). Four calcium-binding locations in calmodulin were also predicted (▴). The three dimensional structures of caltractin (A, right), calmodulin (B, right), calreticulin (C), and calnexin (D) were simulated. The numbers on the axis under each domain were starting and ending amino acid sites in each protein.



C. virginica Mantle Cell (Cv-MC) Culture

Adult eastern oysters were obtained from the Michael C. Voisen Louisiana Sea Grant Oyster Research Laboratory, where they were maintained in off bottom culture cages. Oysters were then transferred to the indoor facility with recirculating systems containing artificial seawater and acclimated to 25ppt salinity at 22°C. Prior to cell culture, selected oysters were kept in sterilized Ca2+ and Mg2+ free artificial seawater solution (CMFSS, including 436 mM NaCl, 10.7 mM KCl, 21.2 mM Na2HPO4, 16.7 mM Glucose, and 12.0 mM HEPES) supplemented with 100 units/mL of penicillin and 100 μg/mL of streptomycin (CMFF-Pen/Strep) overnight at 4°C. The sterilized oysters were dissected and the connective tissues along the edge of the mantle were collected (Figure 2a). The collected C. virginica mantle tissues were thoroughly washed with CMFF-Pen/Strep and digested with 0.2% collagenase I (Thermo-Fisher Scientific) in CMFF-Pen/Strep solution overnight at room temperature. The digested tissue suspension was mixed with oyster cell culture medium (OCCM, Leibovitz-L15 basal medium with additional 345.6 mM NaCl, 7.2 mM KCl, 5.4 mM CaCl2, 4.0 mM MgSO4•7H2O, 19.2 mM MgCl2•6H2O, and 4.0 mM L-Glutamine) supplemented with 10% (v/v) chicken serum (Life Technologies, Carlsbad, CA), 100 units/mL of penicillin and 100 μg/mL of streptomycin (OCCM-Pen/Strep). The mixture was then filtered with a 100 μm cell strainer (VWR International, Radnor, PA) to remove the non-digested tissue. The flow-through solution was centrifuged at 500 × g for 5 min to collect cells and the supernatant was discarded. Fresh OCCM-Pen/Strep medium was added to the cell pellet to re-suspend the cells. The fully suspended C.virginica mantle cells (CvMCs) in medium were then seeded in a 24-well cell culture plate pre-coated with 0.01% Poly-L-lysine in CMFSS solution. All seeded plates were incubated at 27°C for 24–48 h to allow the adhesion of cells to the bottom of the plate. Cells were observed under a microscope to ensure attachment and to confirm the cell confluence at ~80% (Figure 2b).
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FIGURE 2. CvMC proliferation and apoptosis assays. The location of mantle tissue used for cell culture was indicated by dashed line (a). CvMCs after 48-h culture was shown (b). Changes of medium pH in response to increased atmospheric CO2 (n = 4), (c). Results of IFs with Ki-67 (d) and caspase 3 (e) were also quantified with the cells treated by ambient air and increased CO2 concentration (2.5%). n = 8. Scale bar: 50 μm. Error bar: standard error of mean.



Stimulation of CvMCs With Increased pCO2

CvMCs from each C. virginica individual were cultured in two 24-well plates until reaching 80% confluences. Medium in each well was replaced with fresh medium prior to the treatment. All the cell cultures were kept in a CO2 cell culture incubator. The concentration of CO2 in the input air can be regulated by the incubator. The increased CO2 concentration in the input air mimics the increased atmospheric CO2 level in nature. One plate of CvMCs were treated with ambient air (Control) and the cells in the other plate were treated with additional 1, 1.5, or 2.5% CO2 input. All cells were kept at 27°C for 24 h prior to harvesting. Half of the wells were harvested using TRIzol® Reagent for RNA isolation while the other half were fixed in 4% paraformaldehyde (PFA) for immunofluorescent staining. The cell culture medium was collected from each cell culture and the pH of each medium sample was measured immediately using a bench top pH meter (VWR International). Cells from eight C. virginica individuals were used as eight biological replicates for this study.

