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Editorial on the Research Topic 
The physiological and molecular response of aquatic animals to environmental stresses

The aquatic organisms include approximately 20% of species on the Earth. Many of those aquatic species play essential roles in ecosystems and/or the economy. In the past two hundred years, the significantly increased anthropogenic activities and climate change generated much more pressure on the aquatic organisms. Many species demonstrated phenotypic and genotypic changes in response to environmental pressure. In this Research Topic, “The physiological and molecular responses of aquatic animals to various environmental stressors” were discussed.
With the significant global climate change, the aquatic environment starts to become unstable. The most common concern is the temperature, which is directly caused by global warming in the past two centuries. The direct effect of increasing temperature in the aquatic environment on aquatic animals is the change of gene expression profiles upon the thermal stress. With the well-developed, low-cost next-generation sequencing techniques, alterations in transcriptomes under the pressure of high temperature have been identified in many aquatic organisms, including Pacific oyster (Crassostrea gigas) (Tan et al.), ark shells (Scapharca subcrenata) (Zou et al.), and Farrer’s scallop (Chlamys farreri) (Liu et al.). Long-term thermal stress on oysters even resulted in a global divergence in the genome (Tan et al.).
Hypoxia has been long recognized as an environmental stressor that negatively impacts aquatic animals. Since oxygen is critical to oxidation and metabolic activities in animals, lack of oxygen in water showed a significant influence on the post-translational regulation in aquatic animals, such as protein phosphorylation (Sokolov et al.) and gluconeogenesis (Jiang et al.). These changes indicated the activation of alternative metabolic pathways with less oxygen consumption in the animals. The hypoxic stress also impacts the aquatic animals at the transcriptomic level leading to the upregulation of a classic molecular chaperone family, heat shock proteins (Sun et al.), which is similar to that of the animals under thermal stress. Interestingly, hypoxia also influences the brain function in teleost fish (Atlantic croaker, Micropogonias undulatus) by manipulating the activity of neuronal nitric oxide synthase (Rahman and Thomas), which explains the behavioral change of the fish associated with hypoxic stress.
If thermal stress and hypoxic stress also affect terrestrial animals, salinity and acidification are two unique stressors to aquatic animals, especially marine species. Changes in marine water salinities are often caused by freshwater input and natural disasters, such as hurricanes and severe storms. The salinity changes usually lead to osmotic stress in marine animals. Compared to the marine vertebrate species, the invertebrate organisms in saltwater are more sensitive to the fluctuations in environmental salinities. A large number of proteins were found to be induced by high or low salinity stress from an Ascidian (Ciona robusta). Those proteins are primarily involved in extracellular matrix construction and energy generation (Li et al.). This may explain why the oxygen consumption, ammonia excretion, and calcification in another marine organism (Creseis acicula) were affected by salinity stress (Han et al.). It is interesting to see the pathways identified in response to low and high salinity stress were different (Li et al.).
Compared to the salinity change, the formation of ocean acidification is more complicated. The increased CO2 level in the atmosphere is the main reason for global ocean acidification while eutrophication is the main contributor to the acidified environment in the coastal areas. Because ocean acidification is a slow process, direct tests on the marine animals in the field before and after the acidification are not realistic. A laboratory setup with increased CO2 input to the seawater is the most popular strategy for this type of study. However, this setup can only simulate the acute effect of ocean acidification on animals. Nevertheless, with the increased input of CO2, pathways of oxidization and ATP synthesis appeared to be heavily influenced, which indicated that ocean acidification may negatively impact the metabolism of aquatic animals by increasing the cost of energy (Guo et al.).
The aquatic organisms would be considered lucky if they only have to face climate change-related environmental stress. With the increasing agricultural and industrial activities, aquatic pollutants have become greater threats to aquatic animals. Cadmium (Cd), an extremely toxic heavy metal pollutant, had drawn the attention of scientists for decades. The bioaccumulation of Cd often starts from the top of food chains and persistently accumulates in different animals. The toxic effects of Cd in aquatic animals were assessed using a marine species, mantis shrimp (Oratosquilla oratoria), as a model. The metabolomic analysis demonstrated oxidative stress and energy metabolism disorders in the host were induced by Cd at 0.05 mg/L concentration (Xu et al.). Besides the heavy metals, the pollution of plastics is another concern to aquatic animal health. As a type of plastic product or degraded product of large plastic waste, microplastics are easier to be accumulated in aquatic organisms, especially the species with small sizes. Fed with polyethylene fibers, the larval Japanese Medaka fish (Oryzias latipes) did not show significant problems in gastrointestinal integrity and overall health conditions. However, the polyethylene fibers significantly altered the abundance of Xanthobacteraceae and Hyphomicrobium in the gastrointestinal tract of the fish, which may indicate that long-term exposure may result in a chronic issue in larval development (DiBona et al.). So, what will happen to the aquatic animals if both heavy metals and microplastics are present in the water. The answer is it will make aquatic life more miserable. When the zebrafish (Danio rerio) were incubated with both microplastics and copper nanoparticles, the hemostasis of the circulatory system was induced (Gao et al.). This may also suggest a potential health risk in humans when exposed to microplastics and copper.
Of course, there are more environmental stressors. Bacteria, such as Vibrio fluvialis and Aeromonas hydrophila, are reported to be lethal pathogens to fish (Ali et al.; Gewaily et al.). The virulence of V. fluvialis in the European seabass (Dicentrarchus labrax) was clearly increased with the increasing temperatures (Ali et al.). Although there are very limited measures that can be done to release the stress from climate change and pollutants, the bacterial stress is often relieved by the application of antibiotics, which generates another concern of inducing antibiotic resistance in the environmental bacteria. Fortunately, this concern has been well recognized. One of the alternative strategies was reported. Adding a probiotic bacterium, Lactobacillus plantarum, to the diet considerably enhanced the immune system of Nile tilapia (Oreochromis niloticus) and consequently made the fish more resistant to Aeromonas hydrophila infections (Gewaily et al.).
This is not the end of the story yet. Polycyclic aromatic hydrocarbons (Gan et al.), algal toxins (Kong et al.), desiccation (Chen et al.), and even improper diving behavior (Zhang et al.), were all reported to add more stress to the aquatic organisms. You will probably be wondering how the animals survive with the pressure from the environment.
Recognizing the environmental stress on aquatic animals is the first step. How can the stress be reduced from the living habitats of the animals and the aquaculture environments should be the focus of the next step, which is beyond laboratory research. Measures in research, management, regulation, and perhaps the combination of all these activities are expected to provide a healthy living environment for aquatic organisms in the future.
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Ringer’s or phosphate buffer saline (PBS) solution buffer usually was used as dilution butter in intraperitoneal injection. Stress could activate immune response, inflammatory response and glycogen metabolic process. The impact of solution buffer as a stressor to immune system was ignored in immunostimulatory experiment. In this report, we tested the hypothesis that the innate immune response and glycogen metabolic process were altered when it were challenged with Ringer’s in Japanese flounder (Paralichthys olivaceus). RNA-seq was performed after challenge with Ringer’s at 8 h and 48 h. The data revealed that the expression profiles of blood, gill, and kidney were significantly changed. Differentially expressed genes (DEGs) were identified, and energy metabolic and immune-related genes were up-regulated or down-regulated obviously. GO and KEGG analyses showed that DEGs were mainly enriched in innate immune terms and pathways. Weighted gene co-expression networks analysis (WGCNA) also indicated the highest association module with stress. A total of 16 genes were detected in the gray module, which were immune-related and metabolic-related genes. These results provided fundamental information on intraperitoneal injection with solution buffer. It offered useful clues to further explore the functional mechanism of stress and immunity.

Keywords: Ringer’s, stress, RNA-seq, immune response, glycolysis


INTRODUCTION

Stress is a general term applying to a situation in which organism is subjected to a challenge (Zhang et al., 2012). The stressors induced stress response can be mainly classified into different types. Firstly, physical and environmental stressors, including injuries, manipulations, handing, water temperature, dissolved oxygen, nitrogen compounds, salinity, pH, contaminants, and pathogens. Secondly, social and symbolic stressors, such as dominance, crowding, aggressiveness, and threat. Thirdly, acute and chronic stressors, for instance, predation, and fighting (Tort, 2011). It was demonstrated that stress could suppress or enhance the pathways involved in immune response (Dhabhar et al., 1995; Dhabhar, 2002). Stress also caused a wide range of physiological mechanisms except for immune, including the changes of gene and protein, metabolism, energetics, endocrine, and neural (Tort, 2011). In previous studies, it was reported that cytokines and neuropeptides performed roles in both neuroendocrine and immune systems after challenged with stress in fish (Ottaviani and Franceschi, 1996). The innate immunity and inflammatory response could be activated or enhanced after stress. It was investigated that the lysozyme and C3 was increased after acute stress in rainbow trout and sea bream (Oriol Sunyer and Tort, 1995; Demers and Bayne, 1997).

The mechanism of these interactions has been mostly studied in higher vertebrates, but less information were available in fish. The studies focused on the regulation stimulated by high or low temperature. The normal expression profiles of kidney and gill were changed after challenged with high temperature in rainbow trout and Yesso scallop, and immune-related genes were up- and down-regulated (Huang et al., 2018; Jiang et al., 2018). A series of evidences indicated the immune response stimulated by stress mediated by cortisol and glucocorticoids. Immune suppression was correlated with high level of cortisol in sea bream and red porgy (Tort et al., 1998; Montero et al., 1999; MacKenzie et al., 2006; Rotllant and Tort, 2010). In a recent research, obvious oxidative burst was found in juvenile Chinook salmon leukocytes, and followed the cortisol concentration significantly increased after stress treatment (Herron et al., 2018). Glucocorticoid could also increase leukocytes of coho salmon after stress (Maule and Schreck, 1991).

Ringer’s or PBS was usually used for immunostimulatory experiment as solution buffer to dilute bacteria. In fact, Ringer’s challenge was a stress, which could induce immune response. We should recognized it correctly, which might produce noise and interfere the result during immunostimulatory experiment. It could be recognized correctly, and exclude the noise caused by stress during immunostimulatory experiment. In our study, RNA-seq was used the estimate the influence of Ringer’s challenge at 8 h and 48 h post injection. Immune-related tissues were selected to detect the expression change after injection at transcriptome level. We demonstrated that the genes related to inflammatory response, innate immune, and metabolic process changed obviously. The results could provide a theoretical basis for the immunostimulatory experiment, especially intraperitoneal injection. The impact of solution buffer should not be ignored. It could be a reference for researchers to choose the better experimental method among injection, soaking, and feeding.



MATERIALS AND METHODS


Ethics Statement

All the experiments were conducted according to the Guidelines for the Institutional Animal Care and Use Committee of the Ocean University of China.



Fish and Sample Collection

The Japanese flounders used for the experiment were collected by the Yellow Sea Aquatic Product Co., Ltd., Shandong. A total of 12 healthy 1-year-old individuals were randomly selected for challenge experiment. The fish were divided into two groups denoted as the blank control group (BC group) and treatment group, which included four and eight individuals, respectively. During the experiment, the treatment group received an intraperitoneal injection of 1 mL sterilized Ringer’s solution buffer, and the BC group did not receive any treatment. The fish were maintained in sterilized seawater with sufficient oxygen after challenge. Before sampling, fish were anesthetized with MS-222. Four individuals were randomly collected from the BC group at 0 h post injection. At 8 h and 48 h post injection, four individuals were randomly collected from the treatment group. Tissues from blood, gill and kidney were collected and snap-frozen in liquid nitrogen and stored at −80°C. After collection, the samples were tested to exclude the infection of pathogen (Li et al., 2018).



RNA Isolation, cDNA Library Construction and Illumina Sequencing

Total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, United States) in accordance with the manufacturer’s protocol, treated with RNase-free DNase I (TaKaRa, Dalian, China) to degrade genomic DNA, and then frozen at −80°C. RNAClean RNA Kit was applied to remove proteins. The quality and quantity were evaluated via 1.5% agarose gel electrophoresis and spectrophotometry using NanoPhotometer Pearl (Implen GmbH, Munich, Germany) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). The RNA-seq libraries of different tissues and time points were constructed by using Illumina TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA, United States) in accordance with the manufacturer’s instruction. A total of 18 libraries were constructed, including BL-BC-1/2, BL-8 h-1/2, BL-48 h-1/2, G-BC-1/2, G-8 h-1/2, G-48 h-1/2, K-BC-1/2, K-8 h-1/2, and K-48 h-1/2. During the library construction, two biological replicates of each sample were used. Equal molar ratios of RNA from any two of four individuals were pooled as one replication at each time point in the same tissue. The remaining two individuals were pooled as another replication. Then the libraries were subjected to paired-end sequencing of 150 bp on the Illumina HiSeq 4000.



Data Processing and Bioinformatics Analysis

Raw reads were cleaned by removing adaptors and low quality sequences using FastQC. TopHat was used to map the reads to the reference genome. Default values were set for the parameters of TopHat read mapping (Kim and Salzberg, 2011). Then the mapping files were analyzed using Cufflinks to assemble the reads into transcripts for each dataset (Roberts et al., 2011). Complete transcripts were obtained by merging the assemblies of all datasets using Cuffmerge. Gene expression levels were measured by Fragments Per Kilobase Million (FPKM) (Trapnell et al., 2012). The expressed genes were annotated by NR, Swiss-Prot, GO, and KOG databases (Kanehisa et al., 2008).



DEGs Identification, GO and KEGG Enrichment

Differentially expressed genes among BC groups and treatment groups at different time point and different tissues were detected by FPKM. The FPKM was calculated by Cuffdiff. Genes with an adjusted log2FoldChange ≥ 1 or log2FoldChange ≤ −1, and P < 0.01 were considered as DEGs. The DEGs were enriched by GO terms and KEGG categories using DAVID (Huang et al., 2008). The visualization of global similarities and differences were accomplished by MA plot, and R packages were used for these analysis. The significance of GO and KEGG enrichment analysis was determined via modified Fisher’s exact test (EASE ≤ 0.05).



Construction of Weighted Gene Co-expression Network

Gene co-expression networks were constructed using the WGCNA approach with R packages. Genes expressed in different tissues and time points were retained for co-expression network construction by WGCNA (Langfelder and Horvath, 2008). The co-expression adjacency matrix were formed based on correlation between each gene (genes FPKM < 0.5 were deleted). Cluster analysis was performed with flashClust function from the package flashClust, and modules were identified with the cutreeHybrid function of the package Dynamic Tree Cut. The calculation of module eigengene (ME) were carried out by the MEs function of WGCNA package. Gene modules with common expression patterns associated with particular trait were detected based on the correlation between ME and trait.



qRT-PCR Validation

A total of nine DEGs were selected for qRT-PCR validation. Specific primer pairs were designed by IDT (Supplementary Table 1). qRT-PCR was performed using the SYBR Premix Ex TaqII on LightCycler 480. β-actin was selected as reference gene. Amplification conditions were as follows: 95°C for 60 s and then 45 cycles of 95°C for 5 s, 60°C for 30 s for 45 s. The relative quantities were calculated using the 2–ΔΔCt comparative Ct method. The Pearson correlation coefficient analysis was performed between qRT-PCR assay and RNA-seq data.



RESULTS AND DISCUSSION


Illumina Sequencing and Reads Mapping

A total of 18 libraries were sequenced, and 740,615,986 raw reads were acquired. Table 1 shown the clean reads, valid ratio and mapped reads ratio of each library after quality control. The paired-end reads were mapped to the reference genome, and more than 85% of them were mapped to the P. olivaceus genome. Meanwhile, more than 15,000 genes were annotated in each sample.


TABLE 1. Summary statistics of transcriptome sequencing data.
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DEGs Identification Between Control and Treatment Groups

MA plot analysis was conducted between different time points and BC groups in blood, gill and kidney. It was shown that most of genes demonstrated distributed in diagonal, and only parts of them deviated (Figure 1). DEGs were identified after Ringer’s challenge. In blood, 317 DEGs were found at 8 h post injection, which contained 184 genes were up-regulated and 133 genes were down-regulated. 369 DEGs were detected at 48 h post injection, including 152 up-regulated genes and 217 down-regulated genes (Figure 2A and Supplementary Table 2). In gill, 526 and 379 DEGs were found at 8 h and 48 h post injection, respectively. Specifically, 322 genes were up-regulated and 204 genes were down-regulated at 8 h post injection. 198 genes were up-regulated and 181 genes were down-regulated at 48 h post injection (Figure 2B and Supplementary Table 3). In kidney, a total of 462 and 1264 DEGs were identified at 8 h and 48 h post injection compared with BC group. 192 genes were up-regulated and 270 genes were down-regulated at 8 h post injection. 839 genes were up-regulated and 425 genes were down-regulated at 48 h post injection (Figure 2C and Supplementary Table 4). The results indicated that the expression profile had been changed after challenge with Ringer’s solution buffer. Usually, Ringer’s or PBS were used for diluting bacterial fluid during intraperitoneal injection and immunostimulatory experiment. It could be a kind of stress when Ringer’s or PBS buffer was injected as control group. Stress might cause a series of immune response (Dhabhar et al., 1995; Dhabhar, 2002), and generate noise during the experiment. It was important to choose the better method in challenge experiment.
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FIGURE 1. MA plot analysis between BC group vs. 8 h and BC group vs. 48 h post injection in blood, gill, and kidney. BC, blank control; BL, blood; G, gill; K, kidney.



[image: image]

FIGURE 2. Venn diagram shown the numbers of expressed genes and DEGs in different tissues after challenged with Ringer’s. (A) DEGs in blood. (B) DEGs in gill. (C) DEGs in kidney.




GO and KEGG Functional Analysis of DEGs

Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) analyses were performed on DEGs at different time points in different tissues. The DEGs were significantly enriched in several GO terms in biological process, cellular component and molecular function levels. In blood, the terms involved in innate immune response, inflammatory response and immune system process were enrich significantly from 317 DEGs at 8 h post injection. Meanwhile, the terms related to immune response were enriched from 369 DEGs at 48 h post injection, including inflammatory response, innate immune response, defensing response to virus and TLR signaling pathway (Figure 3A and Table 2). In gill, the terms about inflammatory response, glycolytic metabolism and ATP metabolic process were detected from DEGs after 8 h and 48 h challenge (Figure 3B and Table 3). In kidney, it was found that there were some terms related to metabolic process, response to mechanical stimulus and immune response at 8 h post injection. Besides, an amount of genes were enriched to the terms about inflammatory response, immune response, and signaling pathways about immune response (Figure 3C and Table 4). Basing on the results of GO enrichment, it was investigated that the stimulation of Ringer’s challenge changed the expression of genes involved in inflammatory. In addition, the genes related to glycolytic metabolism were also changed. Our results was consisted with the previous studies on stress, the immune-related genes and glycolytic metabolism-related genes were changed in other stresses. Meanwhile, inflammatory factors even were up-regulated (Calcagni and Elenkov, 2006; Rogatsky and Ivashkiv, 2006; Borghetti et al., 2009). It was a kind of stress after challenged by Ringer’s, the endocrine system and immune system could be regulated by the stress. The normal state in organism was broken, which caused the change of genes involved in these functions.
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FIGURE 3. GO enrichment analysis of DEGs in different tissues. DEGs were annotated to different GO terms. (A) GO enrichment of DEGs in blood at 8 h and 48 h post injection. (B) GO enrichment of DEGs in gill at 8 h and 48 h post injection. (C) GO enrichment of DEGs in kidney at 8 h and 48 h post injection.



TABLE 2. DEGs associated with immune response in blood.
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TABLE 3. DEGs associated with immune response in gill.
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TABLE 4. DEGs associated with immune response in kidney.

[image: Table 4]KEGG pathway enrichment were analyzed in DEGs. A total of four signaling pathways were enriched significantly in blood (P < 0.05) (Figure 4A). In gill, six signaling pathways were detected (P < 0.05) (Figure 4B). In kidney, 10 signaling pathways were enriched significantly (P < 0.05) (Figure 4C). In these pathways, immune-related signaling pathways were significantly enriched, including inflammatory bowel disease, PI3K-Akt signaling pathway, p53 signaling pathway, and TNF signaling pathway. Interestingly, metabolic-related pathways were also found after challenge, such as metabolic pathways, carbon metabolism, glycolysis/gluconeogenesis, and fatty acid metabolism. The proteins inducing apoptosis and regulating inflammatory factors would be increased after stress challenge (Dios et al., 2007). It was necessary to supply energy by glycolysis or metabolism if apoptosis and inflammatory response were activated. We speculated that ATP was necessary to participate apoptosis and the phosphorylation of immune-related kinase when the stress of Ringer’s injection occurred. The process of immune response was accompanied with glycolysis or gluconeogenesis.


[image: image]

FIGURE 4. KEGG enrichment analysis of DEGs in different tissues. (A) KEGG enrichment in blood. (B) KEGG enrichment in gill. (C) KEGG enrichment in kidney.




Weighted Gene Co-expression Networks Analysis

Weighted gene co-expression networks analysis was constructed basing on all the genes expressed in three tissues. The correlation matrix and adjacency matrix of the gene expression profile of the challenged groups were calculated according to the basic idea of WGCNA. The challenged groups of 8 h and 48 h were delimited as stress groups. Then they were transformed into a topological overlap matrix (TOM) and obtained a system clustering tree of genes by gene-gene non-ω similarity (Figure 5A). The hierarchical average linkage clustering method was used to identify the gene modules of each gene network. A total of 12 gene modules were recognized in stress groups (Figure 5A). The highest association in the Module-trait relationship was found in gray module (r2 = 0.86, P = 4e-06) (Figure 5B). The ME gray module was selected as the module related to stress. In this module, 16 genes were chosen and were considered to be down-regulated stress (Table 5). The selected genes were immune-related and metabolic-related genes. It was consistent with the GO and KEGG analysis.
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FIGURE 5. WGCNA analysis of the expressed genes. (A) Gene clustering tree (dendrogram) obtained by hierarchical clustering of adjacency-based dissimilarity. The colored row below the dendrogram indicates module membership identified by the dynamic tree cut method with module colors. (B) Module-feature associations. Each row corresponds to a module eigengene and each column to a trait. Each cell contains the corresponding correlation in the first line and the P-value in the second line. The table is color-coded by correlation according to the color legend.



TABLE 5. Genes selected by WGCNA.
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qRT-PCR Validation

The expression patterns of nine genes (TLR5, TLR2, IL21R, IL34, B2L12, Caspase-9, HSP60, IL8, CD267) related with immune response were detected by qRT-PCR. Fold change was calculated by treatment group and control group. All the genes displayed consistent expression patterns both in qRT-PCR and FPKM (R = 0.7613, P < 0.01) (Figure 6).
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FIGURE 6. Verification of the fold change both in qRT-PCR and FPKM after Ringer’s injection. (A–C) The fold change of DEGs in blood at 8 h and 48 h post injection. (D–F) The fold change of DEGs in gill at 8 h and 48 h post injection. (G–I) The fold change of DEGs in kidney at 8 h and 48 h post injection.


In conclusion, we demonstrated the change of expression profile post Ringer’s solution injection in Japanese flounder. The immune-related genes were up-regulated or down-regulated in different time points and different tissues. Besides, it was found that the genes involved in glycolysis/gluconeogenesis were also change after challenged with Ringer’s solution. These results indicated that the immune system and metabolic pathways were affected after Ringer’s solution challenge. This study revealed that Ringer’s solution buffer could influence immunostimulatory experiment during intraperitoneal injection.
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Ca2 +/Calmodulin-NOS/NO-TNFs Pathway Hallmarks the Inflammation Response of Oyster During Aerial Exposure
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Aerial exposure (emersion) due to the periodical ebb and flow of tides is a major stressor for intertidal organisms and a key environmental factor in shaping their local communities. Oysters are among the most emersion-tolerant mollusk species and can survive for several days under aerial exposure. Noticeably, overwhelming inflammation responses could occur during the emersion stress. However, mechanisms beneath the activation and modulation of emersion-induced inflammation response have remained largely unknown. Ca2+ is an important intracellular second messenger that plays indispensable roles in inflammation response by cooperation with calmodulin (CaM) genes. Here, we showed that intracellular Ca2+ accumulates rapidly in oyster hemocytes during emersion stress along with the changes in the protein levels of three CaM genes, which function as intracellular sensors of Ca2+. As downstream effector of Ca2+/CaM complex, nitric oxide synthase (NOS) activity in hemocytes was enhanced during the emersion stress, facilitating a greater production of nitrite oxide (NO). Augmentation of NO concentration was associated with the increased mRNA expression levels of two oyster cytokines (CgTNFs) during aerial exposure. The robust accumulation of cytokines and severe injury of tissues in oysters have been regarded as potential cause and marker of their death in prolonged emersion stress. Here, both the expression levels of CgTNFs and the tissue injuries of oysters were attenuated when Ca2+/CaM complex or NOS activity were repressed in vivo during the emersion stress. These findings indicate that Ca2+/CaM-NOS/NO-CgTNFs pathway is critically involved in the emersion-induced inflammation response in oysters and plays a role in the resistance against long-term aerial exposure.

Keywords: intertidal zone, calmodulin, nitrite oxide, tumor necrosis factor, aerial exposure


INTRODUCTION

The intertidal region is characterized by drastic fluctuations of physical parameters, such as tidal level and temperature, which makes the intertidal zone one of the most physiologically challenging environments for life. However, many organisms are thriving in the intertidal zone having evolved strategies to cope with such harsh and dynamically changing conditions. Adaptations of intertidal organisms have drawn significant attention in the past years (Richards, 2011; Teixeira et al., 2013; Cross et al., 2014; Goncalves et al., 2017; Maynard et al., 2018).

Aerial exposure or emersion due to periodical ebb and flow of tides is a major stressor for intertidal organisms associated with water loss, osmotic stress, hypoxia, and food deprivation (Strachan et al., 2015; Zhang et al., 2015). Notwithstanding, some intertidal organisms, especially algae and sessile mollusks, are well adapted to the periodical emersion morphologically, behaviorally, or physiologically (Diederich et al., 2015; Strachan et al., 2015; Duan et al., 2016). For example, some mollusks could close their shells or adhere more tightly to the rocky substratum to reduce water loss during emersion while some metabolic and developmental processes are repressed simultaneously for energy conservation (Sokolova and Pörtner, 2001; Hand and Menze, 2007). Moreover, the expression of protective macromolecules such as heat shock proteins and antioxidants including superoxide dismutase and catalase could also be significantly up-regulated to improve the tolerance against emersion stress (Pöhlmann et al., 2011; Jeno and Brokordt, 2014; Duan et al., 2016; Zhang et al., 2016). Nevertheless, overwhelming oxidative stress and inflammation response resulted from long-term aerial exposure could lead to cell apoptosis and irreversible tissue damage (Duan et al., 2016; Xin et al., 2016). However, there is limited empirical evidence demonstrating the mechanism underlying the responses to emersion, especially with regard to the biological processes during early resistance and final succumbing to stress in intertidal invertebrates.

Oysters are a common intertidal species exposed to emersion and associated abiotic stressors in the intertidal zone due to their sessile lifestyle. Oysters are stress-tolerant and can survive for several days in emersion in intertidal zone (Dong et al., 2017). During air exposure, the anaerobic metabolism of oysters is rapidly induced and heat shock proteins, antioxidant proteins, and inhibitor of apoptosis proteins are robustly up-regulated contributing to the tolerance against emersion (Seaman, 1991; Zhang et al., 2016). Furthermore, multiple genes involved in intracellular Ca2+ signaling pathway and neuro-endocrine system could also be modulated in oysters at early stage of emersion (Zhang et al., 2015; Dong et al., 2017). With growing studies in their genetic information and biological responses during emersion, oysters are becoming a suitable model for studying the adaptation mechanisms and physiological regulations of intertidal organisms against aerial exposure stress (Zhang et al., 2012). Recently, two members in oyster interleukin-17 family (CgIL17-1, CgIL17-5), which are pioneer cytokines in host inflammation response, were found drastically accumulated in hemocytes at the late stage of stress. It was further demonstrated that up-regulation of CgIL17s could result in the expressional decrease of inhibitor of apoptosis transcripts and increase of DNA fragmentation factor subunit alpha transcripts, contributing to the damage of hepatopancreas proceeding the death of oysters (Xin et al., 2016). These findings indicate that control of inflammation might play an important role in the tolerance of oysters to emersion, but the molecular mechanisms underlying the activation and modulation of this inflammatory response are not yet understood.

Calmodulin (CaM) is an important class of Ca2+-binding proteins involved in the Ca2+-mediated signaling pathway in both invertebrates and vertebrates, including mollusks (Hoeflich and Ikura, 2002; Han et al., 2020). Upon binding with Ca2+, CaMs could interact with numerous proteins to activate or inactivate them (Finn and Forsén, 1995). As a consequence, a variety of biological activities including cytokine expression and cell apoptosis could be switched on or off (Xu et al., 2011; Racioppi et al., 2012; Berchtold and Villalobo, 2014). Earlier studies showed that protein level of three CaMs proteins (CgCaM20234, accession number of EKC20234, CgCaM24243, accession number of EKC24243 and CgCaM24247, accession number of EKC24247) was markedly suppressed in gill of oysters during air exposure, indicating their involvement in host response to emersion stress (Zhang et al., 2015). Moreover, activity of nitric oxide synthase (NOS) could be promoted by Ca2+/CaMs complex in mammals and lead to a greater production of nitrite oxide (NO) (Abu-Soud et al., 1994; Michel et al., 1997; He et al., 2015). As demonstrated, NO could regulate the expression of several cytokines including tumor necrosis factors (TNFs) and accumulated during environmental stress, suggesting the potential role of Ca2+/CgCaMs complex in the emersion-induced inflammation response of oysters (Jiang et al., 2013; Bogdan, 2015; Su et al., 2018). However, few studies have reported Ca2+/CaM pathway in oysters, let alone their roles in emersion stress. In the present study, oyster Crassostrea gigas were subjected to emersion stress under the controlled laboratory conditions with the objectives to (1) survey the alternations of Ca2+ concentrations along with CgCaMs proteins during emersion stress, (2) assess the modulation role of Ca2+/CgCaMs complex in NOS/NO system and cytokine expression, and (3) depict the potential role of the Ca2+/CgCaMs pathway in oyster’s inflammation response against the emersion stress.



MATERIALS AND METHODS


Oysters Preparation, Desiccation Stress, and Sample Collection

Adult oysters C. gigas (about 2-year old and 100–120 mm in shell length) were collected from a local aquaculture farm in Qingdao, China and acclimated in aerated and sterilized seawater for 2 weeks after they were sawed for a minor hole at shell close to adductor muscle for later injection. During the acclimation, mortality of oysters was monitored while very few individual was found succumbed.

A total of 190 oysters were subjected for aerial exposure (16°C, relative humidity 40%) using a sterilized box and placed in a constant temperature incubator (Shanghai Nanrong, SPX-160B). Fifteen oysters were sampled at 0, 1, 2, 3, 4, and 5 days of emersion to detect alternations of CgCaMs, CgTNF5109 and CgTNF6440 transcripts in hemocytes (hemocytes from five oysters were pulled together as one replicate). Hemocytes from another five oysters were also obtained at 0, 1, 3, and 5 days of emersion using acid citrate-dextrose anticoagulant agent (22 g L–1 sodium citrate, 8 g L–1 citric acid, 24.5 g L–1 glucose, pH 7.4) at a ratio of 8:1 and pulled together as one replicate to investigate cytoplasmic Ca2+/NO concentration and relative activity of NOS. The change of CgCaM protein levels was surveyed by Western blot using hemocytes of 10 oysters collected at 0, 1, 3, and 5 days of the aerial exposure. All assays except the Western blot were conducted simultaneously with three parallel replicates per group.



In vivo Inhibition of CaM and NOS

Calmidazolium chloride (CDZ, Santa Cruz) is a CaM antagonist that inhibits activities of CaM-dependent enzymes. L-NMMA (Beyotime), also known as NG-Hydroxy-L-arginine monoacetate, is a widely used inhibitor of NOS that competes with L-arginine. The sodium nitroferricyanide (III) dihydrate (SNP, Beyotime) is a donor for NO after in vivo breakdown. Inhibition of CaM and NOS was conducted here by adductor injection of these antagonists or inhibitors into oysters during aerial exposure. A functional rescue of NOS activity was also conducted in vivo by co-injection of CDZ and SNP. In detail, a total of 120 oysters were randomly divided into Aerial Exposure, Aerial Exposure+CDZ, Aerial Exposure+CDZ+SNP, and Aerial Exposure+L-NMMA groups. Oysters in each group were subjected to 2-day aerial exposure and injected with 100 μL diethyl pyrocarbonate (DEPC) water, 10 nM CDZ (in 100 μL DEPC water), 10 nM CDZ+5 mM SNP (in 100 μL DEPC water) or 0.5 mM L-NMMA (in 100 μL DEPC water) at 24 h of emersion, respectively. At the end of emersion stress, hemocytes from 15 random oysters (cells from five individual were pulled together as one replicate) in each group were collected with anticoagulant agent to detect NO concentration and NOS activity. Hemocytes from the remaining fifteen oysters (cells from five individual were pulled together as one replicate) were also obtained to survey transcripts of CgTNF5109 and CgTNF6440 by quantitative real-time PCR (qRT-PCR). All assays were conducted with three parallel replicates for each group.

A total of 20 oysters were employed for a continuous injection of CDZ and L-NMMA during aerial exposure to investigate morphological changes of hepatopancreas. Five of them were sampled immediately to demonstrate the healthy status of hepatopancreas before aerial exposure. The rest oysters were subjected to a 5-day emersion and injected with 100 μL DEPC water, 10 nM CDZ (in 100 μL DEPC water), or 0.5 mM L-NMMA (in 100 μL DEPC water) at 2, 3, and 4 days of emersion. The samples were collected at the fifth day of emersion and subjected to histological analysis along with samples obtained before the stress.



In vivo Knock-Down of CgCaM24243 by dsRNA-Mediated RNA Interference

Given the striking similarity of the coding regions among all CgCaM homologs, both the 5’-untranslated regions (UTR) and 3′-UTR of CgCaM24243, which was unique in oyster genome based on nucleotide BLAST result, were selected for dsRNA-mediated RNA interference. The UTR sequence was first retrieved according to the genome annotation information where sequence upstream the first exon was suggested as 5’-UTR and the sequence downstream the stop codon was putatively considered as 3′-UTR. Both sequences were then cloned using cDNA library from oyster hemocytes for verification and subjected to siDirect21 for siRNA prediction. The obtained sequences were then linked with T7 promoter (Supplementary Table S1) and subjected to in vitro dsRNA transcription using T7 RNA polymerase (Life technologies). After purification, the synthesized dsRNA was examined for integrity by electrophoresis and quantified by Nanodrop2000 (Life technologies). A cDNA fragment (657 bp) from pEGFP vector (Clontech) was used for the synthesis of control dsRNA (Xin et al., 2016).

A total of 60 oysters were randomly selected and divided in to Aerial Exposure group, Aerial Exposure+siCgCaM24243 group, and Aerial Exposure+siEGFP group. All oysters were then subjected to a 2-day aerial exposure and injected with 100 μL DEPC water or 100 μg dsRNA of CgCaM24243 or CgEGFP (in 100 μL DEPC water) at 24 h of emersion for RNA interference. At 48 h of emersion, hemocytes from five oysters in each group were sampled to survey the knock-down efficiency by Western blot. NOS activity and cytoplasmic NO concentration were surveyed from hemocytes of the remaining oysters while hemocytes from five oysters were polled together as one replicate and three replicates were used for each detection.



RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR (qRT-PCR)

Total RNA extraction was conducted according to the manual of Trizol reagent (Life technologies) and subjected to cDNA synthesis using M-MLV Reverse Transcriptase (Promega). qRT-PCR for each gene was carried out with SYBR Premix Ex Taq II (Tli RNaseH Plus) kit (Takara) in ABI 7500 Real-Time PCR System (Applied Biosystems). Running program for the qRT-PCR was set in a two-step manner (denature at 95°C for 5 s, annealing and extension at 60°C for 34 s) with 40 cycles according to the manual while three replicates were employed for each trial. The relative mRNA expression level for genes was calculated with 2–ΔΔCt method. As demonstrated previously in either qRT-PCR assay or transcriptome sequencing, the expression patterns of oyster elongation factor gene remained comparatively stable across different tissues and during development or emersion stress were surveyed. Therefore, all detected transcripts were further normalized with CgEF1-α after the qRT-PCR assay (Du et al., 2013; Gong et al., 2019). All the primers employed in the present study were designed according to the genome information and listed in Supplementary Table S1. Products in the qRT-PCR assay were further verified by sequencing.



Western Blot and Densitometric Analysis

Western blot for CgCaM was conducted using methods described before (Xu et al., 2016). In brief, protein samples from oyster hemocytes were quantified by Bradford Protein Assay Kit (Beyotime) and subjected to SDS-PAGE to separate proteins. The proteins were then transferred to the nitrocellulose membrane and incubated with 3% BSA at room temperature for 1 h. The membrane was subsequently incubated with CALM3 polyclonal antibody (Abclonal) overnight at 4°C (dilution at 1:1000) for reaction with all CgCaMs. The HRP conjugated secondary antibody (Abclonal) was used to label target proteins, which were visualized by Thermo Scientific SuperSignal kit (Life technologies). β-Tubulin polyclonal antibody (Abcolnal) was used as the loading control in all Western blot assay. To quantify the alternations of CgCaM proteins in each group, densitometric analysis was conducted with ImageJ software2. Western blot results for β-tubulin were used here for normalization.



Quantification of Ca2+/NO Concentration and NOS Activity

Content of intracellular Ca2+ was determined using Calcium Colorimetric Assay (Sigma–Aldrich) following manufacturer’s instruction. Hemocyte pellet obtained without anticoagulant agent were first weighted using analytical balance (Sartorius BSA124S-CW, normalized with empty tubes) and then lyzed using lysis buffer. A volume of 100 μL cellular lysate obtained after centrifugation was mixed with the reaction buffer and incubated for 10 min in darkness. The absorbance was measured using a spectrophotometer at 575 nm. Ca2+ concentration was quantified according to standard curve and normalized by tissue mass.

Concentration of NO was detected by DAF-FM DA probe (Beyotime). Suspensions of oyster hemocytes were adjusted to 1 × 106cells/mL and incubated with 5 μM DAF-FM DA probe at room temperature for 30 min. After a wash with modified Leibovitz L-15 medium (Gibco) (Qiu et al., 2007), a total volume of 400 μL labeled cells were subjected to flow cytometry (FACS Arial II flow cytometer, BD Bioscience) for NO detection. A total of 10,000 oyster cells were tested for the DAF-FM DA fluorescence and the threshold for positive signals was set using cells free of probe incubation.

Activity of cellular NOS was determined using Nitric Oxide Synthase Assay Kit (Beyotime) according to the manufacturer’s instructions. Briefly, about 1 × 106 oyster hemocytes suspended in modified L-15 medium were incubated with L-Arginine, NADPH, and DAF-FM DA at room temperature for 30 min. After a wash with modified L-15 medium, 400 μL labeled cells were subjected to flow cytometry to detect relative NOS activity. Consistent with NO detection, a total of 10,000 oyster cells were tested for the fluorescence and the threshold for positive signals was set using hemocytes without probe incubation.



Histological Analysis of Hepatopancreas

Histological analysis of hepatopancreas was conducted with methods described before (Xin et al., 2016). In brief, hepatopancreas tissues collected after emersion were immediately fixed by 4% paraformaldehyde and embedded in paraffin after dehydration. The tissues were sectioned by a microtome (Leica) at 5 μm thickness, deparaffinised, rehydrated, and stained with hematoxylin and eosin (Beyotime).



Statistical Analysis

All data collected in the present study were given as means ± SD and assessed for normal distribution before subjected to one-way analysis of variance (ANOVA) with a multiple comparison (LSD method) using SPSS version 20 to verify the significant difference.



RESULTS


Robust Response of Oyster Ca2+ and CgCaMs During Desiccation

Protein alternations of CgCaM20234, CgCaM24243, and CgCaM24247 were surveyed in oyster hemocytes and found significantly decreased during aerial exposure, reaching the lowest level at the third day of emersion (Figure 1A). The CgCaMs protein expression levels were partially recovered at the fifth day, but remained below the basal level. Meanwhile, cellular Ca2+ concentration increased rapidly during emersion stress and peaked at the third day of aerial exposure, reaching 2.02 mg/g (p < 0.05, Figure 1B). The Ca2+ concentration in hemocytes decreased afterward but remained elevated at 1.01 mg/g after 5 days of aerial exposure (Figure 1B).
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FIGURE 1. Physiological and molecular changes in oyster hemocytes during emersion. (A) Protein levels of three CgCaM proteins including CgCaM20234, CgCaM24243, and CgCaM24247 during aerial exposure. Robust decreases were observed in all studied CgCaMs at the first and third day of emersion while CgTublin remained unchanged. (B) Ca2+ concentration inside oyster hemocytes during emersion. A drastic increase of intracellular Ca2+ was observed starting from the first day of stress and peaked at the third day of emersion. (C,D) NOS activity and NO concentration in oyster hemocytes during the emersion. Activity of NOS increased significantly in oyster hemocytes during aerial exposure and decreased slightly at the third and fourth day (C). NO concentration inside oyster hemocytes increased significantly during the aerial exposure except for the third day when it dropped to the basal level (D). (E,F) Alternations of CgTNF5109 and CgTNF6440 transcripts during the emersion. CgTNF5109 transcripts were found up-regulated markedly in oyster hemocytes during the emersion, especially at the first, fourth, and fifth day of stress (E). CgTNF6440 transcripts were found accumulated drastically in oyster hemocytes at the fourth and fifth day of emersion (F). Significance was determined by one-way analysis of variance (ANOVA) and marked with letters (a,b,c, etc.) if p < 0.05.




The Up-Regulation of NOS/NO System and CgTNFs During Desiccation

The activity of NOS in oyster hemocytes increased significantly starting from the first day of emersion (1.30-fold of basal level at the first day, 1.39-fold at the second day, p < 0.05) and declined moderately on the third day of stress (1.18-fold of basal level, Figure 1C). NO concentration also increased markedly on the first day of aerial exposure (1.48-fold of basal level) and declined abruptly at the third day of stress, reaching the basal level (0.94-fold of basal level) (p < 0.05, Figure 1D). As the emersion stress continued, the NO concentration increased again, reaching 1.42-fold and 1.44-fold of basal level on the fourth and fifth day, respectively (p < 0.05, Figure 1D).

Transcript levels of two TNF-encoding genes (CgTNF5109 and CgTNF6440), which were found responsive to various stresses, were up-regulated on the first day of emersion to 4.50-fold and 2.57-fold of basal level, correspondingly (p < 0.05, Figures 1E,F). The mRNA levels of CgTNF genes slightly decreased after 2 and 3 days of emersion to 2.07-fold and 3.34-fold of basal level, correspondingly for CgTNF5109 (p < 0.05, Figure 1E), and to 1.38-fold and 1.60-fold of basal level, respectively, for CgTNF6440 (p < 0.05, Figure 1F). Later during the emersion, the transcription of the TNF-encoding genes increased again. The mRNA levels of CgTNF5109 reached 7.28-fold and 6.07-fold of the basal level at the fourth and fifth day, respectively (p < 0.05, Figure 1E). Similarly, CgTNF6440 increased to 6.02-fold of the basal level on the fourth day and 5.97-fold of the basal level on the fifth day (p < 0.05, Figure 1F).



Activation of Oyster NOS/NO-TNF Pathway by Ca2+/CaMs During Desiccation

Inhibition of CaM was then conducted in vivo during the emersion by injection of a CaM antagonist CDZ. Consequently, intracellular NOS activity and NO concentration decreased after CDZ injection to 0.59-fold and 0.50-fold of the basal level, respectively (p < 0.01, Figures 2A,B). When oysters were co-injected with CDZ and an NO donor SNP, the NO concentration inside hemocytes was partially restored to 0.76-fold of the basal level (p < 0.01, Figure 2B). When oysters were injected with an NOS inhibitor L-NMMA, the NO concentration dropped to 0.79-fold of the basal level (p < 0.01, Figure 2B).
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FIGURE 2. Changes in oyster NOS/NO system after functional inhibition of CaMs and NOS. (A,B) Alternations of NOS activity and NO concentration inside hemocytes of oyster injected with CDZ (Calmidazolium chloride, CaM antagonist), CDZ+SNP (NO donor), or L-NMMA (NOS inhibitor) during a 2-day emersion. Significant decrease of NOS activity (A) and NO concentration (B) was observed in Aerial exposure+CDZ group where CaMs were suggested to be repressed by CDZ. The decrease in NO concentration was rescued in Aerial exposure+CDZ+SNP group where NO donor was provided. NO concentration also decreased in Aerial exposure+L-NMMA group where NOS activity was suppressed by L-NMMA. (C) Known-down of CgCaM24243 gene by dsRNA injection. Protein level of CgCaM24243 dropped significantly in oyster hemocytes after injection of dsRNA during the aerial exposure. Comparatively, CgCaM24243 protein remained unchanged in Aerial Exposure+siEGFP group where oysters were injected with dsRNA of pEGFP vector. A densitometric analysis was conducted to facilitate the significance determination. (D,E) NOS activity and NO concentration after the in vivo known-down of CgCaM24243 gene. Both the NOS activity (D) and NO concentration (E) in hemocytes were found significantly decreased in Aerial Exposure+siCgCaM24243 group where dsRNA of CgCaM24243 was injected during emersion. Aerial Exposure+siEGFP group was used as negative control. Significance was determined by one-way analysis of variance (ANOVA) and marked with ** if p < 0.01.


Knock-down of CgCaM24243 by injecting dsRNA during emersion led to a decrease of the CgCaM24243 protein when compared with the air-exposed group that did not receive dsRNA injection or received an injection of a control dsRNA (Aerial Exposure+siEGFP group) (p < 0.01, Figure 2C). The NOS activity declined significantly to 0.86-fold of the control group after knock-down of CgCaM24243 (p < 0.01, Figure 2D). A significant decrease of NO concentration (to 0.77-fold of the control group) was also observed in knock-down assay of CgCaM24243 (p < 0.01, Figure 2E). Furthermore, mRNA levels of CgTNF5109 and CgTNF6440 were significantly down-regulated in response to the functional inhibition of CgCaMs and NOS. As shown in Figure 3A, transcripts of CgTNF5109 decreased to 0.64-fold of the basal level in Aerial Exposure+CDZ group (p < 0.05). When SNP was co-injected with CDZ, CgTNF5109 expression level returned to the same levels as seen in the air exposed group (Figure 3A). The transcripts of CgTNF5109 declined to 0.56-fold of basal level after suppression of NOS by L-NMMA (p < 0.05, Figure 3A). Similarly, transcripts of CgTNF6440 decreased to 0.51-fold of the levels found in the air exposed group in CDZ injection group and but remained unchanged when SNP was co-injected (p < 0.05, Figure 3A). When NOS activity was repressed by L-NMMA, CgTNF6440 expression level dropped to 0.63-fold of the levels seen in the air-exposed group (p < 0.05, Figure 3A).
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FIGURE 3. Alternations of CgTNFs transcripts and hepatopancreas morphology after functional inhibition of CaMs and NOS. (A) Expression levels of CgTNF5019 and CgTNF6440 in oyster hemocytes after functional inhibition of CaMs and NOS during emersion. Both genes were found decreased significantly when CaMs were suppressed by CDZ or when NOS activity was repressed by L-NMMA. Transcripts of CgTNFs regained to basal level when NO donor was supplemented during CaMs inhibition. Significance was determined by one-way analysis of variance (ANOVA) and marked with letters (a,b,c, etc.) if p < 0.05. (B) Hematoxylin and eosin staining of hepatopancreas after the functional inhibition of CaMs and NOS during emersion. As shown, digestive tubules of oyster hepatopancreas were pathologically expanded after a 5-day emersion while massive vacuolization was also observed in the epithelial cells. When CaMs and NOS were repressed during emersion by continuous injection of CDZ or L-NMMA, the pathological expansion of digestive tubules along with vacuoles of epithelial cells was rescued.




Tissue Injury Relieved After Repression of Ca2+/CgCaMs-NOS/NO Pathway

Histopathological changes of oyster hepatopancreas were detected after inhibiting oyster CaM and NOS. The digestive tubules of oyster hepatopancreas were pathologically expanded and massive vacuolization could be observed in the epithelial cells at the fifth day post desiccation, demonstrating severe injury of hepatopancreas (Figure 3B and Supplementary Figure S1). When oysters were continuously injected with CaM inhibitors during emersion, the histopathological injury was significantly relieved with less expanded cavity spaces (Figure 3B and Supplementary Figure S1). Suppression of the hepatopancreas damage in desiccation could also be observed in Aerial Exposure+L-NMMA group (compared with the air exposure only) in which NOS activity was inhibited (Figure 3B and Supplementary Figure S1).



DISCUSSION

As a major stressor for organisms inhabiting the intertidal zone, aerial exposure (emersion) has been regarded as a decisive factor in their colony distribution by shaping their physiological and biochemical features (Hand and Menze, 2007). The oysters are a dominant mollusk in most intertidal region and known as an emersion-tolerant invertebrate as it could survive for several days under aerial exposure (Dong et al., 2017). How oysters respond to emersion stress is therefore noteworthy and could be informative in understanding the adaptation of intertidal organisms against aerial exposure. In a recent study, two members out of 10 IL-17 genes were found fast induced in transcription level in oyster hemocytes and lead to severe injury of hepatopancreas tissue afterward, suggesting the crucial role of inflammation response in oysters’ resistance against emersion (Xin et al., 2016). At the meantime, protein levels of three CgCaMs genes (CgCaM24247, CgCaM20234, and CgCaM24243) were down-regulated in oyster gills during emersion (Zhang et al., 2015). Given the modulatory role of CaMs in either cytokine expression or cell apoptosis, it is a necessity to ascertain the potential role of CgCaMs in inflammation response of oysters. Hemocytes are the main immunocytes of oysters responsible for cytokine expression and secretion (Ottaviani, 2010; Wang et al., 2017; Gerdol et al., 2018). Therefore, the expression patterns of these three CgCaM genes during emersion were surveyed exclusively in oyster hemocytes. Consistent with previous findings, all studied CgCaMs were down-regulated in oyster hemocytes during aerial exposure. Notwithstanding, Ca2+ concentration was found altered in an opposite pattern of CgCaMs during emersion. As an important class of intracellular Ca2+ sensors, the proper function of CaMs relies greatly on the binding of cytoplasmic Ca2+ (Hoeflich and Ikura, 2002; Clapham, 2007). The paradox in Ca2+ concentration and CgCaMs protein level brought forth questions about the potential influences of Ca2+/CgCaM complex in the inflammation response of oysters against emersion.

As an important signal transducer in multicellular organisms, a diversity of proteins could be regulated by Ca2+/CaM complex, including myosin-light-chain kinase, phosphorylase kinase, serine/threonine-protein phosphatase, calcium/CaM-dependent protein kinase I, NOS, and adenylate cyclase (Chin and Means, 2000; Vetter and Leclerc, 2003). Among these genes, NOS is of interest due to its role in inflammation response and stress response of multiple organisms (Bogdan, 2001; Tripathi et al., 2007). What is more, recent studies in some mollusks also demonstrated the modulation role of Ca2+/CaMs complex in NOS activation (Bodnárová et al., 2005). Thus, the alternations of NOS activity were surveyed in oyster hemocytes during emersion stress. It turned out that NOS activity increased significantly in oyster hemocytes starting from the first day of stress. As products of NOS, NO concentration inside hemocytes also increased drastically during the stress, confirming the alternation of NOS activity while suggesting the interaction between Ca2+/CgCaMs complex and NOS in oysters. To further verify the interaction between Ca2+/CgCaMs and NOS/NO system, functional inhibitions of CaMs and NOS were conducted in vivo during aerial exposure. As expected, NOS activity and NO concentration decreased significantly after injecting antagonists or dsRNA of CgCaMs, certificating the involvement of Ca2+/CaMs-NOS/NO pathway in the stress response of oysters against emersion. Moreover, the augment of NOS/NO system has also indicated a functional activation of Ca2+/CgCaMs complex despite of the paradox in Ca2+ concentration and CgCaMs protein level. It is also worthy to notice that several types of NOS (iNOS, eNOS, and nNOS) were encoded by vertebrates while only one NOS-encoding gene is identified in oyster genome (Alderton et al., 2001; Zhang et al., 2012). The present results demonstrated that oyster NOS gene could retain a primitive form in comparison with its vertebrate homologs, reconfirming our previous findings (Jiang et al., 2016). It was therefore interesting to figure out whether oyster cytokines could also be modulated by Ca2+/CaMs-NOS/NO pathway during desiccation-induced stress response.

Being a highly diffusible gas and ubiquitous bioactive molecule, NO could modulate the expression of multiple cytokines including TNF, interferon, and ILs (Bogdan, 2015). Previous study has shown that transcripts of two CgIL-17 genes could be induced in oyster hemocytes due to the elevated glucose concentration in serum during emersion (Xin et al., 2016). Besides IL17 family members, multiple TNF-encoding genes have also been identified in oysters and participating in the inflammation response against biotic and abiotic stress (Sun et al., 2014; Gao et al., 2015; Chen et al., 2016). Therefore, expression alternations of two representative CgTNF genes (CgTNF5109 and CgTNF6440) were characterized during emersion. Consequently, both CgTNFs were up-regulated during aerial exposure. Meanwhile, transcripts of CgTNF5109 and CgTNF6440 were significantly suppressed when CgCaMs or NOS were functionally inhibited. These results collectively demonstrated the involvement of Ca2+/CaM-NOS/NO pathway in the transcriptional promotion of CgTNFs during emersion stress. As the main immunocytes, secreted cytokines from hemocytes could endow a ubiquitous promotion of inflammation response in different tissues or organs (Gerdol et al., 2018). It was demonstrated that tissue injury oysters could be recused markedly when CgIL-17s were suppressed, depicting the crucial role of inflammatory cytokines in the resistance of oysters against prolonged emersion stress (Xin et al., 2016; Dong et al., 2017). Since CgTNFs could be transcriptionally promoted by Ca2+/CaMs-NOS/NO pathway during emersion, it is therefore obligatory to know whether above pathway could result in pathological injury in oysters during emersion. By taking the hepatopancreas tissue as example, it was found that pathological expansion and massive vacuolization observed during prolonged aerial exposure could be greatly reduced after continuous inhibition of CaMs and NOS during emersion. This finding reconfirmed aforesaid speculation that cytokine-mediated inflammation response could influence the resistance of oysters against long-term emersion stress.

As a highly integrated immunological process, inflammation response is mainly mediated by cytokines and meant to protect the organisms from either biotic or abiotic stress (Barton, 2008). The inflammation response, however, could be harmful to the host if out of control (Lassmann, 2008). As demonstrated, the robust accumulation of two CgIL-17 transcripts during emersion was due to the elevated glucose concentration in hemolymph, which was induced by glycogenolysis in a glycogen synthase kinase-3β-dependant way (Xin et al., 2016). Though NOS/NO-CgTNFs pathway was found continuously promoted in oyster hemocytes in a Ca2+/CgCaM-dependent way, how Ca2+ and CgCaMs were modulated remained less investigated here. Notwithstanding, it has been demonstrated that concentration of intracellular Ca2+ could be promoted as by-products of glucose uptake (Berna et al., 2002). Meanwhile, a rapid increase of glucose uptake was observed in either endothelial cells under hypoxia stress or in oysters under desiccation stress (Yamada et al., 2000; Wang et al., 2016). Therefore, the augment of intracellular Ca2+ is supposed to be resulted from the promotion of glucose uptake in oyster hemocytes. Given the great energy demand of oysters in dealing with stress, it was suggested that augment of intracellular Ca2+ could be unavoidable during prolonged emersion, resulting in the continuous promotion of Ca2+/CgCaM-NOS/NO-CgTNFs pathway. Moreover, considering that NO production could be promoted by CgTNFs reciprocally, the continuous promotion of Ca2+/CgCaM-mediated inflammatory pathway seems to be irreversible in long-term emersion stress, compromising the homeostasis of inflammation response (Zheng et al., 2020). Interestingly, a significant repression of CgCaMs proteins was observed starting from the first day of emersion before regaining at the late-stage of stress. Although the modulation mechanism of CgCaMs remained unknown, it is speculated that the expressional decrease of CgCaMs could be a protection against the overwhelmingly promoted inflammation response counteracting increase of intracellular Ca2+. Lastly, there are also some limitations in our study. For example, all the oysters were pre-drilled before the experiment and the emersion stress was conducted in laboratory condition with consistent temperature and humidity. The physiological and molecular response of oysters against emersion could differentiate from the stress responses in the wild since the energy consumption and gene expression might be allocated for shell repair (Hüning et al., 2016). Nevertheless, results of the present study are still informative in understanding the inflammation response of oyster against aerial exposure where Ca2+/CgCaM-NOS/NO-CgTNFs pathway is suggested as an important hallmark.
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Supplementary Figure 1 | Hepatopancreas morphology after functional inhibition of CaMs and NOS. (A) HE staining of hepatopancreas from oysters before emersion stress (N = 3). (B) HE staining of hepatopancreas from oysters after a 5-day emersion stress (N = 3). (C) HE staining of hepatopancreas from oysters after functional inhibition of CaMs during the emersion stress (N = 3). (D) HE staining of hepatopancreas from oysters after functional inhibition of NOS during the emersion stress (N = 3).

Supplementary Table 1 | Primers used in this study.
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Dietary Lactobacillus plantarum Relieves Nile Tilapia (Oreochromis niloticus) Juvenile From Oxidative Stress, Immunosuppression, and Inflammation Induced by Deltamethrin and Aeromonas hydrophila
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Aeromonas hydrophila infection is one of the major diseases that cause inflammation and immunodepression in aquatic animals. Likewise, waterborne toxins are known for their negative impact on the immunity and antioxidant responses of aquatic organisms. In this study, Lactobacillus plantarum (LP20) was incorporated in Nile tilapia, Oreochromis niloticus, diets (50 mg/kg) to investigate its role in the antioxidant capacity, immunity, and anti-inflammation induced by deltamethrin (DLM) toxicity (96-h LC50 was 14.9 μg/L) and A. hydrophila (LD50, 2 × 108 CFU/ml). One hundred and twenty healthy fish with an initial weight of 28.21 ± 1.34 g were allotted in 12 glass aquaria (60 L) and divided randomly into four groups (triplicates, 10 fish per aquarium). The control fish neither received LP20 nor were exposed to DLM. The second group of fish was fed the control diet and subjected to DLM (DLM group). The third group of fish was provided with LP20 without DLM toxicity (LP20 group), and the fourth group of fish was fed LP20 and subjected to DLM (DLM + LP20 group). After 30 days, fish were intraperitoneally injected with A. hydrophila. Ten days post infection, the survival rate was lower in fish exposed to DLM than those exposed to LP20. Further, fish fed on LP20 had elevated serum total protein (sTP), albumin (ALB), globulin (GLB), phagocytic index (PI), phagocytic (PA), and lysozyme activities (LZM), but they had lower urea, uric acid bilirubin, creatinine, glucose, aspartate aminotransferase (AST), alkaline phosphatase (ALP), and alanine aminotransferase (ALT) activities after 24 h, 48 h, and 1 week post A. hydrophila challenge. However, fish exposed to DLM had lower sTP, ALB, GLB and higher urea, uric acid, bilirubin, creatinine, glucose, ALT, AST, and ALP after 24 h, 48 h, and 1 week post A. hydrophila challenge. Markedly, after the A. hydrophila challenge, fish exposed to DLM + LP20 displayed upregulated levels of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) genes. The transcription of interferon gamma (IFN-γ), interleukin 12 (IL-12), and tumor necrosis factor alpha (TNF-α) was upregulated in DLM and DLM + LP20 groups. Fish exposed to DLM downregulated interleukin 8 (IL-8) gene expression after A. hydrophila challenge. Further, fish displayed upregulation of heat shock protein 70 (HSP70) gene expression after DLM toxicity. Besides, fish exposed to DLM toxicity and A. hydrophila infection had severe inflammatory features in the liver, spleen, gills, and intestine, while dietary LP20 relieved the inflammatory features. In summary, dietary LP20 relieves Nile tilapia from oxidative stress, immunosuppression, and inflammation induced by DLM and A. hydrophila infection.

Keywords: multi stressors, Lactobacillus plantarum, Nile tilapia, anti-inflammatory, histopathology
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GRAPHICAL ABSTRACT.




INTRODUCTION

Aquaculture production has expanded recently as a primary source of animal protein with feasible cost compared to the other animal protein sources (Dawood, 2021). This activity requires many factors to ensure its success, including the availability of seeds, technical skills, optimal feed requirements, and reasonable environmental conditions (Wu et al., 2019). In closed and indoor aquaculture systems, all factors can be controlled to avoid stressful conditions that could impair aquatic organisms’ performance; however, in outdoor systems, the farming conditions cannot be fully controlled (Zaki et al., 2020). Stressful environmental conditions (e.g., high or low water temperature, high stocking rate, malnutrition, and infectious diseases) weaken the organism’s immune system, increase attack by infectious invaders on the body, and induce severe mortality (Shourbela et al., 2021). Pesticide and insecticide derivatives resulting from the agriculture sector pollute the drainage water likely to be used for the rearing of aquatic animals (El Megid et al., 2020; Abdo et al., 2021). The remaining derivatives generally accumulate in the fish body and impair growth performances and health condition. Deltamethrin (DLM) is one of the common pyrethroid insecticides regularly used in agriculture-related activities (Bradbury and Coats, 1989). It weakens the immune system of fish and makes them vulnerable to bacterial pathogens (Eder et al., 2007). Aeromonas hydrophila is a bacterial pathogen that widely attacks aquatic organisms, especially when they suffer from stressful conditions, including water pollution (Fernandes et al., 2019). A. hydrophila infection is increasing in cultured organisms because of the rising natural resistance to pathogens due to the excessive use of antibiotics, resulting in severe fish farming hazards (Ahmadifar et al., 2019). A. hydrophila can survive in fresh or brackish water under aerobic and anaerobic environments, which threatens the aquaculture industry (Chen et al., 2018). A. hydrophila induces hemorrhagic disease, ulcerative syndrome, and motile Aeromonas septicemia in Nile tilapia (Oreochromis niloticus), usually resulting in high mortalities (Nicholson et al., 2020). Although antibiotics are suggested to enhance the resistance of aquatic organisms against infectious diseases, they have other side effects (e.g., weakening the natural immunity, reducing the resistance to pathogenic bacteria, and indirectly impacting the human body) (Dawood et al., 2021; Limbu et al., 2021). Thus, several countries have banned chemotherapies and encourage farmers to use alternative friendly substances (Chen et al., 2020).

The concept of using functional additives is practiced for its positive impact on aquatic animal efficiency (Ringo et al., 2018; Dawood et al., 2020a). Probiotics can enhance the variety of intestinal microbiota, compete for harmful microorganisms, facilitate absorption of nutrients through the intestinal villi, and activate the local intestinal immunity, increasing innate immunity (Dawood et al., 2018; Ringø et al., 2020). Generally, bacteria, including Lactobacillus plantarum, Lactococcus lactis, Enterococcus faecium, Bacillus subtilis, and Saccharomyces cerevisiae, have been utilized as probiotics for aquatic animals (Newaj-Fyzul et al., 2014). Among them, L. plantarum (LP20) recently has attracted extensive attention as a probiotic in feed industries due to its non-toxic, significant stress resistance (low pH and bile salt resistance) (Ismaeil et al., 2020), beneficial effect on the hosts (Van Nguyen et al., 2019), and stability under processing conditions (Dawood et al., 2016). Interestingly, LP20 has been known to serve as a protector against DLM toxicity. For instance, LP20 inclusion in the Nile tilapia diet improved immune and antioxidant defenses to ambient DLM toxicity via anti-inflammatory impact in the gills, liver, spleen, and intestinal tissues (Dawood et al., 2020b). Further, dietary LP20 protected Nile tilapia from ammonium chloride toxicity and Streptococcus agalactiae infection (Van Nguyen et al., 2019).

Nile tilapia is a freshwater species and widely cultured in several countries due to its fast growth rate, high market need, and reasonable prices (FAO, 2018). However, in some countries (e.g., Egypt), the effluent water from the agriculture sector is usually used in Nile tilapia farming ponds. The drainage water is rich in pesticides and insecticides that negatively affect fish performance. Concurrently, the current study investigated the impact of LP20 in the alleviation of oxidative injury, immunosuppression, and inflammation generated by DLM and A. hydrophila in Nile tilapia.



MATERIALS AND METHODS


Experimental Design

Fish were obtained from Tahoun farm located in the Kafr El Sheikh governorate and transferred to the Sakha Aquaculture Research Unit, Kafr El Sheikh, Egypt. After accommodation for 7 days (with basal diet), 120 healthy fish with an initial weight of 28.21 ± 1.34 g were allocated into 12 glass aquaria (60 L) and divided into four groups: hereafter, control, DLM, LP20, and DLM + LP20 in triplicates (10 fish per aquarium) where all aquaria were allocated randomly without locating aquaria from the same group beside each other.