Stimulation of Larval C. virginica With Increased pCO2

The production of C. virginica larvae was performed at the Michael C. Voisen Louisiana Sea Grant Oyster Research Laboratory following a previously established protocol. Briefly, individual sexually matured C. virginica were maintained at 22°C, until spawning was thermally induced through exposure of estuarine water from Grand Isle, Louisiana raised to 34°C. Once spawning concluded, isolated eggs and sperm were pooled and thoroughly mixed to initiate fertilization. Successfully fertilized eggs, determined by light microscopy, were used for the experiment 2 h post fertilization. Following fertilization, triplicate larval cultures were established for each treatment at a density of 100 eggs/ml. After 48 h, the larvae were restocked at 50 larvae/ml to meet the culture standards and were established in new pre-conditioned estuarine water.

Acidification treatments included a current pCO2 of 400 ppm and a future by year 2100 pCO2 of 1,000 ppm based on IPCC (IPCC, 2007). Compressed zero air tanks with added CO2 where prepared gravimetrically and certified to the specified CO2 concentrations within a 2% analytical tolerance (AirGas, Baton Rouge, LA). Air was bubbled into the estuarine water through an air stone. The estuarine water was bubbled with the proper pCO2 for at least a 3-day period to ensure proper dissolution of CO2 (pre-conditioned water). Bubbling of the treatment CO2 was continued in the pre-conditioned water and culturing vessel after C. virginica were introduced. Bubbling rates were adjusted to ensure consistent turbulence between biological replication.

Larval samples from each treatment group were collected at 0, 24, and 48 h post fertilization. The larvae provided with a daily algal mixture of Tisochrysis lutea, Cisochrysis galbana, Chaetoceros calcitrans, Chaetoceros muelleri, and Pavlova luthen, at concentrations of 40,000 cells mL−1. Temperature, pH, and salinity were measured daily (Orion 370 PerpHecT benchtop pH/ORP/ISE/T meter, Thermo Fisher Scientific, Waltham, MA). Total alkalinity was measured from water that had been treated with supersaturated 0.02% mercuric chloride and frozen prior to analysis. Briefly, total alkalinity samples were titrated with 0.097N hydrochloric acid (HCl) to achieve a pH of 3.5 using a Schott Titroline easy titrator (General Laboratory Supply, Pasadena, TX) (Dickson et al., 2007). Samples were then left to de-gas for 3 min and titrated step-wise at 20 s intervals in 0.05 ml increments until pH 3.0 to create a Gran Line, using the SeaCarb (http://CRAN.Rproject.org/package=seacarb) program in R Studio (Boston, MA). Larval samples were harvested and maintained in 4% PFA for microscopy and immunofluorescence (IF). The shell length of each larva was measured as the maximum distance between two points on the edge of the shell.

Quantitative PCR (qPCR)

Total RNAs from CvMC were isolated and used for cDNA synthesis as described above. qPCRs with synthesized cDNAs were performed using Sybr Green method in a 7900HT Real-Time PCR System (Applied Biosystems, Grand Island, NY). The qPCR reaction was run at 50°C for 2 min, 94°C for 2 min, followed by 40 cycles at 94°C for 30 s, 55°C for 30 s and 72°C for 30 s. The cycle threshold (Ct) values generated from the system for all samples were used for relative expression analysis using 2−ΔΔCt method (Rao et al., 2013).