Two sets of diets were created by supplementing the basal diet with 0 or 50 mg LP20/kg (L. plantarum, 2 × 1011 CFU/g, House Wellness Foods Corp., Itami, Japan) (Dawood et al., 2020d); then 30–40% water was added. The LP20 was added to the fish oil and well mixed and then added to the remaining ingredients and mixed again. A meat mincer subsequently pelleted the dough through a die of 1 to 2 mm. The pellets were air-dried at room temperature for 24 h and finally kept at 4°C for the trial. The prepared diet composition was checked by using the standard method (AOAC, 2007). The formulation and chemical composition of the basal diet are provided as a Table 1. The prepared diets were fed to Nile tilapia for 30 days. Fish were fed the test diets at 3% of the total biomass twice (at 08:00 and 16:00) daily. The LP20 dose was chosen based on the report done by Dawood et al. (2020d).


TABLE 1. Basal diet and proximate chemical composition (on dry matter basis).
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The DLM was obtained from the Kafr El-Zayat Company for Chemicals and Pesticides, Egypt, with 98.5% purity. Then, DLM was dissolved in ethanol to have a concentration of 14.5 μg/L. The 96-h LC50 was 14.5 μg/L, and the lower and upper values were 14.1 and 14.9 μg/L, respectively, within the 95% confidence limits as previously reported by Cengiz et al. (2017) and Golow and Godzi (1994). A stock solution was prepared by diluting DLM with acetone to give a dosing concentration of 14.9 μg/L. One third of the water in each aquarium was changed daily and replaced with the prepared DLM solution to keep the DLM level constant during the trial (14.9 μg/L). The trial was conducted under a natural light-and-dark cycle (12 h:12 h). The water temperature was 21 ± 2°C, while pH was 7.1 ± 0.8, dissolved oxygen was 6.5 ± 0.5 mg/L, and total ammonia was 0.23 ± 0.03 mg/L. After 30 days, all fish were euthanized by tricaine methanesulfonate (100 mg/L), and then the liver, gills, intestine, and spleen tissues were taken from three fish per aquarium for histopathological analysis (using 40% ethyl alcohol).



Aeromonas hydrophila Infection and Sampling

The A. hydrophila inoculum was generously supplied by the Department of Fish Diseases and Management, Faculty of Veterinary Medicine, Kafrelsheikh University, Egypt. The A. hydrophila inoculum was made by culturing the organism using tryptic soy agar (TSA) at 37°C for 24 h with continuous shaking (250 rpm). The LD50 (lethal dose, the dose which kills 50% of the injected fish) was assessed before the final challenge up to 10 days by following Reed and Muench (1938). The bacterial fluid was diluted in phosphate-buffered saline (PBS, pH 7.2) and adjusted to a concentration of 2 × 108 CFU/ml.

After the DLM exposure trial (30 days), the remaining fish in each aquarium (seven fish per aquarium, triplicates per group) were intraperitoneally injected with 0.2 ml/fish of (2.8 × 106 CFU) A. hydrophila, according to Li et al. (2011) and Ran et al. (2018). Fish were offered feed at 2% of the bodyweight daily for 10 days. The challenged fish were observed daily, and all mortalities were recorded when fish showed no movement for 1 h (Lu et al., 2019). To confirm that the death was caused by A. hydrophila, the clinical–pathological features were observed, including swimming abnormalities, pale gills, bloat, skin ulcerations, skin ulcers, septicemia, and hemorrhagic features. The daily relative percentage of survival was calculated (Saputra et al., 2016). After A. hydrophila challenge, all fish were anesthetized using 150 mg/L of MS222 (Argent Laboratories, Redmond, Washington). Blood samples were taken (1 ml from three fish per aquarium at each sampling point) from the caudal vein using disposable 3-cc syringes and 21-gauge needles (AMECO, Cairo, Egypt). The blood was collected after 24 h, 48 h, and 1 week using EDTA-coated vials, while non-coated vials were utilized for serum collection. Blood samples were kept for 2 h and then centrifuged at 3,500 × g for 15 min at 4°C to obtain the serum. The serum was maintained at −20°C for further evaluation. The challenge with A. hydrophila lasted until the 10th day, and then the fish (six fish per group) were dissected to collect the liver, gills, intestine, and spleen tissues for gene expression (kept at −80°C) and histopathological analysis (using 40% ethyl alcohol).



Blood Examination

Serum total protein (sTP) were assessed using a biuret test by following Doumas et al. (1981), and albumins were determined by following Dumas and Biggs (1972), while globulin concentration was assessed mathematically. Activities of aspartate aminotransferase (AST), alkaline phosphatase (ALP), and alanine aminotransferase (ALT) were evaluated calorimetrically at a wavelength of 540 nm (Reitman and Frankel, 1957). Serum creatinine, uric acid, urea, and bilirubin were calorimetrically assessed, following Heinegård and Tiderström (1973) and Coulombe and Favreau (1963). Blood cortisol levels (MG/100 ml) were ascertained using enzymatic colorimetric analysis with glucose oxidase and 4-aminoantipyrine (GOD/PAP) kits bought from BioMérieux (France) (Trinder, 1969). Leukocyte phagocytic index (PI) and phagocytic activity (PA) were examined following the method of Cai et al. (2004). The lysozyme activity (LZM) of sera was assayed according to the method described by Demers and Bayne (1997).



Gene Transcription

Reverse-transcription polymerase chain reaction (RT-PCR) analysis of mRNA expression for different genes and β-actin (as an internal reference for normalization of gene expression data) was performed using the primers shown in Table 2 (Ming et al., 2013; Pang et al., 2013; Chen et al., 2016; Xie et al., 2016; Ting et al., 2018). The total RNA was extracted from the liver samples utilizing TRIzol reagents (iNtRON Biotechnology) following the manufacturer’s protocol. The quality of the extracted RNA was confirmed with 2% agarose electrophoresis. The quality and quantity of the extracted RNA were determined by NanoDrop (Quawell, United States). Samples with 1.8 or more A260/A280 RNA were used. Two micrograms of total RNA was reverse-transcribed using a cDNA synthesis kit (Bioline, United Kingdom) directed by the manufacturer. Real-time PCR amplifications were performed using a SensiFAST SYBR Lo-ROX kit (Bioline) in 20 μl reaction mixtures containing 2 μl of cDNA, the gene-specific primers (0.5 μM each), and SYBR (10 μl). The thermal cycling conditions were initial denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s, annealing temperature as presented in Table 2, and 60°C for 1 min. All genes were tested in triplicates, and the fold change method was used to calculate (2–ΔΔ CT) by following Livak and Schmittgen (2001).


TABLE 2. Primers used for qRT-PCR analysis.
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Histopathology

The histopathological examination for liver, gills, intestine, and spleen tissues was adopted, according to Abumandour and Gewaily (2016). The sections were taken with a Leica rotatory microtome (RM 20352035; Leica Microsystems, Wetzlar, Germany) and stained with hematoxylin and eosin. Afterward, the tissue sections were examined using a BX50/BXFLA microscope (Olympus, Tokyo, Japan).



Statistical Analysis

The normality and homogeneity distribution of all the collected data (biochemical, immunological, relative gene expression, and survival rate) were verified by Shapiro–Wilk and Levene tests, respectively. Results are presented as means with the standard error of means, and they were assessed by one-way analysis of variance (ANOVA) using SPSS 22.0 (SPSS version 22, SPSS Inc., IL, United States). Duncan’s multiple-range test was used to ascertain differences among treatments with significance set at P < 0.05.




RESULTS


Survival Rate Post Aeromonas hydrophila Challenge

The mortalities were delayed to the second-day post-challenge in all groups except for the LP20 treatment, which showed the beginning of mortality on the fifth day. After 10 days, the survival rate was lower in Nile tilapia exposed to DLM toxicity compared to those subjected to LP20 treatment (Figure 1). Fish in control, LP20, and LP20 + DLM treatments had higher survival rates than fish in the DLM treatment (P < 0.05).
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FIGURE 1. The survival rate of Nile tilapia exposed to DLM and challenged with Aeromonas hydrophila and fed diets with or without LP20 for 30 days. The survival rate was calculated according to the Kaplan–Meier method on a daily basis until the 10th day post challenge and expressed as mean ± SE from triplicate groups. Different letters on each period indicate significant difference P < 0.05.




Blood Measurements

Nile tilapia fed LP20 had higher total protein, albumin, and globulin but lower urea, uric acid, bilirubin, creatinine, glucose, ALT, AST, and ALP compared to the others at 24 h, 48 h, and 1 week post A. hydrophila infection (Table 3). Conversely, fish exposed to DLM had lower total protein, albumin, and globulin but higher urea, uric acid, bilirubin, creatinine, glucose, ALT, AST, and ALP than fish fed dietary LP20 (P < 0.05). Interestingly, LP20 decreased the uric acid, urea, creatinine, cortisol, ALP, ALT, and AST but increased total protein, albumin, and globulin in Nile tilapia fed LP20 and exposed to DLM (DLM + LP20) compared to fish subjected to DLM especially at 48 h and 1 week post A. hydrophila challenge (Table 3). Fish in the control and DLM treatments had increased uric acid, creatinine, bilirubin, ALT, and AST levels at 48 h and 1 week post A. hydrophila challenge. However, fish fed LP20 had reduced uric acid, creatinine, bilirubin, ALT, and AST levels.


TABLE 3. Blood biochemical parameters of Nile tilapia exposed to deltamethrin (DLM) and challenged with Aeromonas hydrophila and fed diets with or without LP20 for 30 days.
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Fish fed dietary LP20 had higher LZM (Figure 2A), PA activities (Figure 2B), and PI (Figure 2C) than fish exposed to DLM at 24 h, 48 h, and 1 week post A. hydrophila challenge (P < 0.05). Fish fed LP20 and exposed to DLM (DLM + LP20) had similar LZM with the control at 24 and 48 h post A. hydrophila challenge, whereas after 1 week of A. hydrophila challenge, the LZM was reduced (Figure 2A). PA and PI displayed similar results at 24 h post challenge. However, at 48 h and 1 week post A. hydrophila challenge, Nile tilapia fed LP20 and exposed to DLM (DLM + LP20) had higher PA (Figure 2B) and PI (Figure 2C) than those under DLM toxicity. Fish fed the control diet had reduced LZM at 48 h and 1 week post A. hydrophila challenge compared to fish fed LP20. Also, PA was substantially increased in fish fed LP20 diet at 48 h and 1 week post A. hydrophila challenge.
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FIGURE 2. Blood lysozyme activity (A), phagocytic activity (B), and phagocytic index (C) of Nile tilapia exposed to DLM and challenged with Aeromonas hydrophila and fed diets with or without LP20 for 30 days. Values are expressed as mean ± SE from triplicate groups (nine fish per group). Bars with capital superscript letters indicate significant differences between groups, while those with small letters refer to differences within the same group and among the different sampling periods for each parameter (P < 0.05).




Gene Transcription Profile

After the A. hydrophila challenge, fish exposed to DLM + LP20 displayed upregulated quantities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) genes (Figure 3). Besides, fish exposed to DLM and DLM + LP20 showed downregulated interferon gamma (IFN-γ), interleukin 12 (IL-12), and tumor necrosis factor alpha (TNF-α) gene expressions (Figures 4A,C,D). However, IL-8 was downregulated by DLM after the A. hydrophila challenge (Figure 4B). The transcription of HSP70 displayed increased expression under DLM toxicity (Figure 5).
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FIGURE 3. Relative expression of antioxidative genes (SOD, CAT, and GPx) of Nile tilapia exposed to DLM and challenged with Aeromonas hydrophila and fed diets with or without LP20 for 30 days. Values are expressed as mean ± SE from triplicate groups (six fish per group). Bars with different letters indicate significant difference from the control group (P < 0.05).
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FIGURE 4. Relative expression of immune-related genes (IFN-γ, IL-8, IL-12, and TNF-α) of Nile tilapia exposed to DLM and challenged with A. hydrophila and fed diets with or without LP20 for 30 days. Values are expressed as mean ± SE from triplicate groups (six fish per group). Bars with different letters indicate significant difference from the control group (P < 0.05).
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FIGURE 5. Relative expression of heat shock protein 70 (HSP70) gene of Nile tilapia exposed to DLM and challenged with Aeromonas hydrophila and fed diets with or without LP20 for 30 days. Values are expressed as mean ± SE from triplicate groups (nine fish per group). Bars with different letters indicate significant difference from the control group (P < 0.05).




Histopathology

The gills of fish fed with the control diet exhibited integral epithelium with copious mucous cells (Figure 6A). After A. hydrophila infection (Figure 6B), the blood vessels were slightly congested, and the apical ends of the secondary filaments were slightly dilated. The DLM toxicity produced telangiectasis, engorged blood supply, and inflammatory cell infiltration (Figure 6C). After infection (Figure 6D), the secondary epithelium presented deterioration, inflammatory edema, and increased invasion of leukocytes. In the LP20 treatment (Figure 6E), the gills were similar to the control treatment in addition to abundant immune cells. After infection (Figure 6F), the epithelium remained intact; however, the immune cells decreased in number. In the co-treated fish (DLM + LP20) (Figure 6G), the epithelium looked intact with mononuclear cell permeation. After A. hydrophila infection (Figure 6H), there was a slight telangiectasis with a little infiltration of immune cells.
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FIGURE 6. Histomicrograph of gills of Nile tilapia subjected to four treatments (control, DLM, LP20, and DLM + LP20) before (A,C,E,G) and after (B,D,F,H) infection. In panels (A,E,G), the gills show normal histological structures including primary filaments (PF), secondary filaments (SF), and mucous cells (black arrowhead) between the secondary filaments. The toxic effect of DLM (C) causes telangiectasia (black arrow) of the secondary filaments, congestion of blood vessels (bv) of primary filaments, and leukocytic cell infiltration (blue arrowhead). In the post-infected groups, the histopathological effect became more severe in the DLM group [the red arrow in panel (D) refers to degeneration and separation of the secondary epithelium] followed by the control group, while panels (F,H) showed normal histological structures due to the effect of LP20. Stain H&E. Bar = 100 μm.


The intestinal villi of the control fish exhibited normal structure and were formed of integral absorptive cells with goblet cells in between (Figure 7A). Post A. hydrophila infection, the intestine displayed stunted villi with degenerated and desquamated enterocytes (Figure 7B). DLM caused congestion of the apical part of the villi with augmented goblet cells (Figure 7C). Post A. hydrophila infection, there were stunted villi with severe edema, degeneration, and desquamation of enterocytes in addition to lymphoepithelium in the intact region of the villi (Figure 7D). In the LP20 fish (Figure 7E), the intestinal structure was similar to the control fish with increased length of intestinal villi and lymphoepithelium. After infection, the intestinal mucosa remained intact with some vacuolation and degeneration (Figure 7F). In the fish co-treated with DLM + LP20, the villi exposed some degeneration with desquamation in the apical region (Figure 7G). After infection, the apical part of dwarfed villi was congested while the connective tissue cores of villi were invaded with lymphocytes that migrated in the epithelium, making the lymphoepithelium (Figure 7H).


[image: image]

FIGURE 7. Histomicrograph of the intestine of Nile tilapia subjected to four treatments (control, DLM, LP20, and DLM + LP20) before infection (A,C,E,G) and after (B,D,F,H) infection. Panel (A) shows normal histological structures including the intestinal villi (V) lined by enterocytes with goblet cells (red arrowhead), lamina propria submucosa (LP), tunica muscularis (M), and tunica serosa (S), while the post-infected group (B) shows degeneration and necrosis of the apical half of the villi with desquamated enterocytes (black arrow) with lymphoepithelium (yellow arrowhead). The toxic effect of DLM (C) causes congestion of the apical part of the villi with increased goblet cells (red arrowhead) and lymphoepithelium (yellow arrowhead), while the post-infected group (D) shows severe edema (blue arrowhead), degeneration and desquamation of enterocytes (black arrow), and lymphoepithelium (yellow arrowhead). The LP20 group shows increased length of the villi, while the post-infected group (F) shows intact villi with pyknotic nuclei of the apical enterocyte (black arrow) with lymphoepithelium (yellow arrowhead) and immune cell infiltration (green arrowhead). In panel (G), the intestinal villi are intact and appeared normal except some degeneration and desquamation in the apical region of the villi (black arrow), while the post-infected group (H) shows stunted growth with lymphoepithelium (yellow arrowhead) and mononuclear cells (green arrowhead). Stain H&E. Bar = 100 μm.


The hepatopancreas in the control and LP20-fed fish (Figures 8A,E) revealed intact hepatocytes that organized in cords separated by blood sinusoids and typical pancreatic acini. The infection triggered fatty degeneration of hepatocytes, congestion of blood sinusoids, and slight degeneration of pancreatic cells (Figure 8B). The post-infected LP20-fed fish presented minor congestion of blood sinusoids (Figure 8F). The DLM-exposed fish revealed deterioration of hepatic and pancreatic cells and the appearance of melanomacrophages (Figure 8C). After infection, the liver was similar to that of fish exposed to DLM in addition to dilated blood sinusoids, lymphocytic permeation, and increased melanomacrophages (Figure 8D). The hepatopancreas in DLM + LP20 fish (Figure 8G) revealed protuberant lymphocyte infiltration. After infection, a slight fatty degeneration of the hepatic cells appeared with slightly congested blood sinusoids (Figure 8H).
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FIGURE 8. Histomicrograph of the liver of Nile tilapia subjected to four treatments (control, DLM, LP20, and DLM + LP20) before (A,C,E,G) and after (B,D,F,H) infection. Panel (A) shows intact hepatocytes that arranged in cords separated by blood sinusoids (H), and the pancreatic acini appeared normal with a basophilic basal part and eosinophilic apical part (P). Panel (B) shows fatty degeneration of hepatocytes, congested blood sinusoids (red arrowhead), and degenerated pancreatic cells (white arrow). The toxic effect of DLM (C) causes degeneration of hepatocytes with pyknotic nuclei (black arrow), degenerated pancreatic cells (white arrow), and melanomacrophages (yellow arrowhead). The DLM post-infected group shows degeneration of hepatic (black arrow) and pancreatic (white arrow) cells, dilated blood sinusoids (red arrowhead), melanomacrophage center (yellow arrowhead), and leukocytic infiltration (green arrowhead). LP20 improves the normal appearance of the hepatopancreas (E), while post-infection decreases histopathological deviation except slight degeneration of hepatocytes (black arrow). In panel (G,H), the hepatopancreas retains its normal structure in either the hepatic (H) or pancreatic part (P) with immune cell infiltration (green arrowhead) before infection and slight fatty degeneration (black arrow) post infection. Stain H&E. Bar = 100 μm.


The histological image of the spleen in both control and LP20-fed fish (Figures 9A,E) displayed regular red and white pulps and normal blood sinusoids. The melanomacrophage center was conspicuous in the LP20-fed fish (Figure 9E). After infection occurred in both treatments (Figures 9B,F), the melanomacrophages were increased, but the degenerated cells were obvious only in the post-infected control fish (Figure 9B). The DLM toxicity triggered a severe lymphocytic infiltration with dispersed melanomacrophages (Figure 9C). The infection of the DLM-exposed fish instigated severe deterioration of splenic cells and edema. The melanomacrophage centers were also present (Figure 9D). The DLM + LP20 treatment (Figure 9G) revealed a little disintegration with apparent melanomacrophage centers, but after infection, there were minor vascular congestion, edema, and lymphocytic infiltration (Figure 9H).
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FIGURE 9. Histomicrograph of the spleen of Nile tilapia subjected to four treatments (control, DLM, LP20, and DLM + LP20) before (A,C,E,G) and after (B,D,F,H) infection. The control group (A) shows normal architecture of red (R) and white (W) bulbs and normal blood sinusoids, while the post-infected group (B) shows degenerated cells (black arrow), dilated blood sinusoids (red arrowhead), and melanomacrophages (yellow arrowhead). DLM (C) shows distributed degeneration (black arrow) in both white and red bulbs, while the post-infected DLM group (D) shows degeneration (black arrow), dilated blood sinusoids (red arrowhead), and melanomacrophage center. LP20 (E) shows normal architecture with distributed melanomacrophage centers (yellow arrowhead), while the post-infected group (F) shows normal red and white bulbs with dilated blood vessels (red arrowhead) and leukocytic infiltration (green arrowhead). LP20 added with DLM (G) shows increased melanomacrophage centers (yellow arrowhead) and slight degeneration (black arrow), while the post-infected group shows leukocytic infiltration (green arrowhead) besides the increased melanomacrophage centers (yellow arrowhead). Stain H&E. Bar = 100 μm.





DISCUSSION

The obtained results showed that dietary L. plantarum (LP20) allowed Nile tilapia to overcome the negative impacts induced by DLM toxicity and A. hydrophila infection. On the 10th day post A. hydrophila challenge, fish fed with control, LP20, and DLM + LP20 displayed higher survival rates than fish exposed to DLM. The study indicates that LP20 is a crucial factor for protecting Nile tilapia from A. hydrophila infection in the presence of DLM toxicity. No earlier reports examined the role of LP20 against A. hydrophila in fish; however, Van Nguyen et al. (2019) stated that Nile tilapia fed LP20 exhibited lower mortality when infected with S. agalactiae. Probiotics in their heat-killed form enhances the intestinal immunity through the adhesion in the innate defense system and increase in the colonization of beneficial bacteria in the gastrointestinal tract (GIT) (Dawood et al., 2020c), which compete with the pathogenic bacteria and in turn increase the resistance against pathogens (Liu et al., 2016; Van Nguyen et al., 2019).

During exposure to toxins, the kidney loses its function by lowering glomerular filtration and catabolic protein rates followed by unregulated secretion of urea, uric acid, and creatinine (Jyothi and Narayan, 1999; Akturk et al., 2006). In this study, DLM toxicity and A. hydrophila infection caused the high secretion of urea, uric acid, creatinine, albumin, ALT, AST, and ALP. Nevertheless, Nile tilapia fed LP20 showed regulated levels of these values, ensuring the healthy status of the renal and hepatic tissues in fish fed LP20. Similarly, Nile tilapia exposed to DLM showed high activities of ALT, AST, and ALP (Dawood et al., 2020d). Concurrently, blood total protein and globulin were reduced by DLM and A. hydrophila but improved by LP20. The obtained results illustrated the importance of using LP20 to enhance the immune capacity of Nile tilapia under toxicity conditions (Ellis et al., 1981).

Exposure of fish to DLM also increased the level of cortisol, while feeding with LP20 presented reduced levels. The cortisol hormone can alleviate the stress effect through the secretion of glucose as a supplier of energy to manage the side effects of stress. Therefore, the increased cortisol level indicates stress induced by DLM toxicity in Nile tilapia, while LP20 lowered the stressful effect. Similarly, fish fed LP20 displayed increased resistance against stress via modulating the secretion of the cortisol hormone (Van Nguyen et al., 2019; Dawood et al., 2020d).

Serum PI, PA, and LZM were enhanced by LP20, while DLM decreased the activities at 24 h, 48 h, and 1 week post A. hydrophila challenge. Similarly, probiotics increased significantly the LZM of serum in fish (Chen et al., 2015). Furthermore, Van Nguyen et al. (2019) and Dawood et al. (2020d) observed that PA and LZM levels were elevated in LP20-fed fish. Concurrent with these results, fish delivered LP20 had upregulated IL-8 and IL-12 gene expressions, but fish exposed to DLM displayed downregulated IL-8 and IL-12 gene expressions. The improved PA and LZM levels and IL-8 and IL-12 gene expressions probably occurred because of the role of LP20 on macrophages through continuous feeding, which led to the accumulation of nutrients in the fish and, in turn, to the activation of the macrophages to produce lysozyme and interleukins (Xu et al., 2016). Besides, fish fed LP20 and exposed to DLM and A. hydrophila infection had enhanced IFN-γ gene expression that can be considered a pro-inflammatory cytokine regulated by an IL-12 precursor (Striz et al., 2014). Concurrently, Dawood et al. (2020d) reported upregulated IFN-γ gene expression in fish fed LP20 and exposed to DLM, referring to a pro-inflammatory potential of LP20 to alleviate the impairment induced by DLM and A. hydrophila. The functionality of LP20 as an immunostimulant agent is probably attributed to its high content of peptidoglycan and lipopolysaccharides, which can promote T lymphocytes (Hasan et al., 2019). Therefore, the reduced mortality rates of fish exposed to DLM and infected with A. hydrophila is associated with the enhanced immunity and pro-inflammatory cytokines by dietary LP20.

The overexpression of HSP70 is a stress response (Jun et al., 2015). The existing study demonstrated that the HSP70 transcription was increased in Nile tilapia subjected to DLM. At the same time, LP20 resulted in low expression of HSP70, which verifies that LP20 acts efficiently in balancing HSP70 in Nile tilapia under DLM toxicity and A. hydrophila infection. The toxicity with DLM and infection with A. hydrophila induced severe inflammatory characteristics in the intestine, liver, gills, and spleen of Nile tilapia, as shown in the histopathological study. This inflammation is also confirmed through the upregulation of the inflammatory genes (TNF-α and IFN-γ) and stress-involved gene (HSP70). Xenobiotics and toxins are primarily absorbed by the gills, and the skin of the fish body then can reach the remaining tissues (Ahmadifar et al., 2020). Once the intestine is attacked by the toxicity of such toxins (e.g., DLM), it will lose its function in absorbing nutrients, and the local immunity will be suppressed (Kim and Ho, 2010; Gipson, 2016). The liver detoxifying the toxins from the body of fish and the overdose of toxicity induce impaired liver function and inflammation (Groschwitz and Hogan, 2009; Ma et al., 2015). The spleen also showed inflammatory features caused by DLM and A. hydrophila infection, which can be attributed to the suppressed immunity in the spleen. Attractively, the incorporation of LP20 in Nile tilapia diets resulted in alleviating the inflammation in the gills, intestine, liver, and spleen. These results soundly supported the potential influence of LP20 to enhance the immunity and anti-inflammation caused by DLM and A. hydrophila infection in Nile tilapia. LP20 has abundant peptidoglycans that induce an immunostimulant role in the intestinal barriers (Dawood et al., 2016). Consequently, damage of the intestinal mucosal barrier owing to DLM toxicity and A. hydrophila infection may be one cause of the tissue lesions detected in the liver, spleen, gills, and intestine tissues of the Nile tilapia. Overproduction of reactive oxygen species (ROS) is also expected to impair the tissues of Nile tilapia body, which has been confirmed by the histopathological study in the current study (Rjeibi et al., 2016). However, LP20 feeding helped in protecting fish gills, intestine, spleen, and liver tissues, maybe by alleviating the role of ROS via enhanced antioxidative and proinflammatory responses. The SOD, CAT, and GPx genes are related to the capacity of fish to scavenge the excessive ROS, which generates during stress, toxicity, and outbreaks (Aliko et al., 2018; Dawood et al., 2020e). The toxicity with DLM decreased SOD, CAT, and GPx gene transcription, while LP20 feeding increased SOD, CAT, and GPx gene expressions under A. hydrophila infection. The results can explain the improved antioxidant status in the liver of DLM-stressed Nile tilapia treated with LP20 in this experiment. The cross talk between the antioxidant status and immunity is the main reason to increase fish resistance against DLM toxicity and A. hydrophila infection. In this sense, the inclusion of LP20 boosted the resistance of Nile tilapia against DLM toxicity by increasing the transcription of immune-related genes (Petit and Wiegertjes, 2016; Dawood et al., 2019; El-Murr et al., 2019). In this regard, Nile tilapia fed LP20 showed enhanced immunity and antioxidant capacity to cope with DLM toxicity (Dawood et al., 2020d). However, the present study investigated the role of LP20 in fish under DLM toxicity and A. hydrophila infection.

The obtained results reflected the harmful impact of DLM on blood health and inflammatory features, which can be attributed to the effects of DLM in breaking down the ability of blood cells to carry oxygen to the whole-body tissues. Correspondingly, fish are suffering from anemia, hemolysis, oxidative stress, and lipid peroxidation. More specifically, dietary LP20 supported Nile tilapia during DLM toxicity by reducing the oxidative stress and inflammation and increasing its ability to carry oxygen to reduce hemolysis. Concurrent with the present study, Dawood et al. (2020d) stated that LP20 mitigated the impacts of DLM on Nile tilapia via improving the immune and anti-inflammatory responses. Based on that, fish displayed improved resistance against A. hydrophila infection.

The nervous system (brain) is the target/prime organ affected by DLM toxicity (Saoudi et al., 2017). Although DLM pesticide is known for the induction of several neurotoxic effects by inhibiting acetylcholinesterase activity or incrementing acetylcholine in the brain of several fish species (Ajima et al., 2017; Singh et al., 2018), in the present study, the toxic impacts of DLM were tested in the gills, intestine, liver, and spleen tissues due to the challenge with A. hydrophila, which reduces the targeted immunity tissues. The combined stressors of DLM toxicity and A. hydrophila challenge suggested that other tissues rather than the brain can be impaired, which was very clear in the present study.



CONCLUSION

Nile tilapia exposed to DLM toxicity and A. hydrophila infection had suppressed immunity and antioxidant capacity. Moreover, the histopathological study revealed that DLM toxicity and A. hydrophila infection induced inflammatory alterations in the gills, intestine, spleen, and liver tissues. Dietary LP20 alleviated the inflammatory features caused by DLM toxicity and A. hydrophila by regulating immune-related genes.
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The Pacific oyster is a globally important aquaculture species inhabiting the intertidal environment, which experiences great temperature variation. Mass deaths in the summer pose a major challenge for the oyster industry. We initiated an artificial selection breeding program in 2017 using acute heat shock treatments of the parents to select for thermotolerance in oysters. In this study, we compared the respiration rate, summer survival rate, gene expression, and gene structure of F2 selected oysters and non-selected wild oysters. A transcriptional analysis revealed global divergence between the selected and control groups at the larval stage, including 4764 differentially expressed genes, among which 79 genes were heat-responsive genes. Five heat shock proteins were enriched, and four of the six genes (five heat stock genes in the enriched GO terms and KEGG pathways and BAG4) were differentially expressed in 1-year-old oysters. Integration of the transcriptomic and re-sequencing data of the selected and the control groups revealed 1090 genes that differentiated in both gene structure and expression. Two SNPs (single nucleotide polymorphism) that may mediate the expression of CGI_10022585 and CGI_10024709 were validated. In addition, the respiration rate of 1-year-old oysters varied significantly between the selected group and the control group at room temperature (20°C). And the summer survival rate of the selected population was significantly improved. This study not only shows that artificial selection has a significant effect on the gene structure and expression of oysters, but it also helps reveal the mechanism underlying their tolerance of high temperature as well as the ability of oysters to adapt to climate change.
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INTRODUCTION

The Pacific oyster, Crassostrea gigas (Bivalvia: Ostreidae), is native to the Northwest Pacific Ocean and is widely distributed along the coasts of Japan, Korea, and northern China. Because of its adaptability and rapid growth (Guo, 2009), it has become a globally important aquaculture species. In 2018, the breeding area of the Pacific oyster spanned 144,000 hectares, and its production was 5.14 million tons, accounting for 36% of the total production of marine shellfish aquaculture in China.

Mass mortality of the Pacific oyster in summer has been observed in many countries since the middle of the 20th century. The mass mortality at different development stage was reported worldwide. For example, in the summer of 1992 and 1993, the Pacific oysters from several hatcheries in France had a high mortality rate (90–100%). Feeding and swimming ability declined 3–4 days after spawning, and a high mortality rate was observed on the 6th day after spawning. Most larvae died on the 8th to 10th day, when the mortality rate reached 100% (Tristan et al., 1994a). Mass deaths of Pacific oysters aged 3–7 months, with a mortality rate of 80–90%, were first reported in July 1993 along the Atlantic coast of France (Tristan et al., 1994b). The mass mortality of Pacific oysters poses a major challenge for the Chinese oyster industry. Large numbers of Pacific oysters in China have died because of high temperatures during the summer months since 1994. From 1995 to 1996, the mortality rate of individuals older than the second age class in the coastal areas of Dalian and Shandong reached 40–50%, and even 70–80%, in some areas. The individuals that survived also showed slow growth, which led to low production (Ma Shaosai et al., 1997; Shui et al., 1997).

Previous studies have suggested that environmental parameters, the physiological and genetic status of oysters, and the synergistic effects of pathogenic microorganisms may contribute to summer mortality (Tomaru et al., 2001; de Lorgeril et al., 2011; Genard et al., 2012). Seawater temperature, the amount of food, sea level atmospheric pressure, rainfall, and wind speed have all been associated with mortality risk (Fleury et al., 2020). Among all of the abiotic and biological factors that cause oyster mass mortality in summer, temperature rise is considered the most important (Le Roux et al., 2002; Gay et al., 2004; Meng et al., 2014). When exposed to heat stress, organisms adapt by increasing their metabolism and producing more energy (Sokolova et al., 2012). The respiration rate of winged pearl oyster was significantly higher under 30°C than under room temperature (Gu et al., 2020). In previous studies, heat stress has been shown to cause significant changes in the expression of heat shock proteins (HSPs) in oysters. HSPs are highly associated with thermotolerance, as heat shock induces the expression of HSP genes to mediate adaptation to high temperature (Zhang et al., 2012; Zhu et al., 2015; Liu Y. et al., 2019; Ding et al., 2020).

Heritability for summer survival rate was high, which suggests that selective breeding could effectively improve the thermotolerance of Pacific oysters (Dégremont et al., 2007). Previous studies have also shown that the mortality rate of oysters in summer can be significantly reduced in the offspring after artificial selection for thermotolerance. Specifically, the mortality rate of the selected population after 42 days was 19.6–43.4%, and the mortality rate of the control population after 42 days was 18–82%. This result has also been verified in the second generation, which had an average mortality rate of 19.6% during summer (Dégremont et al., 2010). In 2017, we launched an artificial selection and breeding program with the goal of improving summer survival rates. The selected F1 oysters had a significantly higher survival rate during the recovery period following heat shock at 42°C for 1 h compared with control F1 oysters. The survival rate of the 19-month-old selected population was significantly higher than that of the control population during summer under field conditions (Ding et al., 2020).

Populations that differ in their ability to resist environmental stress have been shown to differ in gene structure. For example, our previous study showed that the selected population and the control population differed in population structure by a PCA analysis based on SLAF sequencing (Ding et al., 2020). Populations of many species with different sensitivities to environmental stress often show large differences in gene expression (Kelly, 2019). In some studies, tolerant populations show greater differential gene expression between treatments [Oncorhynchus mykiss, Salmo trutta (Meier et al., 2014; Narum and Campbell, 2015), and Gasterosteus aculeatus (Morris et al., 2014)], whereas in other studies, sensitive populations show greater differential gene expression between treatments [Tigriopus californicus (Schoville et al., 2012), Acropora hyacinthus (Barshis et al., 2013), and Chlorostoma funebralis (Gleason and Burton, 2015)]. Pacific Oyster Mortality Syndrome (POMS)-resistant and sensitive oysters determined by field infection tests had differentially expressed genes (DEGs) involved in various pathways, which suggested that the resistance process is polygenic and varies with genotype (de Lorgeril et al., 2020). The association between various genotypes and gene expression provides further insight into the dissection of the different traits (Liu S. et al., 2019).

With the development of omics technology, transcriptomics and whole-genome re-sequencing have become increasingly used to identify differences in population structure and gene expression at the genome level. High-resolution melting and SNaPshot, which have medium or small throughput, are ne cost-effective for screening the SNPs (single nucleotide polymorphism) of a target region is (Zhang et al., 2020). We previously studied differentiation in genomic structure using the F1 generation of the selected and control groups for the thermotolerance. Here, we conducted a transcriptomic comparison of the F2 selected group and the control group at the larval stage. We investigated the constitutive gene expression of the second generation of thermotolerance oysters to investigate transcriptomic patterns and genomic differentiation after artificial selection. In addition, we integrate genotype and gene expression information at the adult stage to identify the genes involved in thermotolerance throughout development. We also identified potential genotypes that may regulate the thermotolerance by mediating gene expression. In addition, the reliability of artificial selection was verified by estimating the respiration rate and summer survival rate. Generally, this study provides key insights that could aid future molecular breeding efforts.



MATERIALS AND METHODS


Sample Collection

Umbo larvae of the F2 of the selected group and the control group were used for transcriptomics and re-sequencing analysis, and 1-year-old oysters were used for the gene expression verification experiment.

In 2017, wild Pacific oysters were collected (the number of individuals in each population is greater than 300) in Shentanggou, Qingdao, Shandong (36° 21′ N, 120° 41′ E). One group was used as the parents of the control group, which was further cultured without any treatment; the other group was exposed to 42°C heat shock for 1 h, and the survivors were used as the parents of the thermotolerance group. We used 30 males and 30 females to produce the F1 and F2 of the selected and control group, respectively. Specifically, the eggs of the 30 females were mixed and equally divided into 30 beakers, each of which was fertilized by sperm from each of the 30 males. In 2018, thermotolerance was studied in the selected and control populations after a generation of artificial selection (Ding et al., 2020). In 2019, umbo larvae of the selected group, which were subjected to two generations of acute heat stress selection were collected and frozen in liquid nitrogen for subsequent experiments in a hatchery located in Laizhou, Yantai, Shandong Province. In 2020, 1-year-old oysters were used for respiration rate tests and gene expression tests after heat shock.



Transcriptomics Analysis

Larvae of the selected group and the control group were used to extract total RNA; there were three replicates for each group. Total RNA was extracted by Trizol; RNA quality and concentration were measured by 1.0% agarose gel electrophoresis and UV spectrometry on a NanoDrop 2000 device, respectively. The transcriptome sequencing was performed on the Illumina HiSeq Xten platform. RNA-seq was conducted to investigate the expression differences between the selected and control oysters. After total RNA was isolated from the larvae in each group, it was first quantified and qualified by a Nanodrop 2000 device (Thermo Scientific). The library was constructed using the qualified samples based on the following procedures: (1) mRNAs were first enriched with magnetic beads containing Oligo(dT) and were randomly fragmented by fragmentation buffer; (2) the first cDNA strand was synthesized with random hexamers, the second cDNA strand was synthesized by adding buffer dNTPs, RNase H, and DNA polymerase I, and AMPure XP Beads were used to purify cDNA; (3) purified double-stranded cDNA was then repaired at the end, and a tail and connected sequencing adapters were added. AMPure XP beads were used to select the fragment size, and the cDNA library was finally obtained through PCR enrichment. The data were filtered using the following quality criteria: (1) reads containing adaptors were removed, and (2) low-quality reads were removed (i.e., reads with N > 10%, and reads in which Q ≤ 10 accounted for more than 50% of the bases of an entire read). The high-quality clean data were in FASTQ format following quality control. The reads were assembled and quantified using StringTie after sequence alignment analysis.



Whole-Genome Re-sequencing Analysis

In November 2019, the larvae of the thermotolerance group and the control group were mixed to extract gDNA. gDNA was extracted by a TIANamp Marine Animals DNA Kit (Tiangen, Beijing, China); DNA quality and concentration were measured by 1.0% agarose gel electrophoresis and UV spectrometry on a NanoDrop 2000 device, respectively.

To study differences in SNP frequency and differences in the gene expression of SNPs, larvae of the thermotolerance group and the control group were selected for whole-genome re-sequencing. The qualified gDNA was fragmented by ultrasonic treatment; the DNA fragments were then purified and end-repaired, and the adaptors were added. The fragments were selected by agarose gel electrophoresis, and PCR was performed for enrichment. The produced library was sequenced with the Illumina HiSeq Xten platform. Raw reads with low quality were filtered out based on the following criteria: (1) reads containing adaptors were removed, (2) reads in which N > 10% were removed, and (3) reads in which Q < 10 for over 50% of the bases were removed. The reads were mapped to the reference genome, and variation analysis was performed. BWA (Li and Durbin, 2009) software was used to compare short sequences with the reference genome, and the location of clean reads on the reference genome was compared. Furthermore, the sequencing depth, genome coverage, and other information for each sample were determined, and the variation was detected.

The Euclidean distance (ED) algorithm was used to determine SNP frequency differences. ED can be used to find markers with significant differences between DNA pools associated with different traits (Geng et al., 2016; Yao et al., 2017). Regions with large ED values tend to be associated with the target traits of the two sample pools. After calculating ED for all SNPs, sites in which ED < 0.3 were removed.



qPCR Validation in Adult Oysters

To determine whether the DEGs detected in larvae were also differentially expressed in adults, dominant genotypes associated with high resistance to heat stress were verified in adults. We assessed SNP frequency differences and identified the genes corresponding to the SNP loci from DEGs using RNA-seq. The 1-year-old oysters from the selected group and the control group were raised in seawater for 14 days. The oysters were exposed to heat stress at 35°C for 24 h and were sampled at 0, 12, and 24 h after heat shock, and 30 individuals were sampled at each time point. Total RNA quality was assessed using the same procedures described in section “Transcriptomics Analysis.”

Total RNA (0.5 μg) was reverse-transcribed into cDNA using the Evo M-MLV RT Kit with gDNA Clean for qPCR II. The cDNA was diluted 20 times to detect the gene expression level. The candidate genes were analyzed by qPCR. EF1-α was used as an internal reference gene. Primers for each gene were designed using Primer Premier 5.0 software (Supplementary Figure 1); qPCR was performed using the ABI7500 Fast Real-Time Detection System (Applied Biosystems, Foster City, CA, United States). The total volume of the reaction system was 20 μL and consisted of 10 μL of 2 × SYBR Green Pro TaqHS Premix (AG), 6.8 μL RNase-free water, 0.4 μL of each primer pair and ROX reference dye, and 2 μL of diluted cDNA. The program started with a 30-s activation of DNA polymerase at 95°C, followed by 40 cycles of 5 s at 95°C and 30 s at 60°C. The melt curve stage was as follows: 15 s at 95°C, 1 min at 60°C, 30 s at 95°C, and 15 s at 60°C. The expression level of the genes of induced transcripts was calculated using the Livak 2–ΔΔCT method (Livak and Schmittgen, 2001). The basal expression level used in calculations was based on the expression levels of the control population.



Respiration Rate Analysis

Thirty oysters that were 1-year-old were selected from the selected group and the control group to study the respiration rate. The oysters were cleaned with a brush prior to testing to eliminate other organisms (e.g., periphyton) that might affect estimates of respiration rate. Tests were conducted at normal water temperature (20°C) and under acute heat stress (35°C). Oysters were placed in plastic bottles full of water with oxygen, and air bubbles were removed. The seawater was mixed using a magnetic stirrer bar beneath the chamber. A needle-type fiber-optic microsensor oxygen sensor and temperature probe were connected to an oxygen transmitter that recorded the temperature and oxygen concentration of water every 3 s for 1.5 h. The slope of the decrease in oxygen concentration is the respiration rate. Respiratory rate results were normalized to remove differences among individuals.



Field Experiment

Six-month-old oysters were used to examined thermal tolerance. These oysters from selected group and control group were subjected to heat shock treatment at 42°C for 1 h and removed to room temperature. The survival rate was recorded for 20 days. The survival rate of the selected group and the control group was tested in summer from June to October. In June 2020, 1-year-old oysters from the selected group and the control group were brought to the laboratory, and organisms visible on the surface were removed. Of a total of 300 oysters that were selected, 100 oysters were placed in each of three cages for both the selected group and the control group. The survival rate experiment was conducted in Jiaonan, Qingdao, Shandong.



Statistical Analysis

All data were expressed as mean ± standard error of the mean. Statistical analyses were performed with SPSS 22.0 (IBM, NY, Untied States). Venny 2.1 was used to screen the candidate gene set, and the ggplot2 package in R was used to visualize the data. GraphPad Prism 8 was used to construct graphs. The threshold for statistical significance was p < 0.05.



RESULTS


Transcriptomics Analysis


RNA-seq Data

In this study, transcriptomics analysis was performed in the selected and control groups of the second generation at ambient temperature for the larval stage. A total of 132.41 million reads were obtained from six samples, which had an average Q30 of 92.90% and average GC content of 40.15%, indicating that the data were high quality (Supplementary Figure 2). We obtained 4764 DEGs, among which 2568 were up-regulated genes and 2196 were down-regulated genes. The PCA plot showed transcriptional divergence between the selected group and the control group (Supplementary Figure 3); PC1 clearly separated the two groups and accounted for 38.22% of the variance.

Among the above DEGs between the selected group and the control group, 79 were heat-responsive genes (Zhang et al., 2012; Figure 1A). A hierarchical cluster analysis of the 79 genes showed that the selected group and the control group were significantly differentiated (Figure 1B).
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FIGURE 1. Among the high temperature response gens and DEGs, 79 genes were responsive to heat shock (A). Hierarchical cluster analysis of 79 genes (B). GO enrichment analysis of 79 genes (C). KEGG enrichment analysis of 79 genes (D).




GO and KEGG Pathway Analysis of the DEGs

Overall, 30 GO terms, including “unfolded protein binding,” “response to heat,” and “response to stress” were significantly enriched (Figure 1C, p < 0.05) among the 79 DEGs. There were 19 enriched KEGG pathways, four of which were significantly enriched (Figure 1D, p < 0.05). Five HSP family genes (CGI_10002594, CGI_10002823, CGI_10003417, CGI_10010646, and CGI_10010647) were enriched. Thirteen of the enriched GO terms contained these five HSP family genes; “ATPase activity” also contained four HSP family genes (CGI_10002823 was the only gene not included). Four of the GO terms were related to stress response, four were related to energy metabolism, and six were related to growth and development (Table 1A). In addition, the 79 DEGs were enriched in three highly significant (p < 0.01) KEGG pathways related to protein processing, and each KEGG pathway contained the five HSP family genes (Table 1B). These five HSP family genes and the HSP-regulating gene BAG4 (Zhu et al., 2015) were used as candidate genes to verify differences in gene expression between the selected group and the control group.


TABLE 1A. SNP statistics from HSPs which differentiated in gene structure and expression.
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TABLE 1B. Two SNPs differentiated in gene expression allele by genotyping.
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Gene Expression in 1-Year-Old Oysters

One-year-old oysters from the selected group and the control group were subjected to heat shock for 24 h and sampled at 0, 12, and 24 h. The relative basal expression levels of CGI_10002823, CGI_10010646, CGI_10010647, and BAG4 were significantly different (p < 0.05) (Figure 2A). The relative induced expression of CGI_10002594 in the selected group was up-regulated, and the expression of the control group was down-regulated between 12 and 24 h of heat shock; the remaining five genes had a small range of relative induced expression for the selected group, whereas the control group had a large expression range (Figure 2B).
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FIGURE 2. Relative basal expression of five HSP family genes and BAG4 (A). Relative induced expression of five HSP family genes and BAG4 (B).




Whole-Genome Re-sequencing Analysis


Re-sequencing Data and SNP Screening

Whole-genome re-sequencing was performed on the selected group and the control group. A total of 6377816 SNPs were obtained for the selected group, and 6362948 SNPs were obtained for the control group; the average sequencing depth was 82× (Supplementary Figure 4).

The EDs for all SNPs were calculated, and SNPs with ED < 0.3 were filtered out. Frequency distribution diagrams were drawn (Figure 3A). The SNP frequencies for different ED classes were as follows: 0.3–0.4 (57.79%), 0.4–0.5 (24.01%), 0.5–0.6 (10.31%), 0.6–0.7 (4.50%), 0.7–0.8 (1.95%), and ED > 0.8 (1.44%). We focused exclusively on the SNPs in the genic region to identify the SNPs mediating gene expression. SNPs were in intronic (53%), upstream (20%), downstream (20%), synonymous (4%), and non-synonymous (3%) regions (Supplementary Figure 5A).
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FIGURE 3. SNP frequency distribution (A). Venn diagram of DEGs and genes of the SNP locus (B). Gene expression levels of different genotypes of SNP 22585-1 (C). Gene expression levels of different genotypes of SNP 24709 (D).


The top 5% of the SNPs with the largest ED was located in 7946 genes through Venny 2.1, among which 1090 were DEGs (Figure 3B). These SNPs were located in intronic (65%), upstream (14%), downstream (14%), synonymous (6%), and non-synonymous (1%) regions (Supplementary Figure 5B). The six HSP included three up-regulated genes (CGI_10004949, CGI_10022585, and CGI_10024709) and three down-regulated genes (CGI_10004823, CGI_10012734, and CGI_10013528). And the six HSPs had eight SNP which belonged to the top 5% of SNPs with the largest ED, The eight SNP were located in intronic, upstream, and downstream regions (Table 1A).



The Expression Level of Genes Which Differing in Structure and Expression

Sixty oysters that were 1-year-old were selected to verify the association between genotypes and gene expression. The genotypes of five candidate SNPs from three of the up-regulated candidate genes were detected by the SNaPshot technique. Two SNPs were divided into three genotypes (Table 1B).

The expression of the two genes that were successfully genotyped was further investigated by qPCR. For SNP 22585-1, the gene expression level of genotype CC was significantly higher than that of genotypes TT and CT, and the gene expression levels of CC, TT, and CT were significantly different (Figure 3C, p < 0.01). For SNP 24709, the gene expression level of genotype AA was significantly higher than that of genotypes TT and AT, and the gene expression levels of AA, TT, and AT were significantly different (Figure 3D, p < 0.05). The results showed that the dominant genotypes of SNP 22585-1 and SNP 24709 were CC and AA, respectively.



Respiration Rate

Ten oysters were measured at one time during the experiment. The experiment was repeated three times and was completed within 6 h (10:00–16:00). The respiration rate of the two groups was significantly different (p < 0.01) when the seawater temperature was 20°C. The respiration rate of the selected group was 0.0012 mg/mL/h, and the respiration rate of the control group was 0.0006 mg/mL/h. At room temperature, the respiration rate of the selected group was much higher than that of the control group (Figure 4A). However, there was no significant difference in the respiration rates between the two groups when the seawater temperature was 35°C. The selected group respiration rate was 0.0005 mg/mL/h, and the control group respiration rate was 0.0004 mg/mL/h (Figure 4B).
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FIGURE 4. The respiration rate of selected group and control group at 20 and 35°C (A). Summer survival in the selected and control groups (B). The survival rates of selected group and control group after heat shock at 42°C for 1 h (C).




Survival Experiment

The survival rate after heat shock at 42°C for 1 h was used to evaluate the thermal resistance of oysters. The selected group exhibited a significantly higher survival rate (78.05%) during the recovery period compared with the control group (66.34%) following post-acute heat stress (p < 0.01) (Figure 4B). The summer survival rate in the field was estimated from June to October. The average survival rate of the selected group was 73% ranging from 69% to 78%; the average survival rate of the control group was 62% and ranged from 56 to 65% (Figure 4C).



DISCUSSION

The phenotypes, population structure, and gene expression level for thermotolerance were evaluated for the F2 generation. In 2017, we initiated a breeding program in which the surviving individuals were used as parents following acute thermal treatment of 42°C for 1 h. After two generations of selection, we used transcriptomic and re-sequencing to reveal the mechanism underlying the thermotolerance of the artificial selection population. We also evaluated the breeding effect by the respiration rate and the summer survival rate.


Transcriptomics Analysis

The principal component analysis and hierarchical cluster analysis suggested that the selected group and the control group exhibited global divergence at the transcriptional level during the larval stage. The 79 heat-responsive genes of the 4674 DEGs may play significant roles in mediating the differentiation in thermotolerance between the selected group and the control group. Five HSP genes were significantly enriched in 14 GO terms and three KEGG pathways. The five genes that were enriched belonged to the HSP70 family. HSPs have been reported to play significant roles in the response to thermal stress in many organisms. Some studies have shown that unfolded protein binding is important for environmental stress resistance in shrimp (Song et al., 2019). Functional studies of crustacean HSPs, particularly HSP70s, have demonstrated their involvement in the activation of several immune pathways (Junprung et al., 2020). HSP70 and chaperonin TriC/CCT are involved in the folding of newly synthesized proteins (Frydman et al., 1994), whereas HSP70 and HSP90 are involved in the refolding of denatured proteins (Schneider et al., 1996). Response to methotrexate (MTX) was activates the AMPK pathway to increase oxidative metabolism and reduce cell proliferation (Papadopoli et al., 2020). Because the larvae were used for RNA-seq, pathways relating to growth development and energy metabolism were enriched, such as determination of adult lifespan, ATPase activity, microtubule-associated complex, mitochondrion, neurogenesis, ATP binding, and nucleus.

Previous studies have shown that these five HSP genes play major roles in the response to heat stress in oysters. For example, the expression of four heat-induced genes (CGI_10002594, CGI_10002823, CGI_10010646, and CGI_10010647) was 20 times higher than that of the control group, and the expression of CGI_10003417 was five times higher than that of the control group (Zhang et al., 2012) under heat stress at 35°C. The expression of these four genes increased as the heat shock treatment progressed (Liu Y. et al., 2019). In addition to the transcriptional analysis of the larval stage, the expression of the five enriched HSPs and BAG4 at ambient temperature and high temperature was further explored in the adult stage. Four genes (CGI_1002823, BAG4, CGI_10010646, and CGI_10010647) showed significantly higher expression in the selected group than in the control group at ambient temperature, which was consistent with the global divergence between the two groups at the larval stage. Five of the six genes exhibited low plasticity in the selected group in response to high temperature, suggesting that the selected groups had lower sensitivity to heat stress. Divergence in the plasticity between groups differing in environmental tolerance has also been reported in many other studies, suggesting that plasticity is an important component of stress tolerance (Liu S. et al., 2019).



Whole-Genome Re-sequencing Analysis

SNPs from 1090 genes that were divergent in gene structure and gene expression were located in intronic, upstream, and downstream regions and accounted for 93% of all SNPs. SNPs located in introns were increased in these 1090 genes, whereas SNPs in upstream and downstream regions were reduced compared with other regions. This suggests that the SNPs that mediate differentiation in gene expression are more likely to be located in introns. The high number of SNPs in introns is inconsistent with previous studies in wild rice, which have shown that more SNPs were located in upstream regions (41%) compared with introns (17%) and downstream regions (20%) (Yang et al., 2020).

The two SNPs distributed in different regions of genes may indicate different regulatory mechanisms. The two SNPs of the two genes (CGI_10022585 and CGI_10024709) were located in introns and upstream regions, respectively. SNP 22585-1 is located 2.1–2.2 kb upstream of the gene transcription start site, which is in the promoter region, and thus might affect the transcription process (Liu S. et al., 2019). Numerous polymorphisms associated with traits are localized in introns (Sharma et al., 2013; Liu et al., 2014; Tsai et al., 2014; Zhang et al., 2018). Three intronic SNPs were found to be associated with resistance to white spot syndrome virus in Procambarus clarkii (Zhang et al., 2021). Two intronic SNPs were also shown to affect growth traits in O. mykiss (Nazari et al., 2016). Five intronic SNPs were significantly correlated (p < 0.05) with glycogen content in Pacific oysters (Liu S. et al., 2019). SNP 24709 is located in the intronic region, and the AA genotype has a positive effect on thermotolerance. Individuals with favorable genotypic combinations comprised 8.3% of the two populations, indicating that molecular breeding could be conducted to improve thermotolerance using this favorable genotypic combination. The potential dominant genotypes of SNP 24709 and SNP 22585 were obtained, which were expressed in the intron and upstream region, respectively. These potential markers could be used for marker-assisted breeding.



Oxygen Consumption Rate

Temperature is one of the most important abiotic factors affecting physiological responses in marine organisms (Windisch et al., 2011). In this study, the respiration rate of the selected group was significantly higher than that of the control group when the seawater temperature was 20°C. The two generations of selection led to physiological divergence between the two populations at room temperature.

Respiration rate is a commonly used physiological index for monitoring the dynamic response to stress. In previous studies, the respiration rate significantly differed between the selected and control populations when the temperature increased from 35 to 38°C (p < 0.05) (Ding et al., 2020). The respiration rate of C. gigas angulata ware significantly higher than that of C. gigas at 32, 36, and 40°C (Ghaffari et al., 2019). The respiration rate was significantly different between Haliotis discus hannai (DD) and hybrid offspring (H. discus hannai ♀ × Haliotis fulgens♂, DF) at 28°C; specifically, DD appears more vulnerable to thermal stress than DF (Shen et al., 2020). In this study, the effects of the selected group after two generations of selection were assessed. In normal temperature (20°C) seawater, the respiration rate of the selected group was significantly higher than that of the control group, which reflected the effect of artificial selection. At 35°C, the respiration rate of the two groups decreased with different magnitude, which reflected divergence in the thermotolerance of the two groups.



Survival Rate

The survival rate was used to assess the thermotolerance of oysters following acute heat stress. The survival rate of the F2 thermotolerance oysters after exposure to acute heat stress at 42°C in the selected population was significantly higher than that of the control population, suggesting that the thermotolerance of selected oysters had improved. The survival rate was even more improved compared with F1 thermotolerance oysters (Ding et al., 2020). Heritability for survival during summer was high, which suggested that selective breeding could effectively improve the thermotolerance of Pacific oyster spat (Dégremont et al., 2007). The summer survival rate in the field was used to verify the thermotolerance of the selected group. The summer survival rate of the selected group was 73%, and that of the control group was 62%. The results are consistent with our previous study showing that the summer survival rate of the F1 thermotolerance oysters (74.19%) was significantly higher compared with the control (62.33%) (Ding et al., 2020). This result is also consistent with the results of a previous study showing significantly higher survival of selected populations during summer at three different sites in the F2 and F3 generations in 6-month-old Pacific oysters (Dégremont et al., 2010). The selected population showed a higher survival rate compared with the control population, indicating a positive response to selection for survival. Mortality in the wild may be caused by several environmental factors. Considering that mass mortality did not occur in this region during the testing period, the slight difference in the survival rate may not fully reflect the thermotolerance of the two groups.
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Temperature Significantly Regulates Gene Expressions of Vertebrae Chondrocytes and Osteoblasts in Juvenile Golden Pompano (Trachinotus ovatus)
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To elucidate the possible molecular reaction of vertebral fusion in juvenile golden pompano at high temperature, we examined the changes in growth, vertebral fusion incidence, histological differences and transcription levels of genes related to bone development in juvenile golden pompano at 27 and 33°C for 30 days, respectively. The growth rate of juvenile fish was faster when the water temperature was 33°C, but the incidence of vertebral fusion was higher. Prolonged high water temperature reduced the osteogenic layer in the growth zone of the vertebral endplate and the elastic externa. The endplate growth areas of the fused vertebrae were transformed into cartilage tissue, which was then remodeled into bone. The intervertebral notochord tissue was transformed into bone and the intervertebral space disappeared. In normal phenotypes of vertebrae, short-term high temperature could promote the expression of genes related to cartilage differentiation and maturation, as well as genes related to osteoblastic differentiation. With the increase of culture time, the expression of genes related to cartilage and osteogenesis development was inhibited. In fused vertebrae, cartilage proliferation was enhanced, osteogenic differentiation was inhibited, and matrix mineralization may be enhanced. Genes associated with the development of chondrocytes and osteoblasts in the vertebrae of juvenile Trachinotus ovatus were significantly regulated by temperature and time. The results may contribute to further understanding of the occurrence of vertebral fusion at high temperature.

Keywords: high water temperature, histopathologic, molecular characterization, gene expression, vertebral fusion


INTRODUCTION

The vertebral column, composed of vertebrae and joint tissues, is an important fundamental infrastructure unique to vertebrates (Fleming et al., 2015; Galbusera and Bassani, 2019) and could provide structural support and protection for the organism (Scaal, 2016). The abnormality of the vertebral column may bring serious consequences to the organism, and much attention has been focused on studying the structure, function, development and mechanism of the abnormality of the vertebral column. The abnormalities of the vertebral column are frequently observed in farmed fish, which is one of the important factors restricting the development of the aquaculture industry (Pedersen et al., 2011). Vertebral fusion is a common type of spinal abnormality. In farmed Atlantic salmon (Salmo salar), for example, fusion is the most common type of spinal deformity (Witten et al., 2009; Fjelldal et al., 2012). Fish with fusion phenotype will weigh less than fish with a normal phenotype (Davie et al., 2019). In addition, fusion involving more than six vertebrae may increase fish mortality (Hansen et al., 2010). The occurrence of vertebrae fusion in cultured fish may cause economic loss and lead to the welfare problems of fish. Existing research suggests that transformation, remodeling, and replacement of intervertebral tissue eventually lead to vertebral fusion, which involves alterations in extracellular matrix (ECM) components, metaplastic chondrogenesis and mineralization (Witten et al., 2006; Pedersen et al., 2011; Davie et al., 2019). Meanwhile, the occurrence of vertebral fusion is externally regulated by rearing temperature and nutritional factors (Ytteborg et al., 2010a; Wu et al., 2016; Munday et al., 2018).

With the development of science and technology, more and more methods, such as bony double staining, histology, X-ray and molecular tools, have been applied to the study of spinal development and deformity in bony fish (Sullivan et al., 2007; Ytteborg et al., 2010a,b; Pedersen et al., 2011; Cardeira et al., 2012; Perrott et al., 2018; Lovett et al., 2020). However, histological analysis of skeletal abnormalities caused by specific factors is rare (but see Nordvik et al., 2005; Ytteborg et al., 2010a; Fernandez et al., 2012; Wu et al., 2016), and the use of molecular tools in the study of skeletal development and abnormalities in bony fish is concentrated in zebrafish, medaka, and Atlantic salmon (Ytteborg et al., 2010a; Bensimon-Brito et al., 2012; Renn et al., 2013). It is noteworthy that, compared with tetrapods, the vertebral body of fish is formed through membranous ossification rather than endochondral ossification, and the process of membranous ossification varies among fish (Fleming et al., 2004). In contrast to mammals, there are more types of combinations of bone tissue in fish, including many types of bone and cartilage, as well as some types of tissue between connective tissue and bone, and between bone and cartilage (Boglione et al., 2013b). Moreover, different fish species may react differently to the same factors that induce malformations (Boglione et al., 2013a). These mean that the spinal abnormalities of bony fish may be different from those of mammals, and different species of bony fish may also show different histological and molecular responses under the influence of the same teratogenic factors. Therefore, the existing studies may not be enough to elucidate the determining mechanism and variation of the occurrence of vertebral fusion in bony fish.

Golden pompano (Trachinotus ovatus), a warm-water marine fish species belongs to the family Carangidae, is geographically distributed throughout tropical and temperate parts of the Indian Ocean, the Pacific Ocean and Atlantic Ocean (Ma et al., 2016b; Zhou et al., 2019). However, the skeletal deformity rate in T. ovatus can exceed 30%, and the incidence of vertebral fusion can reach 37.4%, which is the most frequent type of bone abnormality (Zheng et al., 2016; Sun et al., 2020). Abnormality of bone results in a bottleneck in the culture of T. ovatus. The effects of temperature and nutrition factors on the skeletal deformities of T. ovatus, and the expression of some genes related to skeletal development in T. ovatus has also been studied (Ma et al., 2016a, 2017a, 2017b, 2017c, 2018; Yang et al., 2016), but the regulatory mechanism of temperature on the occurrence of vertebral fusion in juvenile T. ovatus is still not clear, while histopathological studies on the skeleton of T. ovatus are lacking. The objective of the present study was to elucidate the possible molecular reaction of vertebral fusion in juvenile T. ovatus under high water temperature combined with the histopathology. Results from the present study could provide a further understanding of the occurrence of vertebral fusion and optimization of T. ovatus farming.



MATERIALS AND METHODS


Experimental Fish

Trachinotus ovatus Juveniles from the same batch were produced by Tropical Fisheries Research and Development Center, South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Xincun Town, Lingshui, Hainan Province. This research was approved by the Animal Care and Use Committee of South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences (No. 2019CXTD418).



Experimental Design and Sample Collection

The experimental water temperature was set at two temperatures, 27°C as the low temperature (LT) group and 33°C as the high temperature (HT) group, with three replicates each. Before the experiment started, a total of 1,200 healthy fish were selected with similar weight (8.91 ± 0.36 g) and were randomly distributed in six 3,000-L fiberglass tanks (200 fish per tank, three tanks for LT group, other three tanks for HT group) for a week acclimation. All individuals were observed by X-Ray before being selected to ensure that there were no deformities. During this process, water temperature maintained at 27.0 ± 0.5°C. After acclimation, the water temperature of the LT group was kept constant, while that of the HT group was gradually increased to 33 ± 0.5°C (2°C per day). Then the experiment was performed and lasted 30 days. The juveniles were fed twice a day (at 08:00 and 16:00) with a commercial diet at a rate of 2% of total fish body weight. The feces were removed from the experimental tank daily by siphoning. During all period, the rearing water maintained at a salinity of dissolved oxygen >7.0 mg L–1, ammonia nitrogen <0.1 mg L–1, nitrite nitrogen <0.02 mg L–1, 32.0 ± 0.5‰ and pH 7.7 ± 0.3. The photoperiod was controlled at 14 h light and 10 h dark.

Fish were sampled on 10, 20, and 30 days. Fish were deprived of feed for 12 h before the sampling was conducted. After humanely euthanized by overdose with MS-222, 50 fish were randomly selected from each tank to count the incidence of vertebral fusion through X-ray. Afterward, 10 fish with normal phenotype were randomly selected from each tank for gene expression analysis. Meanwhile, fish with vertebral fusion in HT groups were also sampled for gene expression analysis. The sampling location was the spine 1–2 cm long below the dorsal fin. On the 30th day, all fish were weighed from each tank to determine specific growth rate (SGR = 100 × (ln (final body weight)− ln (initial body weight))/(ln (final body weight) − ln (initial body weight)) days. days). At the same time, 10 fish with normal phenotype under low and high water temperature and with fusion phenotype under high water temperature were, respectively, selected for histological analysis. Figure 1 shows radiographic images of normal and fused vertebral bodies.


[image: image]

FIGURE 1. Radiographic images of normal (A) and fused (B) vertebral bodies. The red square area represents the vertebrae where fusion occurred.