Immunofluorescence With CvMCs and Larval C. virginica

Immunofluorescence (IF) was used to visualize and quantify the proliferation and apoptosis of mantle cells in both the control and treatment. Cells or larval C. virginica fixed in 4% PFA were washed with phosphate-buffered saline (PBS). Samples were then blocked for 2 h at room temperature with 10% lamb serum in PBS in each well. After 3 washes with PBS, a primary antibody diluted in PBS was applied to cover the samples in each well and incubated at 4°C overnight. Following removal of primary antibody and three washes with PBS, the secondary antibody conjugated with either Alexa flour 594 (red) or Alexa flour 488 (green) dye, was diluted and allocated into the wells. The plates were incubated in a dark area for 2 h. After secondary antibody incubation and three washes in PBS, a 10-min counterstaining with a nuclear dye, 4′,6-diamidino-2-phenylindole (DAPI, blue, Biotium Inc., Fremont, CA) was performed on each sample with 0.1 μg/ml DAPI in PBS. Primary antibodies used in this study include mouse-anti-human Ki-67 (Novus Biologicals, Littleton, CO), rabbit-anti-human caspase 3 (Casp3, Boster Biological Technology, Pleasanton, CA), and three mouse originated calcium-binding protein antibodies (all from the Developmental Studies Hybridoma Bank at the University of Iowa, Iowa City, IA). The use of Ki-67 and Casp3 antibodies was to test cell proliferation and apoptosis, respectively. The ideal pCO2 concentrations created in our study were expected to induce the differential gene expression without significantly changing cell proliferation and apoptosis. Therefore, the IF with these two antibodies was to avoid overdosing the cells with excessive CO2 input.

The secondary antibodies were all from Life Technologies. Dilutions for primary antibodies varied based on the optimized results: 1:500 for Ki-67 antibody, 1:200 for caspase 3 antibody, and 1:100 for all three calcium-binding protein antibodies. All dilutions for secondary antibodies were 1:500. To test autofluorescence of the background, we tested the secondary antibodies on each sample with the absence of primary antibodies (Supplementary Figure 5). Four calcium-binding primary antibodies (CALR, CALM, CETN, and CANX) were tested before the application in this study. Only the antibodies for CALR, CALM, and CANX were confirmed to be reliable in C. virginica tissues and cells. The samples were observed under the Nikon Eclipse Ti fluorescent microscope (Nikon USA) immediately after IF staining. Pictures were taken for each observation under various colored filters. The green and blue channels or red and blue channels of each observation field were merged using ImageJ (Schneider et al., 2012). To eliminate the effects of autofluorescence during quantification, we adjusted the exposure time of the image to minimize the signal from the negative control of each antibody. Same exposure time was used on all photos of each antibody.

Statistical Analyses

For IF of Ki-67 and caspase 3, the total number of cells (only blue signals) and Ki-67 positive cells (cells with both blue and green signals or with both blue and red signals) were counted using ImageJ and the proliferating/apoptosis rate of each cell culture was calculated as:
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For the IF of calcium-binding proteins in CvMCs, the total calcium-binding protein signal intensity of each photo was measured using ImageJ and the total number of cells was obtained by counting the number of nuclei as described above (DAPI signals). The mean calcium-binding protein level of the cells in each photo was calculated as:
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The average calcium-binding production in cells with each treatment was normalized using average calcium-binding protein production in control cells. Similarly, IF signal intensities of calcium binding proteins in larval C.virginica were also digitalized using ImageJ. The intensity values were all normalized against control samples to generate relative calcium-binding protein productions. Comparisons of cell proliferation, cell apoptosis, and calcium-binding protein productions in cells and larvae were made between control and treated groups using t-tests.

RESULTS

Calcium Binding Protein Sequence Analyses

Full sequences of the four calcium-binding protein genes were obtained through cloning and fragment assembly. All four gene sequences have been submitted to NCBI GenBank database with accession numbers (MG029428-MG029431) with detailed information of the sequences in Table 2. The homologous sequences of the four calcium-binding protein genes were identified by GenBank database searching using BLASTx. Their homologs are listed in Table 2. The translated protein sequences of calcium-binding proteins were screened in ScanProsite for signature domain analyses (de Castro et al., 2006). The proteins CETN (Figure 1A) and CALM (Figure 1B) both include four E-F hand motifs, which primarily consist of α-helixes. Four calcium binding sites from CALM were located by SWISS MODEL (Figure 1B) while no obvious calcium-binding sites were predicted in CETN (Figure 1A). Protein CALR and CANX also demonstrated similarities in 3D structures (Figures 1C,D). Each one of them had a long low complexity fragment in protein sequence. In high complexity areas, β-sheets are the major secondary structures in both CALR and CANX (Figures 1C,D). No clear calcium-binding sites were identified from CALR or CANX. The detailed amino acid sequence in each α-helix or β-sheet from each sequence was highlighted in the sequence (Supplementary Figures 1–4).