Histology

Fish spine fixation and dehydration, paraffin embedding and hematoxylin-eosin staining was performed following standard protocols (Ofer et al., 2019). Each slide with spine sections was mounted permanently using neutral balsam. The sections were observed using a Nikon Eclipse Ni-U Upright Microscope (Nikon Instruments Inc., Japan), and ProgRes CapturePro (Jenoptik AG, Germany) was used for image collection and analysis.



Analysis of Bone Development Related Genes

The total RNA was isolated using TRIzol Reagent (Invitrogen, United States) according to the manufacturer’s instructions. The quantity of isolated RNA was later determined by measuring their absorbance at 260 and 280 nm using a Nano-300 Micro Spectrophotometer (Hangzhou Allsheng Instruments Co., Ltd., China), and the quality of total RNA was detected by electrophoresis on 1.0% agarose gel. Then the extracted RNA was reverse-transcribed into cDNA and removed gDNA using a EasyScript All-in-One First-Strand cDNA Synthesis SuperMix (TransGen Biotech Co., Ltd., China) and used for qPCR. The development related genes sequences were selected from the unpublished golden pompano transcriptome sequences (Illumina HiSeq2000, annotated by NR, KOG, KEGG, and Swissprot). Primers used for q-PCR for signaling molecules, transcription factors and ECM genes expression in pompano referred to the design of Han et al., 2020, Table 1) or designed by the Primer Premier 5 program.


TABLE 1. Primers used for q-PCR for signaling molecules, transcription factors and extracellular matrix genes expression in juvenile Trachinotus ovatus.

[image: Table 1]
The qPCR was conducted with the Real-time qPCR analysis (Analytik Jena GmbH, Germany) using SYBR Green (Tiangen Biotech Co., Ltd., China). The reaction conditions were as follows: initial denaturation at 95°C for 15 min, 40 cycles of denaturing at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 72°C for 30 s. There were three repetitions of each test. At the end of PCR program, dissociation curves were analyzed to ensure that only specific products were obtained in each reaction. The relative mRNA expression levels of the target genes were determined by the 2–ΔΔCt method and were normalized based on the level of the housekeeping gene (EF1α). It has been verified that the reaction efficiency (E) was 90–110% and Pearson’s coefficients of determination (R2) > 0.97.



Statistical Analysis

The data were presented as the mean ± standard deviation (SD). Comparisons of SGR and the incidence of spinal abnormality between different groups were conducted by independent T-test (PASW Statistics 18.0, Chicago, SPSS Inc.), and the comparisons of mRNA transcription level were conducted by one-way ANOVA and LSD test. The significant difference was set at P < 0.05. All percentage data were transformed using square root to satisfy the assumptions of ANOVA.




RESULTS


Growth and the Incidence of Spinal Abnormality of Golden Pompano

In the present study, the SGR of the juveniles in the HT group was significantly higher than that in the LT group (Figure 2, P < 0.05). On the 10th, 20th, and 30th day, the incidence of vertebral fusion in the HT group was significantly higher than that in the LT group (Figure 3, P < 0.05). With the change of time, the incidence of vertebral fusion in treatment groups all showed an increasing trend. On the 30th day, more than 40% of juveniles in the HT group showed a spinal abnormality.
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FIGURE 2. The SGR of juvenile Trachinotus ovatus (LT, low temperature group; HT, high temperature group).
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FIGURE 3. Incidence of vertebral fusion of juvenile T. ovatus (LT, low temperature group; HT, high temperature group).




Histopathology of the Vertebral Tissues

After 30 days of rearing, the vertebrae of the juvenile fish with normal phenotype in the LT group (Figures 4A,B) and the HT group (Figures 4C,D) were compared. We found that the osteogenic layer in the vertebral endplate growth zone in the HT group was thinner than that in the low temperature group (Figures 4B,D). Further, the thinner elastic externa of the vertebral body was observed in part of the samples of the HT group (Figure 4D).
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FIGURE 4. Histology of vertebral column of juvenile T. ovatus from LT group (A,B), HT group [(C–H) while (E–H) were samples of vertebrae with fusion]. The white arrow points to the osteogenic layer in the growth area of the vertebral endplate. The black arrow points to the elastic externa. White asterisk is located in the growth area of the vertebral endplate. ac, arch centra; no, notochord; ns, notochord sheath, ed, endbone. [(A,C,E,G) 50× magnification; (H) 200× magnification; (B,D,F) 400× magnification].


In the fused vertebral bodies, the intervertebral spaces between adjacent vertebral bodies gradually narrowed and then disappeared (Figures 4E–H). The notochordal sheath of the notochord basically disappeared. The basophilic staining of the ECM of the notochord was deepened (Figures 4E,F). Meanwhile, the area between the endplates of adjacent vertebral bodies was filled with a large number of chondrocytes. The proliferation of chondrocytes was observed in the center of the arch of some vertebral bodies (Figure 4G).



Genes Expression Levels in the Vertebral Tissues

The genes examined fall into three categories: signaling molecules, transcription factors and ECM components. The changes of transcriptional level of genes in the fish spine with normal phenotype in different temperature were compared. Among the ECM components gene, compared to the LT group, the level of Col1a1 in the HT group was significantly up-regulated on the 10th day, down-regulated on the 20th day, but no difference on the 30th day (Figure 5A). Col2a1 was significantly up-regulated on the 10th and 30th day, and down-regulated on the 20th day (Figure 5B). Decorin was significantly up-regulated at all three-time points (Figure 5C). Vimentin was up-regulated on 10th day and down-regulated on the 20th and 30th day (Figure 5D). MMP9 was significantly down-regulated at all three-time points (Figure 5E). MMP13 was significantly up-regulated on the 10th day, and down-regulated on the 20th and 30th day (Figure 5F). Ocn was significantly up-regulated on the 10th and 20th day, but there was no significant difference on the 30th day (Figure 5G). Among the signal molecules, BMP2 was significantly up-regulated on the 10th day, but there was no significant difference on the 20th and 30th days (Figure 6A). Both BMP4 and BMP5 were significantly up-regulated on the 10th and 20th day, and significantly down-regulated on the 30th day (Figures 6B,C). Shh was significantly up-regulated at three time points (Figure 6D). Ihh was significantly decreased on the 10th and 20th day, and there was no significant difference on the 30th day (Figure 6E). Among the transcription factors, Sox8 and Sox9 were significantly up-regulated at three time points, with the largest up-regulated extent on the 10th day (Figures 7A,B). Twist was significantly up-regulated on the 10th and 20th day, but there was no significant difference on the 30th day (Figure 7C). Runx2 was significantly up-regulated on the 10th and 20th day, and significantly down-regulated on the 30th day (Figure 7D).
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FIGURE 5. The expression levels of ECM components (A: Col1a1, B: Col2a1, C: Decorin, D: Vimentin, E: MMP9, F: MMP13, G: Ocn) in the spine of juvenile T. ovatus (LT, low temperature group; HT, high temperature group; HTD, high temperature deformity group).
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FIGURE 6. The expression levels of signaling molecules (A: BMP2, B: BMP4, C: BMP5, D: Shh, E: Ihh) in the spine of juvenile T. ovatus (LT, low temperature group; HT, high temperature group; HTD, high temperature deformity group).
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FIGURE 7. The expression levels of transcription factors (A: Sox8, B: Sox9, C: Twist, D: Runx2) in the spine of juvenile T. ovatus (LT, low temperature group; HT, high temperature group; HTD, high temperature deformity group).


The transcriptional levels of related genes in the spines of juvenile fish with the normal phenotypes and with vertebral fusion were compared in the HT group. The levels of Col1A1, decorin, BMP2, BMP4, BMP5, Shh, Sox8, Sox9, Twist, and Runx2 were significantly down-regulated at all three-time points in fish with vertebral fusion compared to fish with normal phenotypes. Col2a1 was significantly up-regulated on the 10th and 20th day, and significantly down-regulated on the 30th day (Figure 5B). Vimentin was significantly up-regulated on day 10 but significantly down-regulated on the 30th day (Figure 5D). MMP9 was significantly up-regulated on the 10th,20th and 30th day (Figure 5E). MMP13 was significantly up-regulated on the 10th day and down-regulated on day 20 and 30 (Figure 5F). Ocn was significantly up-regulated at all three time points (Figure 5G). Ihh was significantly up-regulated on the 10th, 20th, and 30th day (Figure 6E).




DISCUSSION

Vertebral fusion is a type of spinal deformity with the highest incidence in T. ovatus rearing, and the relationship between the phenomenon and the water temperature is worthy of attention. Excessive water temperature has been proved to be an important cause of the occurrence of spinal deformity in T. ovatus larvae (Han et al., 2020). The results of this study showed that high water temperature could accelerate the growth of juvenile golden pompano, but it also led to the increase of vertebral fusion over time. However, the incidence of vertebral fusion showed an upward trend. However, Hainan Province is in the tropics, with a relatively high annual mean temperature. Sustained HT seems to be unavoidable, especially in summer. The aim of this study was to describe the effects of high rearing temperature on the occurrence of vertebrae fusion, as well as the histopathological and molecular pathological changes in the vertebrae of T. ovatus juveniles in the nursery phase.


Histopathological Analysis of a Vertebral Body of Juvenile T. ovatus

Histopathological analysis at the end of the experiment showed a thin osteogenic layer in the growth zone of the vertebral endplate in the normal vertebrae of the juvenile fish in the HT group. Some scholars believe that the narrow osteogenic layer in the vertebral endplate growth zone and the thickening of the fibrous layer may be a precursor of vertebral fusion (Fernandez et al., 2012). HT may have inhibited the osteogenic ability in the growth zone of vertebral endplate of juvenile T. ovatus. In addition, the elastic appearance of some normal vertebral bodies in the HT group has shown a tendency of becoming thinner in the present study. The intervertebral tissue of fish is mainly composed of a notochord, which provides flexibility for the vertebral body (Urban and Roberts, 2003). Notochord plays a role in regulating spinal development throughout the life of fish (Kaneko et al., 2016), and the integrity of the notochord is crucial for the development of the spine. In a study of Atlantic salmon, the elastic appearance became thinner during the fusion of the vertebral bodies (Ytteborg et al., 2010b). In mammals, the notochordal sheath is associated with nutrient transport (Corallo et al., 2015). Changes in the elastic appearance and notochord sheath may contribute to the development of vertebral fusion by leading to reduced notochord flexibility and possible nutrient transport (Ytteborg et al., 2010c). This also indicates that the change of the elastic membrane may be the precursor of fusion. HT may change the homeostasis of the intervertebral tissue, and the endplate growth zone and notochord tissue need to change to adapt to the rapid growth induced by HT.

The process of vertebral fusion has been described in Atlantic salmon. The osteoblasts in the growth area of the vertebral body are transformed into chondrocytes by trans-differentiation and then remolded into bone by chondrometaplasia. The chordal tissue becomes densified and eventually mineralized and remolded into bone (Witten et al., 2006; Ytteborg et al., 2012). In this study, the occurrence of vertebral fusion in juvenile golden pompano is consistent with the tissue changes in Atlantic salmon. This suggests that the pattern of vertebral fusion occurring in bony fish may be consistent. However, the disorder and proliferation of osteoblasts and choroidoblasts were not observed in this experiment, which may be related to the degree of fusion, so it is necessary to increase the number of samples for observation.



Effects of High Water Temperature on Genes Related to Chondrocyte Development

Our results showed that HT significantly altered the expression pattern of genes related to chondrogenesis. In the skeletal system, the ECMs provides rigidity, hardness and elasticity for bone or cartilage tissue, and the dynamic balance of ECMs affects the process of new bone formation and bone resorption (Bonnans et al., 2014; Alford et al., 2015; Lin et al., 2020). Col2a1 is one of the main components of the ECM of chondrocytes, mainly secreted by proliferating chondrocytes, so it is considered a marker of early chondrocyte differentiation (Castagnola et al., 1988; Ricard-Blum, 2011). Proper warming can stimulate the up-regulation of Col2a1 transcription level in cultured dedifferentiated chondrocytes in vitro and promote the redifferentiation of cartilage tissue (Ito et al., 2015). Studies in Atlantic salmon have shown that thermal stimulation during embryogenesis affects the expression of important developmental genes such as Col2a1, and this effect continues into subsequent development in fish (Clarkson et al., 2020). Ytteborg et al. (2010a) showed that Col2a1 transcription decreased in Atlantic salmon reared at HT. In this study, Col2a1 transcription in normal phenotypic vertebra of the HT group was significantly up-regulated on 10 days, indicating that chondrocyte proliferation is enhanced after a relatively short time of HT treatment. Vimentin plays an important role in the compression loading of chondrocytes and the regulation of cytoskeletal tension, which can maintain the homeostasis and hardness of chondrocytes (Blain et al., 2006; Haudenschild et al., 2011; Chen et al., 2016). HTs have been shown to enhance the upregulation of vitamin transcription in T. ovatus larvae (Han et al., 2020). In this experiment, the initial increase in vimentin indicates on 10 days that the vertebral body may face higher mechanical stress. The down-regulation of vimentin in the later period may indicate that long-term HT cultivation may lead to a decrease in the ability of the vertebral body to tolerate pressure, which may be a precursor to induce fusion. The levels of Shh, and Sox9 were significantly up-regulated in the normal phenotypic vertebra, while Ihh was significantly down-regulated. Sox9 can promote the early differentiation of chondrocytes and regulate the expression of Col2a1 in chondrocytes (Lefebvre, 2019). Shh and Ihh are upstream regulators of cartilage development (Kaneko et al., 2016). Shh induces early chondrogenic differentiation of spinal mesenchymal cells, which can stimulate the expression of col2a1 and sox9 (Warzecha et al., 2006). The up-regulation of these transcription factors and signaling molecule genes also enhanced proliferation and differentiation of cartilage. Ihh can inhibit the hypertrophy differentiation of chondrocytes (Ohba, 2020). On the 10th and 20th day, the down-regulation of Ihh of normal vertebral bodies in the HT group indicates that the hypertrophy and maturation of chondrocytes are also enhanced. The development and maturation of chondrocytes provide the condition for endochondral ossification. BMP2, BMP4, and BMP5 can induce the formation of ectopic bone and cartilage (Zhang et al., 2016; Kanjilal and Cottrell, 2019). Deficiency of BMP2 and BMP4 results in delayed endochondral ossification in mice (Bandyopadhyay et al., 2006). On 10 day, the expression of BMP2, BMP4, and BMP5 genes were all upregulated, also indicating that HT induced the development of vertebral cartilage. The studies of Ma et al. (2016a) also show that the increase of water temperature increased the expression of BMPs and resulted in an increase in the rate of jaw deformity in T. ovatus larvae. At the later stage of the experiment (30 days), the expressions of BMPs were relatively down-regulated in the HT group, which may be related to the adaptability of fish to water temperature. The development of cartilage may be affected not only by the water temperature of culture, but also by the time. Compared with the normal phenotypic vertebrae in the HT group, significantly up-regulation in col2a1 of fusion vertebrae was observed on the 10th and 20th day. Ihh was also significantly up-regulated in the fused vertebrae, which has been shown to promote chondrocyte proliferation (Ohba, 2020). As reported in Atlantic salmon, gradual replacement of the osteogenic layer in the growth zone of the notochord and vertebral endplate by chondrocytes is a key marker of fusion (Witten et al., 2006). In this study, the changes in the expression patterns of genes related to chondrogenesis in both the normal vertebral body and the previously fused vertebral body indicated the promoting effect of HT on the development of vertebral chondrogenesis.

The expression of MMP9 and MMP13 was inhibited in the HT group. Matrix metalloproteinases (MMPs) are the most important proteinases involved in ECM degradation and are essential for bone remodeling and endochondral ossification (Rajaram et al., 2016). MMP9 is the most abundant matrix metalloproteinase in osteoclasts, which can degrade denatured collagen and promote the apoptosis of hypertrophic chondrocytes (Vu et al., 1998; Zhang et al., 2017). MMP13 plays an important role in the remodeling of hypertrophic cartilage matrix (Kennedy et al., 2005). Studies in mice have shown that lack of MMP9 and MMP13 leads to inhibition of endochondral ossification (Stickens et al., 2004). The down-regulation of MMP9 and MMP13 indicates that the process of vertebral growth through endochondral ossification is inhibited under HT. The level of MMP9 in the fused vertebrae was significantly up-regulated. The relative expression level of MMP13 in the fused vertebrae on 10th day was also significantly higher than that in the normal vertebrae. Wargelius et al. (2010) showed that the up-regulation of MMP13 expression might be a signal of Atlantic salmon vertebral compression and increased remodeling of ECMs. Ytteborg et al. (2010a, b) demonstrated that MMP9 and MMP13 are significantly up-regulated in Atlantic salmon vertebrae under HT culture. This suggests that cartilage may also be remodeled into bone by means of endochondral ossification. Col2a1 and MMP13 in the fused vertebra were significantly down-regulated at the end of the experiment.



Effects of High Water Temperature on Genes Related to the Osteoblasts Development

At the early stage (10 days) of culture in the HT group, we also found that the transcriptional signals of normal vertebral osteoblasts were enhanced in the HT group. Col1a1 protein, mainly secreted by osteoblasts, is the most abundant organic component in bone matrix and plays an important role in bone strength and toughness (Mansour et al., 2017; Lin et al., 2020). The increased risk of fracture was associated with abnormalities of Col1a1 (Ammann and Rizzoli, 2003). As the most abundant non-collagenous protein in bone, Ocn is a marker of advanced osteoblasts and is associated with matrix mineralization (Ytteborg et al., 2010a; Tavakol and Vaughan, 2020). Runx2 is a major regulatory factor in osteoblastic development and is essential for osteoprogenitor cell proliferation and osteoblastic differentiation (Komori, 2020). The up-regulation of these genes indicates an accelerated differentiation and maturation of osteoblasts. Decorin is also secreted by osteoblasts, which can promote the formation of collagen fibers and act as an inhibitor of matrix mineralization (Mochida et al., 2009; Coulson-Thomas et al., 2015; Randilini et al., 2020). Sox8 is a negative regulator of osteoblast differentiation (Schmidt et al., 2005). As an osteogenic inhibitor, Twist can inhibit osteoblast differentiation by inhibiting Runx2 activity (Kronenberg, 2004). The vertebral body may attempt to maintain normal osteoblastic development through the up-regulation of Decorin and Sox8. However, the expression of Col1a1 in HT group was lower than that in LT group over time. On 30th day, Col1a1 and Ocn showed no significant difference between the two treatment groups. Compared with the normal phenotypic vertebrae in the HT group, the genes levels of early osteoblast development in the fusion vertebrae were also significantly down-regulated. The down-regulation of Twist did not lead to the up-regulation of Runx2. This is consistent with the transformation of osteoblasts into chondrocytes during fusion. However, the down-regulation of Decorin and the up-regulation of Ocn indicate the enhanced mineralization of the matrix. The changes of these genes confirmed the occurrence of transformation from the transcription level. Compared with the LT group, BMPs showed a downward trend in the HT group. These changes indicate that the differentiation and maturation of osteoblasts are also inhibited under high water temperature for a long time. This is consistent with histological observations.

It is worth noting that vertebral fusion can be performed by two pathways (the aggravation or the contained pathway), which have been demonstrated in Atlantic salmon and Chinook salmon (Witten et al., 2006; Perrott et al., 2018). Differences in the transcription patterns of osteogenic and cartilaginous genes in fused vertebrae at different times may also determine the progression of fusion and how much vertebrae are involved, but this needs to be further verified.




CONCLUSION

In summary, high rearing water temperature could promote the growth of juvenile T. ovatus but lead to an increase in the incidence of vertebral fusion. The homeostasis of the intervertebral tissue was altered by long-term HT cultivation. HT stress can up-regulate the transcription of genes related to bone and chondrocyte differentiation in the vertebrae of juvenile T. ovatus in a relatively short period of time. With the increase of stress time, transcription showed a downward trend. Genes associated with the development of chondrocytes and osteoblasts in the vertebrae were significantly regulated by rearing temperature and correlated with time. The results of this study improve our understanding of the effect of water temperature on bone development and the molecular reaction of vertebral fusion induced by high water temperature in bony fish.
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Temperature has crucial effects on gonadal development and reproduction of abalone. To understand the impact of thermal stress on molecular and physiological processes triggering the regulation of reproduction, changes in the mRNA expression of neuroendocrine genes encoding two abalone gonadotropin-releasing hormone (Hdh-GnRH, Hdh-GnRH-like peptide), GnRH receptor (Hdh-GnRH-R), Hdh-APGWamide, serotonin receptor (5-HThdh), and a heat shock protein HSP70 were examined in ganglia and testis of male Pacific abalone (Haliotis discus hannai). Abalone were exposed to low water temperature (LWT) and high water temperature (HWT) in early and peak breeding seasons for 7 days. Then, gonadosomatic index (GSI) was calculated, relative gene expression was measured by qRT-PCR, and levels of testosterone in hemolymph were also measured by ELISA during the peak breeding season. GSI did not show any significant changes during the early breeding season. However, it was significantly decreased in LWT- or HWT-exposed abalone compared to the normal water temperature (NWT) group during the peak breeding season. In the early breeding season, changes of mRNA expression of all five genes were significant between LWT and HWT groups on day-7. In the peak breeding season, compared to the NWT group, the mRNA expressions of different genes were significantly decreased in different tissues both in LWT and HWT groups of abalone, such as Hdh-GnRH-like peptide in the cerebral ganglion (CG) and testis; Hdh-GnRH in the pleuropedal ganglion (PPG) and branchial ganglion (BG); Hdh-GnRH-R in the CG, PPG, and testis; and Hdh-APGWamide in the PPG and testis. Interestingly, the expression of 5-HThdh was significantly increased in the HWT group but decreased in the LWT group. Expression of HSP70 was significantly increased in the testis after exposure to HWT. Hemolymph levels of testosterone were significantly decreased in the HWT group compared to those in the NWT group. Altogether, these results denote that thermal stress has a repressive effect on gonadal maturation and reproduction by regulating the expression of Hdh-GnRH-like peptide, Hdh-GnRH, Hdh-GnRH-R, Hdh-APGWamide, 5-HThdh, and HSP70 genes and levels of hemolymph testosterone.

Keywords: thermal stress, GnRH, GnRH-R, APGWamide, 5-HT, gonadal maturation, reproduction, Haliotis discus hannai


INTRODUCTION

Pacific abalone (Haliotis discus hannai) is the most commercially important gastropod species in Korea as well as in Southeast Asian countries. It is widely used in commercial aquaculture because of its remarkable food value and high price (Park and Kim, 2013). Large-scale farming of Pacific abalone in sea cages has spread along small bays and islands of the southwest coast of Korea. There are more than 1,500 abalone hatcheries in Korea that are producing abalone seeds in conventional methods (Choi et al., 2015). Broodstock conditioning is the prime factor in conventional breeding of abalone that is practiced for early development of gonads by controlling exogenous factors (Kikuchi and Uki, 1974; Matsumoto and Maeda, 2021).

A number of exogenous and endogenous factors can control or coordinate the reproductive cycle of marine invertebrates (Nuurai et al., 2010). Among these exogenous factors, temperature plays a critical role in the regulation of reproductive parameters, including reproductive cycles, gametogenesis, and spawning of invertebrates (Giese and Kanatani, 1987; Mercier and Hamel, 2009). An increase in mean sea water temperature is known to cause changes in the annual reproductive cycle of marine invertebrates (Olive, 1995). Water temperature is an important environmental cue that triggers the onset of breeding of molluskan species (Wayne and Block, 1992). It is also considered a principal exogenous factor that regulates the reproductive cycle of many marine gastropod species (Hahn, 1989; Nuurai et al., 2010). Water temperature can influence the rate of gonad development and regulate the reproduction of most abalone species (Grubert and Ritar, 2004). In the sea, the peak spawning season of Pacific abalone is at a water temperature around 20°C (Koizumi and Tsuji, 2017). The increase of visual gonad index (VGI) of Pacific abalone is proportional to the increase of water temperature (Kikuchi and Uki, 1974; Fukazawa et al., 2007). High temperature is known to reduce gonadal development of red abalone (Rogers-Bennett et al., 2010). Both extremely high and low temperatures have adverse impacts on gonadal cells and developmental processes of clams (Lagade et al., 2019).

Increase or decrease of temperature from the ambient level not only can regulate reproductive parameters but also can affect endocrine functions (Pankhurst and King, 2010). Gonadotrophic and reproductive hormones seem to act as transducers between environmental parameters and the gamete, indicating that temperature can alter the levels of these hormones (Lawrence and Soame, 2004). Gonadal developmental activities of abalone are believed to be controlled by long-term endogenous rhythm that is influenced by exogenous environmental factors (Hahn, 1989). Abalone reproduction is largely regulated by a number of neurosecretory hormones synthesized in cerebral, pleuropedal, and visceral ganglia (Hahn, 1992). Secretion of neurohormones from cerebral and pleuropedal ganglia have been found to be correlated with gametogenesis and vitellogenesis and induction of spawning, respectively (Hahn, 1992). Gonadotropin-releasing hormone (GnRH)-like peptide, a neurohormone, plays a key role in the regulation of reproduction of molluskan species. It has been shown that octopus GnRH-like peptide (Oct-GnRH) might be involved in the regulation of reproduction (Minakata and Tsutsui, 2016). Scallop GnRH-like peptide (py-GnRH) can stimulate spermatogonial cell proliferation of Yesso scallop and Pacific oyster (Nakamura et al., 2007; Treen et al., 2012). Endogenous GnRH-like peptide can stimulate egg-laying of pond snail (Young et al., 1999). Pacific abalone GnRHs (Hdh-GnRH-like peptide, Hdh-GnRH) and GnRH receptor (Hdh-GnRH-R) have been reported to be involved in gonadal cell proliferation, gonadal development, and reproductive activities (Kim et al., 2017; Sharker et al.,2020a,c, 2021). Tropical abalone GnRH peptide (HasGnRH) has been shown to be involved in ovarian cell proliferation of H. asinina (Nuurai et al., 2016). It is evident that serotonin (5-HT), a neurohormone, is a potential regulator that controls the secretion of GnRH (Prasad et al., 2015). 5-HT is also known to play pivotal roles in invertebrates’ reproductive systems, including gonadal maturation and spawning (Hamida et al., 2004; Garnerot et al., 2006). 5-HT can induce gonadal maturation, egg release, and spawning of mollusks generally potentiated by sex steroids and may be regulated via the induction of serotonin receptor synthesis. Estrogens can promote 5-HT-induced spawning in scallops, Placopecten magellanicus, by synthesis of 5-HT receptors (Wang and Croll, 2006). In mussels, Mytilus edulis, following estradiol-17β (E2) treatment, the expression of 5-HT1-like receptor is decreased in the mature stage but increased in immature stages (Cubero-Leon et al., 2010). 5-HT receptors (5-HThdh) are also involved in the reproduction of Pacific abalone (Kim et al., 2019; Sharker et al., 2020b). Another neuropeptide, Ala-Pro-Gly-Trp-NH2 (APGWamide), can also control sexual maturation and reproduction of mollusks. APGWamide can function as a central and peripheral neuromediator in the control of male reproduction of Lymnaea stagnalis (Van Golen et al., 1995; De Boer et al., 1997) and Ilyanassa obsolete (Oberdorster et al., 2005). This neuropeptide is also induced during final maturation and spawning of both sexes of Pacific abalone and Sydney rock oyster (Van In et al., 2016; Kim et al., 2018). Induction of neuropeptides, GnRH, GnRH-like peptide, 5-HT, and APGWamide can induce sexual maturation and spawning both in vitro and in vivo, providing direct evidence that these signaling molecules are crucial for abalone reproduction (Chansela et al., 2008; Nuurai et al., 2010, 2016; Sharker et al., 2021). However, there is a scarcity of data on the effects of temperature on these neuroendocrine genes, and there is a need for a study to understand their effect on gonadal development and reproduction of abalone.

The effect of temperature on abalone reproduction and the relationship between temperature and biological processes during gonadal development have been studied extensively for several abalone species such as Pacific abalone (H. discus hannai) (Kikuchi and Uki, 1974; Hahn, 1994), New Zealand abalone (H. iris) (Kabir, 2001), austral abalone (H. australis) (Kabir, 2001), blacklip abalone (H. rubra) (Grubert and Ritar, 2004), and greenlip abalone (H. laevigata) (Grubert and Ritar, 2004). However, the effect of thermal stress on neuroendocrine and reproduction-associated genes during gonadal development and breeding season remains unclear. Therefore, the objective of the present study was to investigate the effects of low- and high-temperature stress on mRNA expression levels of neuroendocrine genes encoding two abalone gonadotropin-releasing hormones (Hdh-GnRH, Hdh-GnRH-like peptide), gonadotropin-releasing hormone receptor (Hdh-GnRH-R), Hdh-APGWamide, and a serotonin receptor (5-HThdh) in Pacific abalone (H. discus hannai) during breeding season. The expression of a heat shock protein HSP70 in testis and hemolymph level of testosterone were also examined.



MATERIALS AND METHODS


Abalone Collection and Rearing

Pacific abalone (H. discus hannai) were collected from cages of abalone sea cage aquaculture of East sea of Wando-gun, Jeollanam-do, South Korea, in May and June for the first and second experiment during early and peak breeding seasons, respectively. The water temperature at the sampling site was about 18°C during the sampling period in May 2020 and 21°C in June 2020 (Supplementary Table 1). Collected abalone were transported to Tou-Jeong Soosan abalone hatchery in Dolsan-eup, Yeosu-si, Jeollanam-do, and conditioned in indoor tanks under natural photoperiod with recirculating sea water for 2 weeks. Water temperature during the conditioning period was similar to that at the sampling site.



Experimental Design

Two experiments under different temperature conditions were conducted in May and June 2020 with ambient temperature of about 18 and 21°C, respectively. In the first experiment during the early breeding season, abalone were exposed to a low-temperature (14°C), a normal-temperature (18°C), and a high-temperature (22°C) condition for 7 days. The second experiment was conducted during the peak breeding season in which abalone were exposed to a low temperature (16°C), a normal temperature (21°C), and a high temperature (26°C) for 7 days. Abalone was reared in the natural photoperiod: in May, 14:10 h, and in June, 14.5:9.5 h. For both experiments, to acclimatize abalone at low and high temperatures, temperature was gradually decreased or increased (Δ1°C per 24 h) from normal water temperature (NWT) to the target temperature. After reaching the target temperature, abalone were kept in the target water temperature for 3 and 7 days for day-3 and day-7 groups, respectively (n = 10 for each group). In addition, a set of abalone was sampled just before the start of the experiment for thermal stress. This group served as initial control (IC).



Abalone Husbandry and Monitoring

Water temperature of each experimental tank was maintained using an electric cooling unit (SunCool, DA-3000C, DAEIL, Korea), a heating unit (PB 51-1, HANIL, Korea), and a thermostat (DHE, South Korea) with a water flow rate at 1.5 L min–1. Water quality parameters such as dissolved oxygen, salinity, temperature, and pH were measured daily with YSI professional plus digital water quality meter (Pro 10102030; Xylem Inc., United States) (Supplementary Table 2). Abalone were fed daily to satiation with seaweed, Laminaria religosa. No abalone died during the experimental period.



Ethics Statement

Animal experiments were conducted in accordance with guidelines of the Institutional Animal Care and Use Committee of Chonnam National University (CNU IACUC) with a permission number of CNU IACUC-YS-2020-5 and according to Article 14th of the Korean Animal Protection Law of the Korean government. Animals were cared for in accordance with Guidelines for Animal Experiments of Chonnam National University.



Sample Collection

After temperature exposure, 10 abalone from each group were collected from the rearing tank on day-3 and day-7 to obtain tissue samples. Abalone were anesthetized and sacrificed before sample collection. Total length, width, and shell height were measured using a digimatic caliper (CD-P20S, Mitutoyo Corp., Japan) and body weight was taken using an electric balance (SPX223KR, OHAUS, United States) in nearest mm and g, respectively (Supplementary Table 3). Hemolymph samples were collected from the cephalic arterial sinus of abalone with 5-ml syringes as described previously (Donaghy et al., 2010). Collected hemolymphs were kept on ice and centrifuged at 5,000 rpm for 10 min at 4°C. Supernatants were carefully collected and then stored at –80°C until assay. For gonadosomatic index (GSI) calculation, gonads were removed after decapitation and weighted. Total body weight and soft-body weight were also measured. From each abalone, cerebral ganglion (CG), pleuropedal ganglion (PPG), branchial ganglion (BG), and a portion of gonad (testis) were collected, snap frozen in liquid nitrogen, and stored at –80°C until total RNA extraction. A portion of each gonad from individual abalone was fixed in 4% paraformaldehyde (PFA) for gonadal histology.