Table 2. Sequencing information of C. virginica calcium-binding protein genes and their homologs.
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C. virginica Mantle Cells (CvMCs) in Response to Increased pCO2 Stimulation

A decline in the pHs of cell culture medium was observed with increasing input of CO2 in the cell culture incubator (Figure 2c). The pH levels of media decreased from 7.78 to 7.44 when the atmospheric CO2 level was increased from ambient concentration to 2.5%. A more dramatic decrease of pH values was observed when atmospheric CO2 was over 2.5%. The pH levels of media at 5 and 7.5% CO2 input dropped to 6.85 and 6.43, respectively, and was dropped further to 6.31 when the concentration of CO2 reached 10% (Figure 2c). The CvMCs cultured in 5% CO2 and above demonstrated minimum numbers of cells attached on the bottom of the plate during culture. The proliferation of CvMC cultures was estimated by IF with Ki-67 antibody. Under control conditions, the average proliferating rate of CvMCs was 82 ± 1.6%. With a 2.5% CO2 input, the CvMCs showed an 82 ± 2.0% proliferating rate, which was not significantly different than cells in control conditions (p = 0.92, Figure 2d). Cell apoptosis was also estimated using caspase 3 (Casp3) as a marker. There were 23 ± 3.3% Casp3 positive CvMCs in control conditions while 20 ± 2.6% CvMCs were Casp3 positive in 2.5% CO2 conditions (p = 0.50, Figure 2e). Although there was nearly 3% difference in cell apoptosis between control and 2.5% CO2 treated cells, the difference was not statistically different (p = 0.50). This suggested that stresses from CO2 under 2.5% in the atmosphere did not cause lethal effect on CvMCs.

Expression of Calcium-Binding Proteins in CvMCs in Elevated Atmospheric CO2

Expressions of the four calcium-binding protein encoding genes at the mRNA level were all significantly upregulated based on qPCR analysis (Figure 3a). Expressions of calm in CvMCs at mRNA level were upregulated by 1.9 (p = 0.031) and 1.8 (p = 0.049) fold under 1 and 2.5% CO2 conditions, respectively, compared to control condition with an ambient CO2 level. Upregulation of calt expression was also observed at the mRNA level. The amount of mRNAs in cells cultivated at 1 and 2.5% CO2 treatment was upregulated by 4.7 (p = 0.042) and 3.4 (p = 0.041) fold, respectively compared to control cells. (Figure 3a). The calr expression displayed upregulation at both the mRNA and protein levels in cells stimulated with elevated pCO2. Although mRNAs of calr were only upregulated by 2.1 fold (p = 0.031) with 1% CO2 stimulation, a 9.7 (p = 0.006) fold increase of mRNA level was seen in CvMCs at 2.5% CO2 conditions (Figure 3a). The elevation of canx was found at the mRNA level in CO2 treated CvMCs as well. However, only the 2.6-fold increase in 1% CO2 induced cells was statistically significant (p = 0.018, Figure 3a), while the expression levels of canx in cells treated with 2.5% CO2 was not statistically different than in control cells (p = 0.283).
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FIGURE 3. Expressions of calcium-binding proteins in CvMCs. The relative amount of mRNA of cetn, calm, calr, and canx, was quantified and compared between ambient air and increased CO2 treatments (n = 16–24), (a). Protein levels of CALM (b), CALR (c), and CANX (d) with control and 2.5% increase of CO2 treatments were estimated using IF, and the results were quantified using ImageJ (n = 8). All treatments were applied on cells for 24 h. *0.01 < p < 0.05; **p < 0.01. Scale bar: 50 μm. Error bar: standard error of mean.