Calculation of Gonadosomatic Index

GSI was calculated as described previously (Litaay and De Silva, 2003; Onitsuka et al., 2007) using the following formula: GSI = (wet weight of gonad in grams/soft-body weight of abalone in grams) × 100.



Testicular Histology

After fixation in 4% PFA overnight, gonad samples were infiltrated with 30% sucrose, embedded in optimal cutting temperature (OCT) compound and cryo-sectioned at 7–8-μm thickness using a cryostat microtome (Leica CM 1860; Leica Biosystems, United States). Sections were stained with Mayer’s hematoxylin and counterstained with eosin Y (alcoholic) using H&E staining kit (ab245880; Abcam, United States). Stained slides were subsequently observed under a microscope (Eclipse E600; Nikon, Tokyo, Japan) to confirm testicular stages. Testicular stages of abalone were identified based on histological analysis following previously reported testicular stages (Kim et al., 2016).



Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from all sampled tissues of Pacific abalone using an RNeasy mini kit (Qiagen, Hilden, Germany). Any possible contamination of genomic DNA was eliminated by treating with RNase-free DNase (Promega, Madison, WI, United States). Quality and quantity of total RNAs were evaluated by electrophoresis and spectrophotometry (UV Spectrophotometer; ASP-2680, ACTGene, United States). First-strand cDNAs were synthesized from total RNA using Oligo (dT) primer (OdT) (Sigma) and Superscript® III First-Strand cDNA synthesis kit (Invitrogen, United States). All steps of RNA extraction and cDNA synthesis were conducted following the manufacturer’s instructions.



Quantitative Real-Time PCR Analysis of Abalone Neuroendocrine Genes Encoding Hdh-GnRH, GnRH-like peptide, HdhGnRH-R, 5-HTHdh, Hdh-APGWamide, and HSP70

Quantitative real-time PCR (qRT-PCR) assay was carried out using 2x qPCRBIO SyGreen Mix Lo-Rox kit (PCR Biosystems Ltd., United Kingdom) as described previously (Sukhan et al., 2020). Briefly, the qRT-PCR reaction mixture was prepared with 1 μl of cDNA template, 1 μl (10 pmol) of both forward and reverse primers (Table 1), 10 μl of SYBR Green Mix, and dH2O with a final volume of 20 μl. Triplicate reactions were performed for target and reference genes in each tissue sample. PCR amplification conditions were: preincubation at 95°C for 5 min, followed by 40 cycles 95°C for 2 min, 60°C for 30 s, and 72°C for 30 s. The melting temperature was obtained using the default setting of the instrument. At the end of each cycle, a fluorescence reading was recorded for quantification. A LightCycler® 96 System (Roche, Germany) was used for amplification and data analysis. Specific amplification of each subtype cDNA was verified by melting curve analysis and gel electrophoresis of the product. Relative gene expression was quantified based on cycle threshold using the 2–ΔΔct method (Livak and Schmittgen, 2001) with β-actin gene (GenBank accession no. AY380809) as an internal reference.


TABLE 1. Primers used in quantitative real-time PCR (qRT-PCR).
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Enzyme-Linked Immunosorbent Assay for Testosterone Analysis

Testosterone hormone was extracted from each hemolymph sample using diethyl ether as described previously (Sang et al., 2019) with slight modification and according to instruction of a testosterone ELISA kit (ADI-900-065; Enzo Life Sciences, United States). Briefly, 1 ml of diethyl ether was added to every milliliter of hemolymph and vortexed. The top ether layer was carefully taken by a pipette and placed into a clean test tube. This step was repeated twice more, and ether layers were combined. Ether was then evaporated to dryness under nitrogen. Extracted testosterone was then dissolved in an assay buffer provided in the kit. Levels of testosterone in hemolymph samples were measured using a species-independent testosterone ELISA kit (ADI-900-065) according to the manufacturer’s instructions. Testosterone concentration was measured at 405 nm using an EpochTM Microplate Spectrophotometer (BioTek Instruments Inc., United States). The amount of signal was indirectly proportional to the level of testosterone in the sample. A standard curve of testosterone was obtained using concentrations of standard ranging from 7.81 to 2,000 pg/ml.



Statistical Analysis

Values of GSI, mRNA expression, and testosterone level were analyzed statistically and expressed as mean ± standard deviation (SD). Changes in the GSI corresponding to different temperatures, relative mRNA expressions, and testosterone concentrations in different tissues were analyzed by non-parametric one-way analysis of variance (ANOVA) to generate graphs using GraphPad Prism 5.1 software1. Tukey’s post hoc test was performed to assess statistically significant differences among different temperature conditions. Statistical significance was set at p < 0.05. Different letters in figures showed significant differences between different temperatures. Changes in the relative mRNA expressions in different tissues across different thermal stress conditions were analyzed by non-parametric one-way ANOVA followed by post hoc Tukey’s homogeneity of variance test using statistical package IBM SPSS for Windows Ver. 25.0 and presented in Supplementary Tables 4–8.



RESULTS


Changes in the Gonadosomatic Index During Early and Peak Breeding Seasons

In the early breeding season, the GSI of Pacific abalone showed no distinct changes when they were exposed to different water temperatures such as low (14°C), high (22°C), and normal (18°C) water temperatures on any exposure day (Figure 1A). On the other hand, during the peak breeding season, the GSI of abalone was significantly decreased in both low (16°C) and high (26°C) water temperature groups compared to that in the normal (21°C) water temperature group on day-7 (Figure 1B).
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FIGURE 1. Changes in the gonadosomatic index (GSI) of male Pacific abalone during early (A) and peak (B) breeding seasons exposed to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).




Histological Changes in the Testicular Stages of Abalone During the Peak Breeding Season

Representative sections of testis tissues of abalone exposed to different temperatures (16, 21, and 26°C) during the peak breeding season were histologically analyzed and presented in Figure 2. Testicular stage was found in fully mature stage in NWT (21°C) group abalone characterized as full of sperm (Figure 2B). Both low (16°C) and high (26°C) temperature-exposed groups of abalone showed distinct changes in the histological stages compared to the NWT group of abalone (Figures 2A,C). In both groups of abalone, testicular stage seems to possess degenerative stage of testis.
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FIGURE 2. Histological analysis of testes in Pacific abalone (H. discus hannai) on day-7 in the second experiment during the peak breeding season after exposure to three temperature treatments (A: 16°C; B: 21°C; and C: 26°C) by hematoxylin–eosin staining. Low (A) and high (C) water temperature group of abalone showed distinct differences in mature sperm content compared to normal water temperature (B) group of abalone. The inset picture in (B) is at higher magnification of sperm. Sg, spermatogonia; Sp, sperm; Trb, trabeculae. Scale bar: 100 μm.




Changes in the Expression of Two Abalone Hdh-GnRHs and Hdh-GnRH-R Genes in Different Ganglia of Central Nervous System and Testis of Pacific Abalone During Early and Peak Breeding Seasons

The effects of thermal stress on mRNA expression levels of two abalone GnRHs (Hdh-GnRH and Hdh-GnRH-like peptide) and GnRH-R genes in CG, PPG, and BG of the central nervous system (CNS) and in testis tissues of Pacific abalone were examined in two experiments during early and peak breeding seasons.


Changes in the mRNA Expression in the Cerebral Ganglion

In the early breeding season, Hdh-GnRH-like peptide and GnRH-R genes showed no significant changes in the mRNA expression on day-3 among any temperature group, whereas significant changes in their expression were observed between low- and high-temperature groups of abalone on day-7 (Figures 3A,B). During the peak breeding season, both low and high water temperature (HWT) groups of abalone showed significantly lower expression of Hdh-GnRH-like peptide and GnRH-R gene compared to the NWT group on day-7 (Figures 3C,D). Hdh-GnRH gene did not show significant changes of expression in any breeding season (Supplementary Figure 1). Among these three genes, Hdh-GnRH-like peptide showed higher expression in CG than the other two genes (Supplementary Table 4).
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FIGURE 3. Changes in the relative mRNA expression of Hdh-GnRH-like peptide (A,C) and Hdh-GnRH-R (B,D) in the cerebral ganglion (CG) of male Pacific abalone during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).




Changes in the mRNA Expression in the Pleuropedal Ganglion

During the early breeding season, changes in the mRNA expression of Hdh-GnRH and GnRH-R genes on day-3 were insignificant in any group of abalone, although significant changes in their expression were observed between low- and high-temperature groups on day-7 (Figures 4A,B). During the peak breeding season, changes in the mRNA expression of Hdh-GnRH gene were significantly lower in both high- and low-temperature groups of abalone compared to those in the NWT group on day-3 and day-7 (Figure 4C). Hdh-GnRH-R gene showed significantly lower expression in HWT group compared to that in the NWT group on day-7 (Figure 4D). Hdh-GnRH-like peptide expression did now show any significant changes in abalone of low, high, or NWT group on day-3 or day-7 in any breeding season (Supplementary Figure 2). In PPG, Hdh-GnRH gene showed higher expression than Hdh-GnRH-like peptide and Hdh-GnRH-R (Supplementary Table 5).
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FIGURE 4. Changes in the relative mRNA expression of Hdh-GnRH (A,C) and Hdh-GnRH-R (B,D) in the pleuropedal ganglion (PPG) of male Pacific abalone during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).




Changes in the mRNA Expression in the Branchial Ganglion

In BG, significant changes in the Hdh-GnRH mRNA expression were observed between low and HWT groups on day-7 during the early breeding season (Figure 5A). However, changes in its expression in abalone of HWT group were significantly lower compared to HWT group on day-3 and day-7 in the peak breeding season (Figure 5B). On the other hand, its expression levels in abalone of low water temperature (LWT) group were significantly lower than those in the NWT group on day-7. Expression levels of Hdh-GnRH-like peptide and Hdh-GnRH-R genes did not show any significant changes in any group of abalone on day-3 or day-7 in any breeding season (Supplementary Figure 3).
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FIGURE 5. Changes in the relative mRNA expression of Hdh-GnRH (A,B) in the branchial ganglion (BG) of male Pacific abalone during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).




Changes in the mRNA Expression in the Testis

The changes in the mRNA expression in the testis tissue of all three genes were not significant on day-3 during the early breeding season, whereas significant changes were observed between low and HWT groups of abalone on day-7 (Figures 6A–C). During the peak breeding season, on day-3, only Hdh-GnRH-like peptide showed significantly lower expression in HWT group of abalone compared to NWT group (Figure 6E). On day-7, changes in the expression of Hdh-GnRH-like peptide and Hdh-GnRH-R genes in both low and HWT groups of abalone showed significantly lower expression compared to NWT group (Figures 6E,F). However, the Hdh-GnRH gene showed significant changes only between high and NWT groups on day-7 (Figure 6D).
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FIGURE 6. Changes in the relative mRNA expression of Hdh-GnRH (A,D), Hdh-GnRH-like peptide (B,E), and Hdh-GnRH-R (C,F) in the testis of male Pacific abalone during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).




Changes in the Expression of Hdh-APGWamide and Serotonin Receptor (5-HThdh) Genes in Different Ganglia of the Central Nervous System and Testis of Pacific Abalone During the Early and Peak Breeding Seasons

Changes in the mRNA expression pattern of Hdh-APGWamide and 5-HThdh genes in CG, PPG, and BG of the CNS and testis of Pacific abalone were examined after exposed to low or HWT in two experiments during early and peak breeding seasons.


Changes in the mRNA Expression in the Cerebral Ganglion

In the CG, the mRNA expression of serotonin receptor (5-HThdh) interestingly showed an increased expression in the high-temperature group of abalone during the peak breeding season. The expression of 5-HThdh gene showed insignificant changes on day-3 or day-7 between any temperature groups of abalone during the early breeding season (Figure 7A). In the peak breeding season, the changes of expression between low- and high-temperature group abalone were significant on day-7, whereas no significant differences were observed on day-3 among any temperature groups (Figure 7B). The mRNA expression of Hdh-APGWamide gene did not show any significant differences in either the early or peak breeding season (Supplementary Figure 4).
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FIGURE 7. Changes in the relative mRNA expression of 5-HThdh (A,B) in the cerebral ganglion (CG) of male Pacific abalone during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).




Changes in the mRNA Expression in the Pleuropedal Ganglion

The mRNA expression of Hdh-APGWamide gene did not show any significant difference in any temperature group during the early breeding season (Figure 8A). However, in the peak breeding season, it showed a significantly lower expression in the HWT group compared to that in the NWT group on day-7 (Figure 8C). Serotonin receptor (5-HThdh) gene showed a significantly higher mRNA expression in the HWT group of abalone than the LWT group in both early (Figure 8B) and peak (Figure 8D) breeding seasons on day-7. The expression was also significantly higher compared to that of the NWT group of abalone on day-7 during the peak breeding season.
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FIGURE 8. Changes in the relative mRNA expression of Hdh-APGWamide (A,C) and 5-HThdh (B,D) in the pleuropedal ganglion (PPG) of male Pacific abalone during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).




Changes in the mRNA Expression in the Branchial Ganglion

In the BG, mRNA expression levels of Hdh-APGWamide and 5-HThdh genes did not show any significant differences among any temperature group of abalone during the early or peak breeding season (Supplementary Figure 5).



Changes in the mRNA Expression in the Testis

Hdh-APGWamide and 5-HThdh mRNA expression showed no significant changes among any temperature group on day-3 during the early breeding season. However, the HWT group of abalone showed a significantly higher expression of both genes compared to the low temperature group on day-7 (Figures 9A,B). During the peak breeding season, the HWT group of abalone showed a significantly lower Hdh-APGWamide mRNA expression than the NWT group (Figure 9C) on day-3 and day-7. Interestingly, serotonin receptor (5-HThdh) showed a different expression pattern compared to other examined genes. The HWT group of abalone showed significantly higher expression of 5-HThdh on day-7 compared to those of the low and NWT groups of abalone (Figure 9D).
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FIGURE 9. Changes in the relative mRNA expression of Hdh-APGWamide (A,C) and 5-HThdh (B,D) in the testis of male Pacific abalone during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).




Changes in the mRNA Expression of Heat Shock Protein 70 (HSP70) Gene in the Testis of Pacific Abalone During the Peak Breeding Season

The mRNA expression levels of HSP70 were significantly increased in the testis of the HWT group of abalone compared to those of the low and NWT groups on day-3 and day-7 during the peak breeding season (Figure 10).
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FIGURE 10. Changes in the relative mRNA expression of HSP70 in the testis of Pacific abalone during the peak breeding season after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).




Changes in the Hemolymph Testosterone During the Peak Breeding Season

Hemolymph levels of testosterone both in low and high temperature-exposed abalone showed decreasing trends. The levels of testosterone were significantly decreased in HWT -exposed abalone compared to those of the NWT group both on day-3 and day-7 during the peak breeding season. On the other hand, the changes of testosterone level were insignificant in the LWT-exposed abalone compared to those of the normal and HWT groups of abalone (Figure 11).
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FIGURE 11. Changes in the levels of testosterone in the hemolymph of male Pacific abalone during the peak breeding season after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtain reference values that served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).




DISCUSSION

Water temperature plays a crucial role in gonadal development and reproduction of abalone species. In the present experiment, to understand the role of temperature in gonadal development in Pacific abalone, the effects of low and HWT stress on the expression levels of abalone reproduction-associated genes encoding Hdh-GnRH, Hdh-GnRH-like peptide, Hdh-GnRH-R, Hdh-APGWamide, and 5-HThdh in the three ganglia (CG, PPG, and BG) of the CNS and testis tissues and a heat shock protein, HSP70 in the testis of mature male abalone were examined during early and peak breeding seasons. Examined reproduction-associated genes showed differential expression patterns in different ganglion tissues. Hdh-GnRH, Hdh-GnRH-R, APGWamide, and 5-HThdh genes showed higher expression levels in the PPG, whereas Hdh-GnRH-like peptide showed a higher expression level in the CG. Previously, it has been reported that Hdh-GnRH (Kim et al., 2017), Hdh-GnRH-R (Sharker et al., 2020c), APGWamide (Kim et al., 2018), and 5-HThdh (Sharker et al., 2020b) genes were synthesized from the PPG and Hdh-GnRH-like peptide (Sharker et al., 2020a) was synthesized from the CG in Pacific abalone. Besides its higher expression in the PPG, Hdh-GnRH also showed a higher expression in the BG. A similar kind of expression pattern of Hdh-GnRH has also been reported previously (Kim et al., 2017). The present study is the first one reporting the effects of low and HWT stress on the expression of reproduction-associated genes during the breeding season in a molluskan species.

The GSI of Pacific abalone did not show any significant differences among all temperature conditions in the early breeding season. In the peak breeding season when GSI was in a more advanced stage, it was significantly decreased in both low and HWT group of abalone compared to the NWT group. Reproduction activities of abalone can be severely affected by thermal stress. It has been shown that the gonad index of male red abalone is significantly decreased under acute thermal stress (Vilchis et al., 2005; Rogers-Bennett et al., 2010). Since the early breeding season of Pacific abalone starts in May when water temperature is about 18°C and the peak breeding season is in June when water temperature is about 20–21°C (Kim et al., 2016), the low temperature condition both in the first and the second experiments might have kept the abalone under less thermal stress. The high-temperature condition at 22°C in the early breeding season might be an acceptable temperature for abalone to progress gonadal maturation. At this condition, reproduction-associated genes showed an increasing trend of expression. On the other hand, in the peak breeding season, in the high-temperature condition at 26°C, the GSI tended to decrease. This high-temperature condition might have acted as an environmental signal to the CNS to terminate breeding activities. Expression levels of reproduction-associated genes such as Hdh-GnRH, Hdh-GnRH-like peptide, Hdh-GnRH-R, and APGWamide were also decreased significantly. Interestingly, 5-HThdh gene expression level was increased. Currently, there is no concrete evidence about the effect of thermal stress on the GSI of any invertebrate species other than Atlantic sea urchin. After exposure to a high temperature, percentages of gametes (eggs/sperm) in Atlantic sea urchin are decreased on day-7 (Johnstone et al., 2019). However, several experimental data on this issue have been published for different aquatic animals. For example, the GSI of mature male puffer fish is significantly decreased on day-7 after exposure to a high or low temperature (Shahjahan et al., 2017). The GSI of male blue gourami is reduced on day-9 after exposure to a low temperature (David and Degani, 2011). After exposure to a high temperature, the GSI of mature female red seabream is decreased on day-7 (Okuzawa and Gen, 2013). The GSI of mature female Atlantic salmon in a high-temperature condition is suppressed significantly (Pankhurst et al., 2011). These data indicate that like other aquatic animals, reproductive activities of abalone are also dependent on temperature and that under both low- and high-temperature stresses, the GSI of Pacific abalone is reduced significantly.

In the early breeding season, Hdh-GnRH, Hdh-GnRH-like peptide, Hdh-GnRH-R, APGWamide, and 5-HThdh genes in the CG did not show significant changes in the mRNA expression at low or HWT stress when each condition was compared to NWT. However, the expression levels of Hhd-GnRH, Hdh-GnRH-like peptide, and Hdh-GnRH-R genes were significantly different between low- and high-temperature stress conditions. In the PPG, Hhd-GnRH, Hdh-GnRH-R, and 5-HThdh but not Hdh-GnRH-like peptide and APGWamide showed an expression pattern similar to those observed in the CG. In the BG, only Hdh-GnRH gene showed significant differences on day-7 between low- and high-temperature groups of abalone.

In the peak breeding season, the expression of Hdh-GnRH-like peptide and Hdh-GnRH-R genes in CG showed significantly lower expression in both low- and high-temperature groups of abalone compared to NWT group with a synchronous decrease of GSI. The mRNA expression of Hdh-GnRH-like peptide was found significantly higher in CG than in other ganglion tissues (Supplementary Table 4). These results suggest that CG-synthesized Hdh-GnRH-like peptide might be involved in the reproductive process during the breeding season, and its expression could be downregulated in both low- and high-temperature stress. Previously, it has been reported that Hdh-GnRH-like peptide synthesized in CG might be involved in gonadal maturation and regulating the secretion of other reproductive hormones (Sharker et al., 2020a). In the PPG, Hdh-GnRH and Hdh-GnRH-R genes but not Hdh-GnRH-like peptide showed significantly lower expression in both low and HWT groups than those in the NWT group on day-7. Both Hdh-GnRH and Hdh-GnRH-R genes showed significantly higher expression in the PPG than in other ganglion tissues (Supplementary Tables 5,6). This result may suggest that these two genes that synthesized in PPG might be involved in the reproductive function, and both low- and high-temperature stresses can suppress their expression during the peak breeding season as well as gonadal maturation and GSI. Kim et al. (2017) reported that the Hdh-GnRH gene was synthesized from the PPG of Pacific abalone, and based on expression analysis, they have concluded that Hdh-GnRH synthesized in the PPG might be involved in reproductive activities. However, Sharker et al. (2020c) have isolated Hdh-GnRH-R gene from the PPG and suggested that PPG synthesizing Hdh-GnRH-R gene might be involved in the control of gonadal maturation and gametogenesis of Pacific abalone. In the BG, Hdh-GnRH-like peptide and Hdh-GnRH-R genes but not Hdh-GnRH showed no significant changes of expression in any temperature group of abalone. However, Hdh-GnRH gene showed significantly lower expression in both high- and low-temperature groups of abalone compared to that in the NWT group of abalone on day-7. This result may suggest that BG-synthesized Hdh-GnRH might also be involved in the gonadal developmental process, and both low- and high-temperature stress downregulated its mRNA expression in the BG. Kim et al. (2017) have reported that the expression of Hdh-GnRH gene that is synthesized in the BG and the PPG is tightly correlated with abalone reproductive activities.

Hdh-APGWamide gene expression showed no significant changes in the CG or BG in any temperature group of abalone in the peak breeding season. It showed significantly lower expression in the PPG on day-7 in HWT group of abalone compared to that in NWT group. A significantly higher expression of Hdh-APGWamide gene was observed in the PPG than in other ganglion tissues (Supplementary Table 7). This result suggests that Hdh-APGWamide that synthesized in the PPG might be involved in reproductive activities; however, HWT stress can suppress its expression. A previous study has concluded that APGWamide gene in Pacific abalone has a ganglion-specific expression, indicating that it may induce final maturation and spawning in both sexes (Kim et al., 2018). Interestingly, the expression of 5-HThdh gene was significantly higher in the high-temperature group of abalone in both the CG and PPG compared to those of the low- and normal-temperature groups of abalone. In the present experiment, the higher expression of 5-HThdh gene in the high-temperature group abalone is quite different from those of the other examined genes. In the LWT group of abalone, it showed significantly lower expression on day-7 in the PPG compared to the high-temperature group, but the changes were insignificant with NWT group. The 5-HThdh gene showed significantly higher expression in the PPG than those in the other ganglion tissues (Supplementary Table 8). These results may suggest that PPG-synthesized 5-HThdh gene might be involved in the regulation of reproduction. Furthermore, thermal stress can regulate the expression of 5-HThdh in Pacific abalone during the breeding season. Its expression in abalone is downregulated at low temperature but upregulated at high temperature. A similar result has been reported in two other molluskan species, blue and swan mussel. It has been shown that levels of serotonin (5-HT) in the CNS of Mytilus edulis and Anodonta cygnea are increased under high-temperature stress but decreased under cold-temperature stress (Stefano et al., 1978).

The mRNA expression levels of reproduction-associated genes were also examined in testis tissues. Genes encoding Hdh-GnRH, Hdh-GnRH-like peptide, Hdh-GnRH-R, Hdh-APGWamide, and 5-HThdh showed significantly higher expression during the early breeding season in the high-temperature group of abalone compared to those in the LWT group of abalone on day-7. However, in the peak breeding season, both low- and high-temperature groups of abalone showed significantly lower mRNA expression levels of Hdh-GnRH-like peptide and Hdh-GnRH-R compared to those in the NWT group on day-7. On the other hand, Hdh-GnRH and Hdh-APGWamide genes showed significantly lower expression only in the high-temperature group of abalone compared to NWT group on day-7. Interestingly, 5-HThdh gene showed significantly higher expression compared to normal and LWT group on day-7. Previously, it has been demonstrated that expression levels of these genes are increased in testis tissue during the peak breeding season (Kim et al., 2017, 2018, 2019; Sharker et al.,2020a,b,c). However, such data for either high or LWT-stressed abalone have not been published yet.

Furthermore, expression levels of HSP70 were significantly increased in the testis of HWT group of abalone compared to those of the NWT group both on day-3 and day-7 during the peak breeding season. This may lead the decrease of GSI and gonadal development. A number of animal research have reported that expression levels of HSP70 increased in the testis after thermal stress and affect gonadal maturation and reproduction. For example, the expression of HSP70 was increased after heat exposure in American oyster that leads to decreased testicular functions (Nash and Rahman, 2019). After exposure to heat stress, Atlantic sea urchins exhibited decreased percentages of gametes (eggs/sperm) as well as increased HSP70 (Johnstone et al., 2019). Levels of ot-HSP70 mRNA significantly increased in the testis of heat-treated Octopus tankahkeei (Long et al., 2015). Levels of HSP70 increased highly in the rabbit testis after exposure to thermal stress (Pei et al., 2012); with the increase of heating time, the HSP70 expression was markedly elevated in the testis of adult rat, which led to a decrease in sperm concentration (Cao et al., 2009).

In the present study, it was observed that levels of testosterone in hemolymph were significantly decreased in the HWT group of abalone compared to those in the NWT. Hemolymph levels of testosterone in the low-temperature group of abalone were also decreased, but the changes were insignificant. Decrease of hemolymph testosterone indicated the reduction of reproductive performance or shift of reproduction/gonadal stages. Several previous studies have reported that thermal stress downregulated the levels of hemolymph or plasma testosterone levels in different aquatic animals, which ultimately affects the gonadal development and reproduction, such as pejerrey (Elisio et al., 2012), Atlantic salmon (Pankhurst et al., 2011), Senegalese sole (García-López et al., 2006), European sea bass (Rodríguez et al., 2005), and common wolffish (Tveiten and Johnsen, 2001). Besides the gonadal regulation and reproduction function, plasma levels of testosterone are considered an indicator of stress during stress conditions. Increased cortisol, decreased testosterone, and the ratio between cortisol and testosterone levels have been widely used as endocrinological indicators of stress in animal studies (Henry, 1992; Von Holst, 1998; Choi et al., 2012). Several studies have reported that levels of plasma testosterone are reduced significantly under physical or environmental stress in various aquatic animals, such as mud snail (Gooding et al., 2003), mature sockeye salmon (Kubokawa et al., 1999), mature male brown trout (Pickering et al., 1987), and staghorn damselfish and spiny chromis damselfish (Demairé et al., 2020). In the present experiment, significantly lower levels of hemolymph testosterone in the high-temperature group of abalone may be indicating that a high-temperature condition might cause stress for Pacific abalone. Also, the significant increase of HSP70 during high-temperature stress coincides with the lower levels of testosterone. It is evident that HSP70 significantly increased in the testis of heat-treated mice along with a decrease in serum testosterone levels (Das et al., 2020).

In conclusion, both high- and low-temperature stress conditions showed significantly decreased mRNA expression levels of Hdh-GnRH, Hdh-GnRH-like peptide, Hdh-GnRH-R, and Hdh-APGWamide in the peak breeding season on day-7. However, 5-HThdh showed interestingly significantly increased expression in the high-temperature condition. Furthermore, HSP70 showed significantly higher expression in testis tissues in the peak breeding season on day-3 and day-7. Levels of hemolymph testosterone were significantly decreased under high-temperature stress, although their changes were insignificant under low-temperature stress. Altogether, these results indicate that thermal stress has an inhibitory effect on gonadal development and reproduction in male Pacific abalone by regulating the expression of Hdh-GnRH, Hdh-GnRH-like peptide, Hdh-GnRH-R, Hdh-APGWamide, 5-HThdh, and HSP70 in the CNS and testis tissues. These changes may occur due to physiological responses to thermal stress. Thus, downregulated expression of neuroendocrine genes in a high temperature might be an indicator for the termination of reproduction to the CNS at the end of the breeding season in Pacific abalone. These data could be useful for broodstock maintenance in abalone hatcheries.
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Supplementary Figure 5 | Changes in relative mRNA expression of APGWamide (A,C) and 5-HThdh (B,D) in branchial ganglion (BG) of male Pacific abalone during early and peak breeding seasons after exposure to thermal stress for 7 days. Before exposure to the target temperature of thermal stress, abalone were sampled to obtained reference values which served as initial control (IC). Values represent the mean ± SD (n = 10). Different letters on the bar indicate significant differences among different temperature groups (p < 0.05).

Supplementary Table 1 | Mean sea water temperature of the sampling site of last week from March to June of 2020. Average temperature was calculated with the temperature of last 7 days of each month. Values represent the mean ± SD. Last week’s average temperature was shown as abalone samples were collected in the last week of May and June. Raw data were taken from real-time environment fishery information system overview of National Institute of Fisheries Sciences (NIFS), Korea (http://www.nifs.go.kr/risa/risaInfo.risa).

Supplementary Table 2 | Mean values of water quality parameter of rearing tanks during 1st and 2nd experimental period. Values represent the mean ± SD.

Supplementary Table 3 | Average shell length, shell height, and body weight of abalone used in the present study. Values represent the mean ± SD (n = 10).

Supplementary Table 4 | Changes in relative mRNA expression of Hdh-GnRH-like peptide in different ganglia of central nervous system and testis tissue of Pacific abalone exposed to different temperature for 3 and 7 days during early (experiment 1) and peak (experiment 2) breeding season. Values represent the mean ± SD (n = 3). Different letters in superscript indicates a significant difference among different temperature group (p < 0.05).

Supplementary Table 5 | Changes in relative mRNA expression of Hdh-GnRH gene in different ganglia of central nervous system and testis tissue of Pacific abalone exposed to different temperature for 3 and 7 days during early (experiment 1) and peak (experiment 2) breeding season. Values represent the mean ± SD (n = 3). Different letters in superscript indicates a significant difference among different temperature group (p < 0.05).

Supplementary Table 6 | Changes in relative mRNA expression of Hdh-GnRH-R gene in different ganglia of central nervous system and testis tissue of Pacific abalone exposed to different temperature for 3 and 7 days during early (experiment 1) and peak (experiment 2) breeding season. Values represent the mean ± SD (n = 3). Different letters in superscript indicates a significant difference among different temperature group (p < 0.05).

Supplementary Table 7 | Changes in relative mRNA expression of APGWamide gene in different ganglia of central nervous system and testis tissue of Pacific abalone exposed to different temperature for 3 and 7 days during early (experiment 1) and peak (experiment 2) breeding season. Values represent the mean ± SD (n = 3). Different letters in superscript indicates a significant difference among different temperature group (p < 0.05).

Supplementary Table 8 | Changes in relative mRNA expression of 5-HThdh gene in different ganglia of central nervous system and testis tissue of Pacific abalone exposed to different temperature for 3 and 7 days during early (experiment 1) and peak (experiment 2) breeding season. Values represent the mean ± SD (n = 3). Different letters in superscript indicates a significant difference among different temperature group (p < 0.05).
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Mitogen-activated protein kinase (MAPK) cascades are fundamental signal transduction modules in all eukaryotic organisms, participating growth and development, as well as stress response. In the present study, three MAPK genes were successfully identified from the genome of Chlamys farreri, respectively, named CfERK1/2, CfJNK, and Cfp38, and only one copy of ERK, JNK, and p38 were detected. Domain analysis indicated that CfMAPKs possessed the typical domains, including S_TKc, Pkinase, and PKc_like domain. Phylogenetic analysis showed that three CfMAPKs of MAPK subfamilies exists in the common ancestor of vertebrates and invertebrates. All CfMAPKs specifically expressed during larval development and in adult tissues, and the expression level of CfERK1/2 and Cfp38 was apparently higher than that of CfJNK. Under heat stress, the expression of CfERK1/2 and Cfp38 were significantly downregulated and then upregulated in four tissues, while the expression of CfJNK increased in all tissues; these different expression patterns suggested a different molecular mechanism of CfMAPKs for bivalves to adapt to temperature changes. The diversity of CfMAPKs and their specific expression patterns provide valuable information for better understanding of the functions of MAPK cascades in bivalves.
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INTRODUCTION

The Zhikong scallop, Chlamys farreri (Jones, 1904, also known as Chinese scallop), naturally distributes along the coasts of Northern China, Korea, Japan, and Eastern Russia, which usually live a semisessile lifestyle by attaching itself to rocks and other hard surfaces with byssal threads (Shumway and Parsons, 2016). C. farreri is one of commercially important scallops for aquaculture in China (Guo and Luo, 2016). The production of scallops in China showed a declining tendency for the last few years, which was 2.01 million tons in 2017, 1.92 million tons in 2018, and 1.83 million tons in 2019 (China Fishery Statistical Yearbook 2019 and 2020). In recent years, extreme weather especially high temperatures happened frequently worldwide, which threatened the survival of almost all marine organisms. Stress caused by sudden changes in temperature or chronic heat stimuli above optimum conditions can interrupt cellular homeostasis and result in serious deficiency in development and growth and even large-scale death in bivalves, including scallop, mussel, and oyster (Liu et al., 2004; Xiao et al., 2005; Hornstein et al., 2018; Rahman et al., 2019; Zhang et al., 2020).

High temperature affects the physiological and biochemical responses of marine organisms, which are driven by the regulation of gene expression (Hornstein et al., 2018; Rahman et al., 2019; Zhang et al., 2020). Stress-activated protein kinases have been proven to play significant roles in the thermal response of marine organisms (Anestis et al., 2008; Tomanek and Zuzow, 2010; Dong et al., 2011; Yao and Somero, 2012). Mitogen-activated protein kinases (MAPKs) are protein Ser/Thr kinases that transmit extracellular signals and cause many intracellular reactions (Cargnello and Roux, 2011). This process is realized by the cascade reaction of conservative MAPK, mitogen-activated protein kinase (MAPKK), and mitogen-activated protein kinase (MAPKKK). The MAPK mainly has three subfamilies, including extracellular signal regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), and p38 (Johnson and Lapadat, 2002). The classification of subfamily is based on the Thr-X-Tyr sequence of the tripeptide motif: ERK is Thr-Glu-Tyr, JNK is Thr-Pro-Tyr, and p38 is Thr-Gly-Tyr. The numbers of gene copy in different subfamilies are different among species. In vertebrates, ERK subfamily includes ERK1 and ERK2 (Boulton et al., 1990, 1991); JNK subfamily includes JNK1, JNK2, and JNK3 (Kyriakis et al., 1994); and p38 subfamily includes p38α, p38β, p38γ, and p38δ (Cuadrado and Nebreda, 2010). There are also some atypical subfamilies, such as ERK3/4 and ERK7/8, whose activation process is not a typical three-level cascade reaction (Lau and Xu, 2019). The MAPK signaling pathway is highly conservative in evolution and closely related to a variety of signal transmission and feedback (Yang et al., 2010). Many studies have found that MAPK played important roles in controlling the response of cells to the environment, extensively participating in various physiological processes such as cell growth, cell differentiation, proliferation, and apoptosis (Johnson and Lapadat, 2002; Morrison, 2012).

Extracellular signal regulated kinase signaling pathway is the first discovered MAPK signaling pathway including ERK1/2 and ERK5. ERK pathway is essential in the regulation of cell proliferation and differentiation in all organisms (Jing and Anning, 2005). In starfish (Asterina miniata) and sea urchin (Strongylocentrotus purpuratus), ERK pathway can regulate the meiotic process of oocytes (Carroll et al., 2000). In Chaetopleura, Tectura, and Lymnaea, ERK pathway has been proven to participate in the cell division of blastomere (Lambert and Nagy, 2003). In the study of Ciona intestinalis, ERK pathway can induce the formation of ascidian notochord precursor (Picco et al., 2007), embryonic nerve, and brain (Akanuma and Nishida, 2004). Besides, many studies showed that ERK pathway also participate in the immune response of organism. For example, ERK was found to be a downstream target of immune signal transmission in the hemocytes of gastropod snail (Lymnaea stagnalis), which played a crucial role in the Molluscan innate defense response (Lacchini et al., 2006). The JNK signal pathway is another signaling pathway whose activation site is located in the amino-terminal active region (Weston and Davis, 2007). JNK is also called stress-activated protein kinase (SAPK), and its upstream kinases mitogen-activated protein kinase 4 (MEK4) and mitogen-activated protein kinase 7 (MEK7) are key nodes in the JNK signal pathway (Dhanasekaran and Reddy, 2008). The different functions of JNK1/2/3 mainly depend on the specific site of their binding to the substrate (Ye et al., 2009). The currently known substrates of JNK are Ets-like protein 1 (Elk-1), activating transcription factor 2 (ATF-2), and c-Jun. p38 also belongs to SAPK, which can be activated by many stress conditions and mediates various stress responses (Johnson and Lapadat, 2002). Stresses such as high temperature, hypoxia, and hypertonicity can activate JNK and p38 pathways of M. edulis (Gaitanaki et al., 2004). In Drosophila hemocytes, JNK signaling pathway mediated the immune response to endotoxin through a rapid activation of JNK during a bacterial lipopolysaccharide (LPS) infection (Sluss et al., 1996). In red swamp crayfish (Procambarus clarkii), the expression of p38 gene regulated the distribution and accumulation of cadmium (Cd) in different tissues under Cd-stressed condition (Shui et al., 2020).

All above studies emphasize the important functions of MAPK signaling pathway in environmental response, cell proliferation and differentiation, etc. However, the knowledge regarding MAPK in invertebrate responding to environmental stress is still unclear, and further researches are necessary. In the present study, we carried out the systematic identification of MAPK in the genome of C. farreri and phylogenetic analysis and examined their expression profiles during larval development stages, in adult tissues, and under heat stress. The results will contribute to better understand the function of MAPK and provide valuable information for elucidating environmental adaptation of bivalves.



MATERIALS AND METHODS


Genome-Wide Identification and Sequence Analysis of MAPK Genes in C. farreri

The whole-genome of C. farreri (PRJAN185456) (Li et al., 2017) were used to search with the typical MAPK protein sequences of other species, including ERK (Caenorhabditis elegans, Patinopecten yessoensis, Crassostrea gigas, Crassostrea virginica, and Ciona intestinalis), JNK (Apostichopus japonicas, Danio rerio, Xenopus tropicalis, and Gallus gallus), and p38 (Mus musculus and Homo sapiens), retrieved from the National Center for Biotechnology Information (NCBI)1, Wormbase2, and Flybase3 (Supplementary Table 1). The open reading frame (ORF) finder was used to predict their gene structure4. The amino acid sequences were verified by BLASTP against the NCBI non-redundant protein sequence database. The conserved domains were predicted by SMART5. The putative isoelectric point (PI) and molecular weight were predicted by ExPASy-Prot6. The secondary structures was predicted by software Geneious 4.8.47.



Phylogenetic Analysis

Multiple protein sequences alignments were performed on identified MAPK protein sequences from C. farreri and other selected organisms using the ClustalW28. The phylogenetic tree was constructed utilizing software MEGA-X with the neighbor-joining (NJ) method (Kumar et al., 2016). Bootstrapping with 5,000 replications was used to evaluate the phylogenetic tree.



Spatiotemporal Expression of MAPK Genes in C. farreri

The expression profiles of CfMAPKs were analyzed using RNA-seq datasets (SRX2444844-SRX2444876 and SRX2510167-SRX2510176) of C. farreri (Li et al., 2017). The expression level was described by transcripts per kilobase per million mapped reads (TPM). The TPM values from the RNA-seq datasets, including different developmental stages (zygote, multicell, blastula, gastrula, trochophore, D-shaped larvae, early umbo, middle umbo, post umbo, eyespots larvae, and juvenile) and adult tissues (adductor muscle, smooth muscle, foot, mantle, eye, gill, hemolymph, digestive gland, kidney, female gonad, male gonad, cerebral ganglia, and visceral ganglia) were Log2 transformed and subsequently used to perform a visualization of expression analysis with heat map by software TBtools (Chen et al., 2020).



Expression Analysis of CfMAPKs Under Heat Stress

The transcriptome databases of C. farreri in response to heat stress were independently constructed by our laboratory (unpublished data). In simple terms, 27°C was used as thermal stimulus condition, which is close to the maximum temperature at sea area of scallop distribution, and 20°C was used as control temperature. Transcriptome databases at eight time points (3, 6, 12, and 24 h, 3, 6, 15, and 30 days) in four tissues (three individual replications were set), including mantle, gill, heart and hemolymph, were used to reveal the expression levels of CfMAPKs under heat stress. Statistical analyses were conducted with one-way analysis of variance followed by post hoc comparison of means bases Tukey honestly significant difference (HSD) with software IBM SPSS Statistics 20; significant level was set at p < 0.05.



RESULTS


Gene Identification and Sequence Analysis

Three CfMAPKs were identified from the transcriptome and genome of C. farreri, which showed high sequence similarity with ERK, JNK, and p38 of species from invertebrate to vertebrate. Three genes were named separately as CfERK1/2, CfJNK, and Cfp38. As shown in Table 1, the length of CfERK, CfJNK, and Cfp38 was 1,962, 2,075, and 630 bp, encoding 363, 408, and 209 amino acids, respectively. CfERK1/2 and CfJNK were composed of 11 exons and 10 introns; Cfp38 was composed of 8 exons and 7 introns (Figure 1). Some introns of CfERK are extremely long, such as the last three introns that were longer than 10 kb (11,279, 11,104, and 21,079 bp). The length of some exons was similar among the three CfMAPKs. For example, the length of second exons was similar 124, 127, and 114 bp, respectively. More strikingly, the exon 6 in CfERK and exon 7 in CfJNK were the same in length (71 bp). Both exon 4 of CfJNK and exon 6 of Cfp38 were of the same length. The conserved domain (S_TKc) in all CfMAPKs was predicted by SMART (Figure 2). The secondary structure showed that all three CfMAPK genes have four structures including α helix, β sheet, random coil, and turn. However, the number of different structures among members was pretty different (Table 1 and Figure 2).


TABLE 1. Characteristics of the MAPK genes in C. farreri.
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FIGURE 1. Gene structure of CfMAPKs. The blue boxes indicate the exons, and the polylines indicate the introns. The numbers in the boxes indicate the length of exon; the numbers under the line indicate the length of intron.
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FIGURE 2. The conserved domain (left) and secondary structure (right) of (A) CfERK1/2, (B) CfJNK, and (C) Cfp38. The pink cylinders stand for alpha helixes, the orange straight arrows stand for beta strands, the gray wavy lines stand for coil, and the blue curved arrows stand for turns.


Based on multiple sequences alignment of the MAPK amino acid sequences among C. farreri and other species including H. sapiens, D. rerio, and P. yessoensis, the dual phosphorylation T-X-Y motif located and some functional sites, such as HRDLK-XX-N, DFG, and APE motif, were identified, which were similar to the MAPK proteins reported in other species (Figure 3). In addition to the conserved structures shared by most MAPKs, three specific signature sequences were identified in CfERK (marked with green box), and two specific signature sequences were identified in CfJNK (marked with yellow box) and Cfp38 (marked with orange box), respectively.
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FIGURE 3. Alignment of the amino acid sequences of CfMAPK with other MAPKs. The blue box indicates the HRDLK-XX-N motif; the black and the purple boxes indicate the DFG and APE motif, respectively; the red box indicates the phosphorylation T-X-Y motif; and the green, yellow, and orange boxes indicate the conserved signature sequences of ERK, JNK, and p38, respectively.




Phylogenetic Analysis

A NJ phylogenetic tree was constructed using the amino acid sequence of CfMAPKs and MAPK members of other species (Figure 4). As a whole, the phylogenetic tree was classified into three subfamilies, comprising p38, JNK, and ERK, which indicated that ERK, JNK, and p38 were more conserved between homologs of other species than other subfamilies. The three CfMAPKs, respectively, located within one clade and first clustered with MAPKs of other bivalves including P. yessoensis, C. gigas, and C. virginica.
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FIGURE 4. Phylogenetic tree of CfERK, CfJNK, and Cfp38 with other MAPKs. The blue branches are ERK, the green branches are JNK, and the red branches are p38. The colors of the outermost rings represent different phyla, blue represents Nematoda, red represents Mollusca, orange represents Echinodermata, green represents Notochord, and crimson represents Arthropoda. The numbers under the tree branches indicate the bootstrap values from 5,000 replicates.




Spatiotemporal Expression of CfMAPKs

RNA-seq datasets for different developmental periods and adult tissues of C. farreri were analyzed to detect the expression patterns of MAPK genes. During developmental process, CfERK1/2 and Cfp38 showed high expression level, but CfJNK showed a low expression level (Figure 5A). Specifically, expression of CfERK1/2 gradually increased from gastrula and maintained a high expression level from D-shaped larvae to juvenile. The Cfp38 was the highest expression member among CfMAPKs and remained continuously express high level during developmental stages, especially blastula, gastrula, trochophore, eyespots larva, and juvenile. In all tested tissues, the expressions of CfERK and Cfp38 were ubiquitous, whereas CfJNK was barely expressed (Figure 5B), which showed similar expression pattern with developmental stages. Specifically, CfERK showed the highest expression in the visceral ganglia, followed by cerebral ganglia, hemolymph, and eye. Cfp38 expressed highest in the kidney, followed by hemolymph and smooth muscle.
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FIGURE 5. Expression analysis of CfERK1/2, CfJNK, and Cfp38 during (A) different developmental stages and (B) in adult tissues of C. farreri based on the log2TPM.




Expression Profiles of CfMAPKs in Response to Heat Stress

To examine the expression patterns of CfMAPK in response to environmental stresses, RNA-seq datasets from C. farreri under heat stress were analyzed. In general, the expression of CfMAPK changed apparently and responded frequently in mantle, gill, heart, and hemolymph. Specifically, CfERK1/2 and Cfp38 showed general downregulated trends, whereas CfJNK upregulated at some time points in the mantle, gill, heart, and hemolymph under heat stress (Figure 6). Comparing to control, CfERK1/2 declined significantly at 3, 6 h, and 3 days; Cfp38 declined significantly at 6, 12 h, and 3, 15 days, while CfJNK increased markedly at 3 h in mantle (p < 0.05). Except for CfJNK (only increased significantly at 15 days), the expression pattern of CfERK1/2 and Cfp38 in the hemolymph was similar with that in the mantle, just with different time points of significant change. Besides, a down–up–down expression pattern CfERK1/2 and Cfp38 was found in gill, while CfJNK increased significantly at 6 days. Comparing to other three tissues, the expression of CfERK1/2 and Cfp38 was not significantly changed in the heart, while CfJNK increased significantly at 3 h, 15, and 30 days. Overall, the expression of CfERK1/2 and Cfp38 showed a downregulated tendency, while CfJNK was upregulated at some time points under heat stress. Moreover, CfERK1/2 and Cfp38 had more significant changes than CfJNK, which indicated a different function of CfMAPKs in response to heat stress.
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FIGURE 6. Expression of CfERK1/2, CfJNK, and Cfp38 in (A) mantle, (B) gills, (C) heart, and (D) hemolymph of C. farreri under heat stress at different time points based on the TPM value. The vertical bars represent the mean ± SD (N = 3). The expression of CfMAPKs at 0 h was used as the control. Values marked with asterisks indicate significant differences from the control expression (*p < 0.05; **p < 0.01).




DISCUSSION

Mitogen-activated protein kinase signaling pathway is one of the ancient and evolutionarily conservative signaling pathways from yeast to human, which is involved in a vast array of physiological processes such as growth and development, stress response, and apoptosis (Johnson and Lapadat, 2002; Jing and Anning, 2005; Cargnello and Roux, 2011; Morrison, 2012). Until now, the features and functions of MAPK have been widely reported in vertebrate species, especially in mammals, while limited studies have been carried out in Mollusca. In the present study, based on the whole genome sequences and transcriptome databases of C. farreri, we systematically conducted the identification and evolution analysis of CfMAPK and examined their expression profiles during larval development stages, in adult tissues, and under heat stress.

In vertebrates, such as M. musculus and H. sapiens, there are four MAPK signal cascades including ERK1/2, JNK, p38, and ERK5 signaling pathway (Cargnello and Roux, 2011). At the same time, the genes of these pathways generally have multiple copies, such as two homologous ERK isoforms (ERK1 and ERK2), three JNK isoforms (JNK1, JNK1 and JNK3), and four p38 isoforms (p38α, p38β, p38γ, and p38δ) (Boulton et al., 1990, 1991; Kyriakis et al., 1994; Cuadrado and Nebreda, 2010). In the present study, three MAPK genes including CfERK1/2, CfJNK, and Cfp38 were successfully identified in the genome of C. farreri, but ERK5 gene is absent. In addition, only one copy of ERK, JNK, and p38 was detected in C. farreri genome. Moreover, all CfMAPK genes were conserved with other species in the same subfamily. The similar genes number and copy pattern of MAPKs were also reported in other invertebrates, such as C. elegans (Galbadage et al., 2016), P. yessoensis (Sun et al., 2016), and C. gigas (Qu et al., 2016, 2017). Thus, it is likely that only one copy for each of three MAPK subfamilies exists in the common ancestor of vertebrates and invertebrates, and multiple homologous isoforms of MAPK genes in vertebrates originated from the result of ancestral gene expansion during the evolution process.

During the developmental stages from zygote to juvenile scallop, CfERK1/2 and Cfp38 expressed apparently higher than CfJNK, which indicated that CfERK1/2 and Cfp38 may be more involved in the regulation of growth and development in C. farreri. CfERK maintained a relatively high level from D-shaped larvae to juvenile stages, indicating that it may be involved in the organ development and metamorphic process of C. farreri larvae, such as the disappearance of the velizer, the development of the gills and foot, and the formation of the secondary shell. In previous researches, the expression of ERK was essential for the tail degeneration of C. intestinalis (Chambon et al., 2002). During zebrafish embryonic development, ERK was activated by fibroblast growth factor (FGF), and it could regulate the development and formation of organs, including eye, somites, and limbs (Wong et al., 2019). In addition, in the study of Schistosoma mansoni, Ressurreição et al. (2011) reported that p38 of embryo significantly increased 3.7-fold after 28 h larval culture, and activated p38 was associated with regions of the tegument, neural mass, and germinal cells. In our study, similar expression pattern of p38 was observed in the development of C. farreri, and the expression of Cfp38 was mainly higher in blastula, gastrula, and trochophore than other stages, suggesting that p38 may be involved in blastocyst formation and layer differentiation of bivalve. These expression patterns revealed diverse regulation of CfMAPKs during developmental stages, which may suggest their fundamental role in larval growth and development of bivalve.

Many studies have found that MAPK played important roles in various physiological processes (Johnson and Lapadat, 2002; Jing and Anning, 2005; Cargnello and Roux, 2011; Morrison, 2012). In our study, CfMAPKs were ubiquitously expressed in all the investigated tissues, and the expression levels of CfERK and Cfp38 were higher than that of CfJNK, which indicated that CfERK and Cfp38 could play an important role in the biological processes of C. farreri. In previous studies, Napoli et al. (2012) reported that ERK signaling could orchestrate nerve repair in Schwann cells of mice after suffering from damage of the peripheral nerves. Ciccarelli and Giustetto (2014) found that ERK governed the transmission of neuronal intracellular signaling between pre- and postsynaptic targets related to regulators of gene expression such as transcription factors and histone proteins to control transcription. These studies demonstrated that ERK may be involved in the nerve function and signal transmission. In our study, CfERK was specifically highly expressed in the ganglia, which suggested its potentially regulated role in the nerve function of bivalves. Previous researches have shown that MAPK signaling play an important role in regulating the innate immunity. In Nile tilapia (Oreochromis niloticus), ERK signaling regulates proliferation of primordial T cells to participate in adaptive immune response during bacterial infection (Wei et al., 2020). In the clam (Meretrix petechialis), Zhang et al. (2019) reported that p38 participated in clam immunity by activating microphthalmia-associated transcription factor (MITF) to regulate the expression of the immune-related gene phenoloxidase (PO). In P. yessoensis, the expression of ERK and JNK significantly upregulated after infection with bacteria, revealing the involvement of ERK and JNK in defense against bacterial infection (Sun et al., 2016). In our study, CfERK and Cfp38 was highly expressed in hemolymph, known to have an important role in the immune system. In addition, Tian et al. (2020) reported that MAPKs mediated the immune defense ability of C. farreri hemocytes after Benzo[a]pyrene exposure. Hence, high expression of ERK and p38 may be related to the immune function of the bivalve. In addition, Cfp38 was significantly expressed in the kidney. For filter-feeding bivalve, the kidney has not only the function of secretion and excretion but also the function of storage, such as the accumulation of heavy metal ion in M. galloprovincialis and the accumulation of potent neurotoxins in C. farreri (Wilbur and Yonge, 2013; Li et al., 2017; Wakashin et al., 2018). Thus, high expression of Cfp38 in the kidney may better protect bivalve from accumulation of toxins by modulating the defense mechanisms, which revealed a molecular adaptation to lifestyle.

To provide insight into the function of CfMAPKs in response to environmental stress, the expression of CfMAPKs was, respectively, examined in four adult tissues after exposure to heat stress. Temperature is an important environmental factor affecting the physiological and biochemical responses of organisms, and stress caused by sudden changes in temperature interrupts cellular homeostasis, metabolism, and growth (Liu et al., 2004; Hornstein et al., 2018; Rahman et al., 2019; Zhang et al., 2020). Previous studies have shown that the level of MAPK pathway could be induced by cold and heat stress in the gill tissue, mantle tissue, and hemocytes of mussels (Anestis et al., 2008; Yao and Somero, 2012; Wang et al., 2018). In Takifugu fasciatus, the MAPK pathways on muscles were also activated under cold stress, including ERK, JNK, and p38, and it could regulate lipid metabolism in response to cold stress (Chu et al., 2021). In the study of chicken fibroblast cells, MAPK pathway genes (ERK, JNK, and p38) were downregulated under heat stress condition, and then, curcumin has the ability to ease the oxidative damage through activating the MAPK signaling pathway (Wu et al., 2019). In general, the expression of CfERK1/2 and Cfp38 significantly downregulated and then upregulated in four tissues under heat stress. These results indicated that the heat stress significantly affected the MAPK signaling pathway, which was involved in various tissues of C. farreri. In terms of time of thermal stimulation, the expression of CfMAPK was inhibited in the short term but gradually recovered in the long term. This unique expression pattern of MAPKs suggested a molecular mechanism for ectotherms such as bivalve to adapt to temperature changes. In addition, we also found a special phenomenon that the expression of CfJNK in all tissues could be increased within 3 h, which may be an acute stress mechanism of bivalve, and this was the first report in aquatic animals.

In summary, three MAPKs, including CfERK, CfJNK, and Cfp38, were successfully identified from the genome of C. farreri, and only one copy of ERK, JNK, and p38 was detected, respectively. During larval developmental stages and in adult tissues, CfERK1/2 and Cfp38 expressed apparently higher than CfJNK, which indicated that CfERK1/2 and Cfp38 may be more involved in the regulation of growth, development, and physiological processes in C. farreri. Under heat stress, the expression of CfERK1/2 and Cfp38 were significantly downregulated and then upregulated in four tissues, while the expression of CfJNK increased in all tissues; these different expression pattern suggested a different molecular mechanism of CfMAPKs for bivalve to adapt to temperature changes. The findings of this study provide insight into understanding the diverse functions of CfMAPKs and elucidating MAPK evolution in invertebrates. Further investigation on the functions of CfMAPKs will provide a more detailed explanation about the molecular adaptation mechanisms of bivalve under environmental stress.
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Microplastic pollution is of public concern for global environmental health, aquaculture, and fisheries. Toxicity studies have shown that microplastic ingestion may cause intestinal damage, microbiota dysbiosis, and disturb the lipid and energy metabolism in fish. To determine the impact of environmentally relevant, chronic, low dose microplastic fibers on fish health, medaka larvae, and juveniles were exposed to five concentrations of polyethylene (PE) fibers for 21 days through the feed. Fish growth and condition were assessed to determine the overall impact on fish health. To identify impaired energy intake, the gastrointestinal tract (GIT) integrity was evaluated at the molecular and cellular levels. Microbiota analysis was performed by comparing the top seven most abundant phyla present in both larval and juvenile fish exposed to 0, 1.5, and 3 PE fibers/fish/day. A shift in the phyla Proteobacteria and Bacteroidetes were observed. Larval samples demonstrated decreased proteobacteria abundance, while juvenile samples displayed an increase in abundance. Relative gene expression of key digestive genes from GIT tissue was quantified using real time-quantitative polymerase chain reaction. An effect on digestive gene expression potentially affecting nutrient absorption and antioxidant production was indicated via a significant decrease of solute carrier family 6 member 6 expression in larvae exposed to 6 fibers/fish/day. No significant molecular changes were observed in juvenile GIT tissue, although a non-monotonous dose-response was observed. GIT morphology was analyzed using histomorphological observations of the GIT mucus and cell types. No significant impairment of the GIT epithelial layers was observed in larvae or juveniles. To assess growth and condition, Fulton’s condition factor was measured. No differences were observed in larval or juvenile growth. Comparisons of different developmental stages allowed for identifying vulnerable developmental stages for microplastic exposure; larvae were more susceptible to molecular changes, while shifts in juvenile microbial communities were similar to changes reported post-polystyrene microplastic sphere exposure. This study is one of the first to provide toxicological data on the risk of PE fiber ingestion during fish development stages. Results indicate no imminent threat to fish condition at current measured environmental levels of microplastics; however, close monitoring of vital spawning grounds for commercially important fishes is recommended.

Keywords: microplastic, pollution, fish, toxicology, fiber, development


INTRODUCTION

Awareness of widespread plastic pollution in marine, freshwater, and terrestrial ecosystems is a worldwide environmental issue. Over 220 wild species have been found to consume microplastics (Cole et al., 2011; Lusher et al., 2017). Microplastics (plastics particles < 5 mm) are the most numerous form of marine debris found in the environment, with fibers and fragments being the most abundant shapes of ingested microplastics (de Sa et al., 2018). Fibers are mainly sourced from the degradation of macroplastics and textile fiber shedding from domestic washing with polyethylene (PE) being the most common microplastic type found (Pirc et al., 2016; de Sa et al., 2018). The location of microplastics in the aquatic environment depends on their chemical composition and density, which directly affects the potential of marine organisms’ exposure to these contaminants.

Many different types of aquatic organisms, including teleost fish, mussels, and zooplankton, ingest microplastics inadvertently while feeding (Browne et al., 2008; Cole et al., 2013; Deudero and Alomar, 2015; Romeo et al., 2015; Granby et al., 2018). Ingestion of microplastic can harm the GIT mechanically and lead to injury and tissue structure alteration (Peda et al., 2016; Law, 2017). Various forms of physical damage in fish have been attributed to microplastic ingestion, such as intestinal lesions, dead tissue, and pro-inflammatory response (Ahrendt et al., 2020; Solomando et al., 2020; Zhang et al., 2020). Microplastic ingestion has also been observed to affect digestive function, immune response, and microbiota dysbiosis (Huang et al., 2020). Different polystyrene microplastic shapes caused intestinal damage and malfunction, specifically microbiota dysbiosis (Jin et al., 2018; Lu et al., 2018; Qiao et al., 2019; Feng et al., 2020). One recent study, sequencing the V3-V4 region of the 16S rRNA gene, revealed changes at the phylum level in colon microbiota of mice; both Proteobacteria and Actinobacteria abundances increased in the microplastic exposure groups (Lu et al., 2018). Microbiota communities can affect the interaction of the GIT and multiple body systems, e.g., brain, endocrine and immune system and modify feeding behavior, digestion, and metabolism (Butt and Volkoff, 2019). Identification of a shift in the microbiota community of exposed medaka will provide insight into effects on digestion and metabolism. Metagenomic sequencing of the V4 region of the 16S rRNA gene will provide information on the taxonomic composition of the microbiota within medaka GITs (Costa and Weese, 2018).

Moreover, significant changes on the molecular level indicative of oxidative stress and inflammation have been evidenced in aquatic organisms exposed to microplastics (Cole et al., 2011; Choi et al., 2018). Measuring changes in expression of key genes found in the GIT can identify the potential impacts PE fiber has on fish nutritional competence and overall GIT function. The digestive hormones glucagon-like peptide 1 (GLP) and peptide YY (PYY) is secreted by intestinal epithelial endocrine L-cells and regulate food intake (Rønnestad et al., 2013). GLP increases glucose availability through glycogenolysis (Holst, 2007; Polakof et al., 2012). PYY has been shown to decrease gastric and pancreatic secretions (Batterham and Bloom, 2003; Holzer et al., 2012; Polakof et al., 2012). Insulin (ISN), as the third hormone released by the pancreas, promotes critical nutrient uptake and stimulates energy reserves (Smith, 1980; Nelson and Sheridan, 2006). Trypsinogen (TRP), representing the proteolytic enzymes, is the enzyme trypsin’s precursor and is necessary for protein digestion (Nelson and Sheridan, 2006; Rønnestad et al., 2013). Upon release, TRP is activated in the fish’s GIT and becomes the digestive enzyme trypsin, which is vital for the digestion of proteins and has been found to have a positive relationship with growth (Smith, 1980; Rungruangsak-Torrissen et al., 2006). Like the taurine transporter solute carrier family 6 member 6 (slc6a6), nutrient membrane transporters are found in the plasma membrane throughout the GIT. Slc6a6 is required for amino acids and glucose uptake and plays a role in the Nrf2 pathway, which induces antioxidant production (Smith, 1980; Hybertson et al., 2011; Rønnestad et al., 2013). Deregulated expression of these genes can provide an insight into feeding, digestion, and nutrient uptake post microplastic exposure. Together, mechanical damage, microbiota community, and molecular assessments can give insight into the impact microplastics have on organism growth and overall health (Masura et al., 2015; Sussarellu et al., 2016; Beiras et al., 2018; Pannetier et al., 2020).

The majority of studies have focused on the impacts of polystyrene microplastic spheres on mature organisms using exposure concentrations 2–7 times higher than concentrations currently observed in the environment (Lenz et al., 2016). To further knowledge surrounding the impacts of microplastic environmental pollution, potentially susceptible developmental stages of fish inhabiting contaminated bays and estuaries should be assessed utilizing the more commonly found PE fibers.

Employing a chronic exposure scenario to PE fibers at concentrations similar to those found in previous research sampling both marine and freshwater environments, the potential impacts of PE fiber ingestion on microbiota composition, molecular gene expression, tissue integrity, and growth and condition are evaluated in larvae and juvenile Japanese Medaka fish (Oryzias latipes) in the present study (Lusher et al., 2013; Beer et al., 2018; de Sa et al., 2018). The GIT integrity, growth, and condition are critical indicators of fish health. Chronic exposure to environmentally relevant PE fiber concentrations is predicted to negatively affect growth and condition in a dose- and age-dependent manner. It is hypothesized that oral uptake of PE fibers targets the gastrointestinal tract (GIT). Ingestion of microplastics can disturb the GIT epithelial layer and increase inflammation in the GIT. Furthermore, we hypothesize that impacts will be life-stage dependent, and higher doses of PE fibers are expected to induce more drastic effects. Molecular deregulation of nutrient uptake pathways can increase GIT inflammation and change the GIT mucus layers affecting nutrient uptake, altering the fish’s energy budget, and potentially leading to reduced fish health.



MATERIALS AND METHODS


Exposure Experiment


Microplastic Fiber Preparation

Polyethylene fibers were chosen due to their commonality and abundance among microplastics found in wild specimens. A microplastic:fish size ratio of 1:4 was observed by Hajovsky and Geist (pers. communication) while assessing microplastic ingestion of juvenile fish in Corpus Christi Bay, Texas. Blue PE multifilament yarn was provided by Lumat (United States) (Supplementary Figure 1). The plastic material was received and analyzed using an FTIR-ATR (Thermo Fisher Scientific) and identified as an 86% match to PE low-density material (Figure 1). These PE fibers were observed to sink, but not to cluster, and thus, aeration was added to each tank to prevent sinking and allow fibers to be distributed within the water column during exposure. A microtome was used to cut the PE fibers into 100 μm increments (Cole et al., 2016). The PE multifilament yarn was folded and cut into approximately 9 mm long sections. The sections were then embedded in paraffin and cut into 100 μm sections. The paraffin film from the microplastic fibers was removed by overnight clearing (HistoChoice® clearing agent). Fibers were then washed and filtered using DI water onto a cellulose nitrate filter. Microplastic fibers were stored on the filter in a closed glass petri dish until later. To obtain 400 μm sections of the multifilament yarn, a paper cutter and ruler were used to cut microplastic into the appropriate length. The sections were then placed on the cellulose nitrate filter and stored in a closed glass petri dish until later use. The respective PE fiber lengths were chosen according to the 4:1 fish size/fiber length ratio reported in fish field samples from the Gulf of Mexico (Hajovsky, 2019).
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FIGURE 1. Fourier Transform Infrared - Attenuated Total Reflectance (FTIR-ATR) results (upper spectrum) for blue PE multifilament yarn from Lumat (United States) revealed an 86% match to standard polyethylene low density signal from the XYZ database (lower spectrum).