Similarly, higher calm expression at the protein level was also detected in CvMCs cultivated in 2.5% atmospheric CO2 compared to cells cultured in ambient CO2 conditions (41% more in 2.5% CO2 treated cells than in control cells, p = 0.040, Figure 3b). Accordingly, a 64% (p = 0.034) elevation in CALR protein was induced by 2.5% CO2 (Figure 3c). Statistical analyses also did not show any significant difference of CANX protein production in CvMCs responding to 2.5% CO2 stimulation compared to control condition (Figure 3d, p = 0.273).

Production of Calcium-Binding Proteins in Larval C. virginica Under Increased pCO2

In the larval C. virginica development assay, elevated pCO2 treatment (1,000 ppm) in water decreased the water pH by 0.15 [F(1, 28) = 23.49, p < 0.0001] compared to the current pCO2 conditions. No significant changes in total alkalinity, temperature, and salinity were observed in elevated pCO2. Additionally, there was also no significant difference in the mortality and shell length of larval C. virginica between the two different pCO2 treatments. Maximum shell length was 69.9 ± 0.75 μm at 400 ppm pCO2 vs. 69.8 ± 0.60 μm at 1,000 ppm pCO2, F(1, 28) = 0.02, p = 0.89. However, differential expression of calm, calr, and canx at the protein level was identified between larvae in different pCO2 treatments. Productions of CALM, CALR, and CANX in larvae cultivated at 1,000 pCO2 concentrations were elevated by 38% (p = 0.024, Figure 4a), 52% (p = 0.033, Figure 4b), and 26% (p = 0.025, Figure 4c), respectively. According to the statistical analysis (Figure 4d).


[image: image]

FIGURE 4. Production of calcium-binding proteins in larval C. virginica. The relative amount of protein levels of CALM (a), CALR (b), and CANX (c) in larvae with control (400 ppm pCO2) and increased pCO2 (1,000 ppm pCO2) treatments were estimated using IF and the results were quantified using ImageJ (n = 8), (d). Samples were collected at 48-h post treatment. *0.01 < p < 0.05. Scale bar: 50 μm.



DISCUSSION

Populations of C. virginica endemic to Louisiana's Gulf coast flourish in unique estuarine habitats, differing from ecosystems along the Atlantic coast, that receive extremely high volumes of freshwater discharge, variable by season, from the Mississippi and Atchafalaya River systems (Guo et al., 2012). In addition to high water discharge, massive river basins input large nutrient loads and sediment into Louisiana estuaries exported from land-based runoff, contributing to alterations in carbonate chemistry and pH levels within the ecosystem (Doney et al., 2009). Oysters living in this environment may have adapted to the stressful conditions through alteration in genomics and epigenetic regulation. Responses of oysters to experimental conditions will be also determined by a variety of factors, including the evolutionary history of the source population and epigenetic changes due to previous environmental conditions. The oysters used in this study were maintained long term at the LA State Oyster Hatchery in controlled conditions similar to the average observed at the site for the source population. This minimized the alteration in genomic responses and epigenetic regulation to the long-term stresses.

The goal of our study was to understand the responses of the calcium-binding protein genes to OA during shell development in bivalves. Two different models were implemented to test our hypothesis stating that the regulation of calcium-binding protein genes involved in biomineralization are influenced by OA. The results obtained from the larval development assay clearly demonstrated the different protein productions CALM, CALR, and CANX. However, due to the difference between individuals of larval oysters, no strong conclusions were drawn based on the profile changes of mRNA levels of the calcium-binding protein genes exposed to OA stress. However, the results obtained from larval experiment were validated by the mantle cell culture assay, which suggested that the in vitro cell culture assay can be a sufficient tool for in vivo oyster studies.

Efforts were previously made to isolate and culture cells from various tissues of mollusk species, however, there was limited success in the past two decades. Only one cell line has been established from Biomphalaria glabrata, a freshwater snail (Hansen, 1976). Mantle tissue in mollusks is the key tissue involved in shell formation and was primarily used for studies of the biominearlization process. Previously, establishment of mantle cell primary cultures has been accomplished in Mytilus galloprovincialis (Cornet, 2006), P. fucata (Awaji and Suzuki, 1998), Haliotis tuberculate (Poncet et al., 2000; Sud et al., 2001), and Dreissena polymorpha (Quinn et al., 2009). Despite difficulties in maintaining the cells in sterile conditions, mantle cells with high proliferative capacity and viability can be used as a reliable tool for biomineralization studies in bivalves. The CvMCs cultured in the current study showed high proliferating rates in both ambient and increased environmental CO2 conditions. Cell apoptosis was not induced by increased atmospheric CO2 environments. Compared to the high mortality rate of larval C. virgnica cultured during the experiment, the cell culture assay provided a more efficient and convenient method to study the impact of environmental stressors on mollusk biomineralization.

In our larval developmental study, no significant difference was identified in mortality, growth, or morphology of the larvae grown in ambient and elevated pCO2 conditions. However, the substantial alteration of calcium-binding protein expression suggested that the process of biomineralization was affected by increased acidification. Increased production of calcium-binding proteins and transportation of calcium ions to overcome the adverse effects of elevated pCO2 results in higher energy demands in calcifying mollusks (Melzner et al., 2011; Thomsen et al., 2013). In addition, the shell composition as well as metabolic rates of larvae may be dramatically modified in stressful conditions. Further identifying these alterations to biomineralization in response to environmental stressors will generate a clearer understanding of the impact of OA on mollusk larval development.

The responsive expression profiles of the selected calcium-binding proteins supported our hypothesis that OA manipulates the regulation of biomineralization related genes, which are involved in calcium deposition during mollusk larval development. The four targeted calcium-binding proteins in the current study were selected according to previous reports, all of which demonstrated critical involvement of these proteins in shell formation. Based on the findings from the current study, CETN and CALM both have multiple calcium-binding domains, E-F hands, in their 3-D structures, suggesting strong association with calcium transportation. Identification of the E-F hands and 3-D structures of C. virginica CETN in this study indicated that this protein may play a similar role in biomineralization as by calmodulin. Unlike CALM and CETN, no E-F hand signature domains for calcium-binding in the 3-D structures were located in CALR and CANX. However, previous studies detected a domain near the C-terminal of CALR and CANX, which demonstrated high affinity to calcium ions (Corbett and Michalak, 2000). These two calcium-binding proteins were able to maintain a high calcium concentration in the endoplasmic reticulum through modulating Ca2+ ATPase activity (Camacho et al., 2013). Maintenance of high calcium concentration is essential to calcium capture and deposition, and necessary for shell calcification in mollusks. Therefore, CALR and CANX, in addition to CETN and CALM, are hypothesized to be heavily involved in mollusk biomineralization.

In this study, the relative expression of four newly sequenced shell formation-related genes and the three linked calcium-binding proteins were evaluated after 24 h of incubation in elevated CO2 concentrations. Similarly, a previous study found gene expression upregulated in cetn, calm and various other proteins associated with calcification in C. hongkongensis larvae exposed to stressful CO2 conditions (Dineshram et al., 2015). Upregulation in expression of biomineralization-related genes and calcium-binding proteins suggested that the biomineralization mechanisms were still active in mantle cells exposed to elevated CO2 conditions. However, in comparison to normal expression of the target genes in controlled conditions, upregulation in cells cultivated in increased CO2 indicated that there were still impacts to the shell deposition mechanisms. Cells within the mantle tissue of adult C. virginica may have induced expression to combat or compensate for environmental stress. It appears that the results from primary cell culture are complimentary to the larval experiments, both of which were utilized to study the impacts of acidification on the molecular regulation of the biomineralization process. In addition, the cell culture study provides an adequate model for observing the genomic, and possible physiological responses of C. virginica.
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