Model Organism

Japanese medaka, Oryzias latipes (OL) orange-red inbred strain established at TAMU-CC in 2018 were used as a model for this study (IACUC # 19-03). Larval and juvenile age groups were selected based on development stage and potential vulnerability to microplastic ingestion: 7 days post-hatching (dph) represents the period of mouth opening and beginning of feeding for medaka larvae, and 1-month post-hatching presents a critical period for organ maturation and body growth for medaka (Kinoshita et al., 2009). Larvae at 7 dph (total length (TL): 0.04 ± 0.02 cm) and 1-month old juveniles (28 dph; total length (TL): 0.16 ± 0.04 cm) were randomly allocated to 2 L tanks at a density of 50 individuals per tank (n = 5). Water quality was maintained via weekly water changes (100%). Tanks were maintained at a temperature range of 25 ± 1°C, 12-h photoperiod, dissolved oxygen at 6 mg/per liter, nitrates below 20 mg per liter, nitrites below 0.1 mg per liter, ammonia below 0.01 mg per liter, and pH range from 7.7 to 8.2. Tanks were provided aeration to keep microplastic fibers circulating in the water column and to prevent settling of PE fibers on the bottom of the tank. Tanks were covered to prevent potential cross-contamination of microplastic fibers. All animal experimental procedures have been approved by the institutional animal care and use committee #19-05.



Larval and Juvenile Exposure

Larval and juvenile OL were exposed to five concentrations of 100 μm (larvae) and 400 μm (juvenile) long PE fibers, respectively. The PE fibers were added to approximately 0.1 g of ground dry larval feed and stored in 0.2 ml sterile PCR tubes before the exposure experiment. The daily dose of PE fibers was administered to larvae through two feedings for a 21-day chronic exposure period. The environmentally relevant exposure concentrations were 0, 0.5, 1.5, 3, and 6 PE fibers per individual per day for both age groups, with 5 independent replicate tanks holding 50 individuals per replicate. Upon completing the experiment, individuals were sacrificed through hypothermic shock, weighed, measured, dissected for tissue samples, and preserved for subsequent analyses.



Microplastic Fiber Long-Term Retention

To assess retention of microplastic fibers in the GIT, 10 larvae and juvenile medaka per replicate (n = 5 pools of 10 individuals) were sacrificed 12 h after the last microplastic feeding via hypothermic shock and stored at -20°C until assessment. Fish were weighed, measured and the intestine was dissected out. PE fibers per individual GIT were counted with a stereomicroscope for each exposure concentration and the control.



Microbiota Assessment

The microbiota composition was analyzed to determine if microplastic consumption at these concentrations caused dysbiosis. GITs of both larvae (n = 5 pools of 1-2 individuals per concentration) and juveniles (n = 5 pools of 1-2 individuals per concentration) medaka were collected post exposure from the exposure groups dosed with 0, 1.5, and 3 PE fibers per fish per day. These concentrations (0, 1.5, and 3 fibers/fish/day) were chosen based on preliminary reproduction assessment data indicating these groups may be more at risk (DiBona, 2020). DNA was extracted from the samples using a QIAamp® PowerFecal® Pro DNA Kit from QIAGEN. The V4 region of the bacterial and archaeal 16S rRNA gene was amplified using 515f/806rB primer constructs (Walters et al., 2016). The constructs contained Illumina specific adapters followed by 12 bp Golay barcodes on each forward primer. PCR was performed in replicate reactions containing 12.5 μL Phusion Hot–Start Flex 2X MasterMix (New England Biolabs, Ipswich, MA, United States), 0.2 μM final concentration of forward and reverse primers, 2 μL template, and nuclease-free water to equal 25 μL. Mock microbial community DNA standards (Zymo Research, Irvine, CA, United States) and no template controls were prepared with each PCR replicate. Amplification conditions were 98°C for 30 s followed by 30 cycles of 10 s at 98°C, 30 s at 55°C, and 1 min at 72°C. Final extension occurred at 72°C for 5 min. 25 μL from each amplicon library was then cleaned and normalized using the SequalPrep Normalization Plate Kit (Applied Biosystems, Foster City, CA, United States), and equal volumes of each normalized library were pooled. The pooled library was quantified using a Qubit 3.0 fluorometer and dsDNA High Sensitivity Assay Kit (Life Technologies, Carlsbad, CA, United States). The molarity of the pooled library was calculated and was diluted to a loading concentration of 6 pM. The diluted, pooled library was sequenced on an Illumina MiSeq instrument using paired-end chemistry (2 × 250 bp) with the addition of a 10% PhiX Control Library (Illumina, San Diego, CA, United States) to increase sequence diversity at the Shedd Aquarium’s Molecular and Microbial Ecology Lab (Chicago, IL, United States).

Raw sequence reads were processed using a combination of QIIME2 and phyloseq (Caporaso et al., 2010; McMurdie and Holmes, 2013). Reads were demultiplexed and checked for quality using QIIME2. Due to low-quality scores, reverse reads were omitted from further processing and samples were processed as single-end reads using forward reads only. DADA2 was used to filter reads for quality, remove chimeric sequences, and generate amplicon sequence variants (ASVs) within QIIME2 using a trim length of 242 bp (Callahan et al., 2016). Taxonomy was assigned using a Naïve Bayes classifier trained on the SILVA 132 release 99% OTUs database, where sequences had been trimmed to include only the 250 bases from the V4 region bound by the 515F/806R primer pair (Quast et al., 2013). Reads that mapped to chloroplast and mitochondrial sequences were filtered from the sequence variants table using the “filter taxa” function, and a phylogenetic tree was then generated using the “q2-phylogeny” pipeline with default settings, which was used to calculate phylogeny-based diversity metrics. Data were then imported into phyloseq using the “import_biom,” and “import_qiime_sample_data” functions and merged into a phyloseq object (McMurdie and Holmes, 2013). Alpha diversity was measured using the number of observed ASVs, Shannon’s diversity, and Faith’s phylogenetic distance. Samples were then proportionally transformed to a normalized read count equal to the lowest per sample read depth (12,412). Beta diversity was analyzed using UniFrac distances calculated using the R packaged “GUniFrac” (Lozupone et al., 2011; Chen et al., 2012). These distances were ordinated and plotted using phyloseq. Further, the relative abundances of ASVs within each sample were calculated and plotted using phyloseq.



Digestive Gene Expression

Gastrointestinal tracts from larvae (n = 5 pools of 5 individuals per concentration) and juvenile (n = 5 pools of 5 individuals per concentration) medaka were isolated during dissection and stored at -80°C. mRNA was extracted from the tissue samples using 500 μl TRI-Reagent following the extraction protocol. Tissues were homogenized in 2 ml Precellys tubes with ceramic beads. Samples were incubated at room temperature (23°C) for 5 min. 50 μl of chloroform was added followed by gentle mixing. After incubation for 10 min at room temperature, the samples were centrifuged at 12,000∗g for 10 min at 4°C. The aqueous phase containing RNA was transferred into a new RNAse/DNAse-free 1.5 ml microcentrifuge tube and precipitated with 250 μl isopropanol, vortexed for 10 s, and incubated at room temperature for 10 min. Samples were then centrifuged at 12,000∗g for 8 min at 23°C. The supernatant was discarded, and the pellet was resuspended using 500 μl of 75% molecular grade ethanol. The samples were centrifuged at 7,500∗g for 5 min at 23°C. The supernatant was removed, and samples air dried to remove any remaining ethanol. Once dry, each sample pellet was resuspended using 50 μl of RNAse/DNAse free sterile water and stored at −80°C.

RNA quality and concentration were determined through gel electrophoresis and the BioSpectrometer (Eppendorf). Reverse transcription was performed to obtain cDNA for RT-qPCR using the Promega Reverse Transcriptase kit following the manufacturer’s instructions. Briefly, the RNA, oligo primers, random primers, and nuclease-free water were combined in a 0.2 ml PCR tube and incubated at 70°C for 5 min. Then, the reaction mix containing the reaction buffer, MgCl2, PCR nucleotide mix, reverse transcriptase, and water was prepared as a master reaction mix for all samples. The preincubated samples were removed from 70°C and placed on ice for 5 min. Next, 15 μl of the master reaction mix was added to each sample tube and the reverse transcription was performed (annealing: 25°C for 5 min, extension: 42°C for up to an hour, inactivation of the reverse transcriptase at 70°C for 15 min). The cDNA samples were stored at −20°C.

Real time quantitative polymerase chain reaction was performed with O. latipes digestive gene primers (TRP, ISN, GLP, PYY, and slc6a6) and three reference genes (18S, EF1a, and RPL7) (Supplementary Table 1) using a 1:2 dilution of template cDNA. Reference genes were selected based on previous research indicating 18S, EF1a, and RPL7 are suitable for normalization in RT-qPCR (Zhang and Hu, 2007; Kozera and Rapacz, 2013). Reference gene stability was verified using RefFinder (BestKeeper, DeltaCT, NormFinder, and Genorm) (Xie et al., 2012). Relative gene expression was performed using real time quantitative polymerase chain reaction in a 96-well plate with 10 μl of master mix and 2.5 μl of template per well for a total volume of 12.5 μl per well. The plate was sealed with a plastic membrane, centrifuged and then run in the qPCR machine (QuantStudio3) for 40 cycles (95°C for 5 min, 95°C for 25 s, 60°C for 20 s, 72°C for 30 s, 78–80°C for 15 s) followed by a meltcurve (95°C for 15 s, 60°C for 60 s).



Gastrointestinal Tract Histomorphometric Analyses

The histomorphology of the GIT epithelial layer will be assessed to obtain information on tissue integrity and inflammation post-PE fiber exposure. Larval and juvenile specimens were sacrificed via hypothermic shock and fixed in 4% formalin (5 individuals per replicate, n = 5 pools of 5 individuals). Whole fish were embedded in 1.5% Agarose gels, dehydrated and embedded in paraffin. Serial cuts of the GIT of the medaka were adhered to microscope slides and left to dry overnight. Slides were stained with either Hematoxylin and Eosin stain (H&E) or Alcian Blue and Periodic Acid Schiff stain (AB-PAS) using an automated slide stainer (Thermo Fisher Scientific) and subsequently mounted with a glass coverslip using. Pictures were taken with cellSens Standard software on an Olympus BX53 compound microscope at a magnification of 40X. Image J software (Fiji) was employed for all image analyses (Schindelin et al., 2012).

Leukocyte migration was assessed as an inflammation marker, affecting nutrient absorption (Smith, 1980). Inflammation was measured using H&E stain (Figure 2B). Sections from the hindgut of the fish were used for assessment; the hindgut was determined based on the presence of surrounding tissue such as gonadal tissue as well as the structure of the intestine (Mumford et al., 2007). Leukocytes counts were used to determine the degree of inflammation (Mumford et al., 2007). A score system of 0–4 was used to quantify the degree of inflammation (0 = no recruitment, 1 = minor recruitment (1–10 leukocytes), 2 = definite recruitment (11–20 leukocytes), 3 = significant inflammation (21–30 leukocytes), and 4 = severe inflammation (>31 leukocytes). An area from three sections of 5 individuals’ hindguts was assessed per concentration for a total of 15 sections per concentration. An area was defined to be 40 μm2, and areas were spaced by at least 20 μm to ensure no overlap. Assessed sections came from non-consecutive slides to ensure no duplicate counts or overlap.


[image: image]

FIGURE 2. Stained histological sections of control (0 fibers/fish/day) larval medaka hindgut. (A) AB-PAS stained hindgut. Red line indicates a measurement of microvilli length. Yellow line indicates a measurement of microvilli width. Yellow circle encompasses goblet cell. Orange arrow indicates microvilli; yellow arrow indicates gut lumen/gut contents; black arrow indicates gonadal tissue. (B) H&E stained hindgut. Red circle encompasses example area assessed for leukocyte migration/inflammation. Orange arrow indicates microvilli; yellow arrow indicates gut/lumen contents; black arrow indicates gonadal tissue.


AB-PAS staining allowed the assessment of mucus pH, goblet cell abundance and microvilli length and width (Figure 2A). GIT mucus is crucial for protecting epithelial cells and supporting digestion, and was assessed for pH, as pH fluctuations affect enzymatic activity (Hur et al., 2016; Sylvian et al., 2016). Mucus pH was measured using AB-PAS-stained slides as this stain allows for the differentiation of mucus layers and pH. Image J software (Fiji) was employed for the image analyses. Foregut sections were used for mucus assessment; foreguts were determined by the structure of the intestine as well as surrounding tissues. Assessed sections came from non-consecutive slides to ensure no duplicate counts or overlap. Mucus pH was determined based on a color scale using Image J software; images were converted to 8-bit grayscale and analyzed. On this gray scale 0 = pure black and 255 = pure white. An area of 40 μm2 from three sections of 5 individuals’ foreguts was assessed per concentration, for a total of 15 sections per concentration (n = 5 pools of 5 individuals).

Comparison of the mucus-producing goblet cell abundance allowed for assessment of PE fiber influences on mucus production and release (Smith, 1980; Hur et al., 2016). Goblet cell abundance was assessed using AB-PAS stained slides as this stain allows for the easy identification of goblet cells. Hindgut regions were used for goblet cell counts. Goblet cells were counted per microvilli. Microvilli were selected randomly from the slide and only considered if entire and intact. Three microvilli per section were assessed and then averaged to give a section count. Three sections per individual were assessed. Assessed sections came from non-consecutive slides to ensure no duplicate counts or overlap. Five individuals per concentration were assessed for a total of 15 sections per concentration (n = 5 pools of 5 individuals).

Microvilli length and width were assessed to determine if there is a variation in the overall surface area available for nutrient absorption (Smith, 1980). Microvilli length and width measurement were assessed using AB-PAS stained slides. Hindgut regions were used for microvilli length and width measurements. Microvilli length was taken perpendicular to the intestinal membrane. Microvilli widths were taken at the widest points of the microvilli. Microvilli were selected based on the microvilli selected for the goblet cell abundance measurement; microvilli counted for goblet cells were also measured for length and width. The same sections used for goblet cell abundance were used for microvilli length and width assessment. Three microvilli per section of individual were assessed and then averaged to give a section count. Three sections per individual were assessed. Five individuals per concentration were assessed for a total of 15 sections per concentration (n = 5 pools of 5 individuals).



Condition Assessment

The assessment of growth and condition provide insights on the nutritional status and the fish’s overall health. Fulton’s condition factor (K) was measured to assess fish fitness and condition (Froese, 2006). Factor equation, [image: image], where K is the coefficient of condition factor, W is the body weight of the fish, and L is the standard length of the fish (Fulton, 1904). This index is a non-invasive biomarker used for the overall assessment of fish health. Each individual was measured before dissection (n = 5 pools of 45 individuals per replicate). A fish’s condition indicates the overall energy of the fish available for growth, feeding, reproduction, and other activities. With molecular and histomorphological analysis, the assessment of growth and condition will provide evidence of microplastic ingestion effects on fish health.



Data Analysis

Unless otherwise specified, R Studio and R version 4.0.3 were used to analyze all data (R Core Team, 2020). Data are presented as means ± standard deviation. Data were tested for homogeneity of variances and normality using the Shapiro–Wilk’s method. All comparisons were made between the control group and the experimental groups. P-values < 0.05 were considered significant for all analysis. A one-way A nested analysis of variances (ANOVA) was used for analysis of RT-qPCR data (n = 5 replicates/pools of 5 individuals per concentration). If significant differences were present, a TukeyHSD post-hoc test was performed to identify significant differences. ANOVA was used for long-term retention assessment (n = 5 replicates/pools of 10 individuals per concentration), GIT histomorphometric analysis (n = 5 replicates/pools of 5 individuals per concentration), and fish condition assessment (n = 5 replicates/pools of 45 individuals per concentration). To identify differences of the GIT microbiota, pairwise Wilcoxon rank-sum tests were performed with a Benjamini and Hochberg correction (PW+BH) to control for false discovery rates during multiple comparisons (Benjamini and Hochberg, 1995). Pairwise permutational multivariate analysis of variance (PERMANOVA) using 9,999 permutations and a Benjamini and Hochberg correction (Benjamini and Hochberg, 1995) was used to test for significant differences in microbial community structure using the “vegan” (Oksanen et al., 2019) and “pairwiseAdonis” (Arbizu, 2017) packages. To ensure PERMANOVA results were not solely the result of unequal dispersion of variability between groups, permutational analyses of dispersion (PERMDISP) using 9,999 permutations were conducted for all PERMANOVA comparisons with the “vegan” package in R.



RESULTS


Microplastic Fiber Long-Term Retention

In comparison to a 1-h short-term exposure retention experiment (Supplementary Figures 2, 3), chronic PE fiber exposure resulted in an extended fiber retention time in the GIT for both larval and juvenile medaka. Larvae exposed to both 3 fibers/fish/day (p = 0.0168) and 6 fibers/fish/day (p = 0.0000) retained significantly more fibers in the GIT compared to the control group (Figure 3A). The data indicated a non-significant increase of microplastic fibers in the GITs for 1.5 fibers/fish/day and 3 fibers/fish/day exposed larvae. In the juvenile group, microplastic fiber retention was significantly increased in individuals exposed to 3 fibers/fish/day (p = 0.0249) and 6 fibers/fish/day (p = 0.0249) (Figure 3B) compared to the control.
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FIGURE 3. Long term retention of PE fibers in (A) larvae and (B) juveniles O. latipes after 21 days of exposure to control (0), 0.5, 1.5, 3, and 6 fibers/fish per day. Red stars indicate significant differences revealed by a nested ANOVA, ∗p < 0.05, n = 5.




Microbiota Analysis

Microbiota analysis was performed by comparing the top seven most abundant phyla present in both larval and juvenile fish exposed to 0, 1.5, and 3 PE fibers/fish/day. Although no statistically significant differences found on the phyla level in either larval (Figure 4A) or juvenile fish (Figure 4B), a shift of the phyla Proteobacteria and Bacteroidetes was observed. Upon PE fiber exposures, proteobacteria abundance was either decreased (larvae) or increased (juveniles), which could be attributed to a significant reduction of the Xanthobacteraceae family in the larvae (Figure 4C) and a significant increase of the Hyphomicrobium family in the order Rhizobiales in juvenile fish exposed to 3 PE fibers/fish/day (Figure 4D). Within the Bacteroidetes phyla, an increase, although not statistically significant, of the genus Flavobacterium may account for the PE fiber exposure-induced increase on the phyla level in larval fish, but not in juveniles (Figure 4E). It is noteworthy, that non-monotonous dose-response patterns were observed in the GIT microbiota composition of juvenile fish for the phyla Planctomycetes, Fusobacteria, and Actinobacteria. PERMANOVA analysis assessing microbial community structures did not show any significant differences between the microplastic exposure concentrations and the control (Supplementary Figure 4).
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FIGURE 4. Comparison of the top seven most abundant gut microbiome phyla in larvae (A) and juvenile (B) O. latipes from the control, 1.5, and 3 fibers/fish/day exposure groups. Abundance of (C) Xanthobacteraceae (Proteobacteria), (D) Hyphomicrobium (Proteobacteria) and (E) Flavobacterium (Bacteroidetes) in larval and juvenile samples are depicted. Stars indicate statistically significant differences between treatment groups; different letters indicate statistically significant differences between control and treatment groups with (Kruskal–Wallis Test, p < 0.05; n = 4).




Impacts of PE Fiber Exposure on the Molecular Regulation of Nutrient Uptake

Polyethylene fiber-induced changes in the expression of selected molecular markers important for digestion and nutrient uptake may serve as early warning markers for adverse effects on the tissue and organism level. PE fiber exposure during the larval stage revealed non-monotonous dose responses of GLP and ISN (Figures 5A1,D1). For GLP, a reduced expression was observed in the 3 fibers/fish/day exposure concentration, while ISN expression was elevated for 1.5 and 3 fibers/fish/day exposure concentrations. Both expression levels returned to the control level at 6 fibers/fish/days exposure concentration; however, these trends were not statistically significant. The highest PE fiber concentration significantly decreased (p = 0.0151) the expression of slc6a6 (Figure 5E1). No significant differences were observed in the relative gene expression of PYY and TRP (Figures 5B1,C1).
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FIGURE 5. Relative expression of Glucagon (A1), Peptide YY (PYY) (B1), Trypsinogen (TRP) (C1), Insulin (ISN) (D1), and solute carrier family 6 member 6 (slc6a6) (E1) in larvae medaka after 21 days of exposure to 0 (control), 0.5, 1.5, 3, and 6 fibers/fish per day. Relative expression of Glucagon (A2), Peptide YY (B2), Trypsinogen (C2), Insulin (D2), and slc6a6 (E2) in juvenile medaka after 21 days of exposure to 0 (control), 0.5, 1.5, 3, and 6 fibers/fish per day. Data are presented as mean relative expression ± standard error (ANOVA, *p < 0.05, n = 5 replicates/pools of 5 individuals per concentration).


Non-monotonous dose-responses were even more prominently observed in juvenile fish exposed to PE fibers (Figures 5A2–E2); again, however, these trends were not significant. Expression of GLP, PYY, TRP, ISN, and scl6a6 showed a consistent pattern of decreased expression in the 0.5 and 1.5 PE fiber/fish/day groups, a return to control levels in 3 fibers/fish/day exposed juveniles and approximately a two-fold change decrease of the measured gene expression in juveniles exposed to 6 PE fibers/fish/day.



Impact of PE Fiber Exposure on the GIT Integrity

The PE fiber exposure regimes applied in this study did not induce inflammation of the hindgut of medaka larvae (Figure 6A1) or juveniles (Figure 6A2). All examined hindgut sections showed little to no leukocyte infiltration as indicator of inflammation. No significant changes in the mucus pH (Figures 6B1,B2), goblet cell abundance per microvilli (Figures 6C1,C2), and microvilli length and width (Figures 6D1,D2,E1,E2) were observed in either larvae or juveniles exposed to environmentally relevant levels of PE fibers. There were no variations in overall gut integrity for the larvae or juveniles (Supplementary Figures 5, 6).
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FIGURE 6. Histologicalanalysis results from larval (A1–E1) and juvenile(A2–E2) medaka exposed to PE fibers. No significantvariation at the larval or juvenile life stage among themicroplastic concentrations compared to the control for(A1,2) inflammation, (B1,2) mucus pH, (C1,2) goblet cell abundance, (D1,2) microvillilength, or (E1,2) microvilli width. Data are displayed asmean ± standard deviation (nested ANOVA, *p < 0.05, n = 5).




Assessment of Overall Fish Condition

All fish weights and lengths (total length) were recorded after sacrifice. No significant differences were found for larvae condition factor between the exposure groups (Figure 7A). Similarly, no differences were seen in the condition factor in the juvenile fish in response to the PE fiber exposure (Figure 7B).
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FIGURE 7. Fulton’s Condition Factor (K) for larval (A) and juvenile (B) medaka after 21 days of exposure to 0, 0.5,1.5, 3, and 6 fibers/fish per day. Data are displayed as mean ± standard deviation (nested ANOVA, *p < 0.05, n = 5 pools of 50 individuals).




DISCUSSION

Chronic, low dose exposure to environmentally relevant PE fibers induced subtle changes in larval and juvenile fish health. The reported data indicate that juvenile stages are potentially more susceptible to PE fiber exposure compared to the early larval stage, as fibers were retained significantly longer in the GIT at lower concentrations (3 fibers/fish/day) and, although not statistically significant, digestive gene expression changes were more pronounced.

Polyethylene fiber exposure revealed that microplastic ingestion affects the expression of a key taurine transporter gene, slc6a6. Measurements of ISN, GLP, PYY, and TRP failed to demonstrate any statistically significant difference at the studied concentrations. While these molecular markers, which are involved in glucose metabolism, energy homeostasis, weight gain, and proteolysis, were not differentially expressed in both age groups, the taurine membrane transporter slc6a6 was significantly downregulated in the larvae exposed to the highest microplastic concentration in this study, similar to changes seen in previous studies (Murashita et al., 2009; Polakof et al., 2011; Rønnestad et al., 2013). A similar trend, but not significant, was also observed in juveniles. The primary function of slc6a6 is the transport of taurine across the cellular membrane; therefore, the downstream effect of slc6a6 downregulation is a decreased concentration of intracellular taurine (Hansen et al., 2006; Jong et al., 2012). Taurine is vital in mitochondrial function, which stabilizes mitochondria and prevents excess reactive oxygen species (ROS) leakage (Hansen et al., 2006; Jong et al., 2012; Seidel et al., 2019). Mitochondria have two primary functions, the production of energy and maintenance of cellular metabolism (Seidel et al., 2019). Oxidative stress results from an imbalance of ROS and antioxidants, controlled by mitochondria (Blier, 2014). Slc6a6 is also a solute transporter gene associated with the Nrf2 pathway. The Nrf2 pathway is a “master regulator” in antioxidant response (Hybertson et al., 2011). Since antioxidant pathways counterbalance oxidative stress, a change in the relative expression of key genes in the Nrf2 pathway could indicate oxidative stress (Ma, 2013). Slc6a6 expression is shown to be upregulated with the activation of the Nrf2 pathway indicating the observed downregulation of slc6a6 seen in this study could implicate lower activation of the Nrf2 pathway (Hiebert et al., 2018). Similar results were seen in copepods after ingestion of polystyrene beads resulting in modification of molecular expression of key genes involved in the Nrf2 pathway (Jeong et al., 2017). A study exposing fish kidney leukocytes to virgin microplastics also noted a molecular change in Nrf2 genes (Espinosa et al., 2018). The impact of PE microplastics on bivalves indicated that exposure altered the activity of antioxidant enzymes CAT and GST (Abidli et al., 2021). Similar changes were reported in Chironomus riparius (Diptera) larvae after exposure to PE microplastics; ingestion resulted in oxidative damage including the deregulation in antioxidants (Silva et al., 2021). Amphibian (Physalaemus cuvieri) exposure to PE also demonstrated increased ROS production and changes to antioxidant metabolism. Higher ROS production indicative of oxidative stress was also observed in human epithelial cells (T98G line) in response to PE microplastic exposure (Schirinzi et al., 2017). These findings collectively indicate antioxidant assessment related to oxidative stress, including enzyme activity and specific pathways like the Nrf2 pathway, are important endpoints for determining the impact of microplastic ingestion at the molecular level (Hybertson et al., 2011; Ma, 2013; Jeong et al., 2017; Abidli et al., 2021; Silva et al., 2021). Slc6a6 is also associated with colorectal adenocarcinomas, which could impact nutrient absorbance and overall fish health (Janikowska et al., 2018). Reduction in taurine could also implicate alteration to mitochondrial activity impacting energy production and metabolism (Hansen et al., 2006; Osellame et al., 2012; Seidel et al., 2019). While no significant differences were seen for the tested genes in juvenile fish, a trend of decreased expression was observed in a non-monotonous dose-response pattern, which was more prevalent than in the larvae (Araujo et al., 2020). However, the inter-individual variance and a relatively low n-value led to no statistical significance (Figures 5A2–E2) but indicating a potential threshold concentration between 3 and 6 PE fibers per day. Thus, it is hypothesized that higher exposure concentrations beyond this hormetic range may result in impaired GIT function and subsequently organism health.

Similar to polystyrene microplastic sphere exposure (O. latipes, adult and Oryzias melastigma, 3-month-old), GIT dysbiosis was observed after exposure to PE fibers at environmentally relevant concentrations comprising the phyla Proteobacteria and Bacteroidetes (Fackelmann and Sommer, 2019; Feng et al., 2020; Huang et al., 2020). PE fiber exposure oppositely modified the Proteobacteria proportion, the most abundant phylum in both larval and juvenile fish GITs. The reduction of proteobacteria in larvae may be attributed to the Xanthobacteraceae, majorly consisting of Pseudorhodoplanes, which has been similarly reported in the soil oligochaete Enchytraeus crypticus exposed to polystyrene microplastic spheres and been associated with nitrate reduction and nitrogen cycling (Oren, 2014; Zhu et al., 2018). These changes in Pseudorhodoplanes abundance were related to worm weight and reproduction changes, indicating reproduction may be a key endpoint for monitoring the effects of microplastic ingestion. However, for juveniles, an increasing abundance shift in Proteobacteria is consistent with other recent studies (Lu et al., 2018). For both, larval and juvenile samples, a trend of abundance increase paralleling the microplastic concentration was seen in Bacteroidetes, and a finding shared with Feng et al. (2021) and Zhu et al. (2018) upon polystyrene sphere exposure in adult medaka and oligochaetes. Bacteroidetes families, specifically Flavobacteriaceae, have been associated with biofilm development on microplastics, thus indicating the shift in microbiota composition observed in these studies may be due to the ingestion of microplastic surface biofilms (Pinto et al., 2019). Both, Proteobacteria and Bacteroidetes are microbial species known to colonize microplastic surfaces (Tu et al., 2020). Microbiota communities of exposed medaka shifting toward phylum profiles associated with biofilms indicate that microplastic ingestion possibly impacts the medaka’s intestinal function in a persistent manner. Shifts in microbial communities toward the order Flavobacteriales have been shown as a progressive oxidative stress response (Lai et al., 2020). While not significant, there is an increasing trend in Flavobacterium abundance for the larvae exposed to PE fibers; thus, this could indicate a low chronic oxidative stress level in the organism, further corroborated by an observed oxidative stress response in correlation to polystyrene exposure (Feng et al., 2020). Only few studies have assessed the effects of PE exposure on microbial communities. The results presented here indicated that PE may have impacts similar to those of polystyrene on microbial community composition.

Polyethylene fiber exposure did not result in modifications on the tissue level, like inflammation, microvilli morphology, goblet cell abundance, and mucus pH. Thus, chronic PE fiber consumption at these low doses for 21 days did not induce severe impacts on GIT morphology. Previous research revealed that the size of microplastic and exposure concentration per day play a significant role in the effects of microplastic exposure (Jeong et al., 2017). Thus, it may be carefully concluded that a 4:1 fish:microplastic length ratio, as measured in field samples is not inducing GIT tissue damage. In stark contrast to our results, microplastic exposure in adult medaka resulted in significant impacts at the cellular level after histological evaluation, including inflammation and altered morphology of most gill lamella as well as increased mucous cells and secretion in the foregut; however, that study employed an exposure concentration of 10,000 fibers/L, which is nearly 100 × higher than concentrations used in this study (Hu et al., 2020).

A fish’s energy budget has three significant components: maintenance, somatic growth, and gonad growth. The energy available for growth and reproduction is determined by the energy intake minus the energy used for baseline metabolism and excretion (Forseth et al., 1994). A reduction in energy intake reduces the energy budget available for growth as baseline metabolism and excretion must be maintained to survive. A restructuration of the energy budget has been seen in oysters upon ingestion of polystyrene microbeads at 0.023 mg/L; more energy was allocated to the growth and structure than reproduction (Sussarellu et al., 2016). A study on the effect of microplastic ingestion in clams noted a two-fold reduction in energy intake a resulting in reduced energy availability for maintenance and movement (Xu et al., 2017). The PE fiber exposure in the present study did not significantly impact the larvae or juvenile energy budget, as fish growth, an apical endpoint and a significant fish health indicator, was not affected. Literature reports are contradictory regarding microplastic effects on the fish condition. While some studies indicate that microplastic ingestion can impact growth and survivability, others reported the absence of whole-organism growth effects, similar to the here reported results (Jeong et al., 2017; Karami et al., 2017; Choi et al., 2018; Jovanovic et al., 2018; Weber et al., 2018; Hu et al., 2020). A study exposing seabream to six different types of microplastics, including PE, observed no significant alteration to the exposed fish’s growth rate (Jovanovic et al., 2018). Previous research on zebrafish exposed to low-density PE noted similarly no significant changes in exposed fish’s condition factor (Karami et al., 2017). However, a study assessing the impacts of both virgin PE and PE harbored from the environment on glassfish reported a decrease in overall fish size after exposure to microplastics for 3 months at a concentration of 0.010 g/20L (Naidoo and Glassom, 2019). The discrepancy among research observations is likely due to the variation of fish species, plastic polymers, sizes of microplastics, exposure duration, and concentrations utilized. Previous research involving different sizes and shapes of microplastics has identified these factors to be crucial in determining the impact of microplastic exposure (Jeong et al., 2017; Jabeen et al., 2018).

Based on this study’s findings, there is no imminent impact of microplastic exposure on fish health at microplastic concentrations resembling the present average concentrations being ingested by larval and juvenile fish in the field (Lusher et al., 2013; Lenz et al., 2016; Beer et al., 2018). No organism level consequences were observed after exposure to PE in the present study. However, it is noted that both larval and juvenile medaka demonstrated slight molecular alterations which may be regarded as an early warning sign for potentially more severe oxidative stress damage as seen in other studies which employed higher microplastic exposure concentrations. Notwithstanding the lack of immediate, severe consequences observed in this study, the results hint toward an increased need of monitoring microplastic levels in vital spawning and nursery grounds for commercially important fish as both the larval and juvenile stages could be even more susceptible to chronic exposure and possible long-term effects.



CONCLUSION

Several studies have reported significant adverse effects of microplastic consumption in fish. This study examined the effect of microplastic ingestion on gene expression, gut microbiota, GIT integrity, and fish growth and condition during two early life history stages. Our results indicate PE fibers pose little imminent threat to fish health at environmentally relevant concentrations when examining growth and condition. However, this study observed potential disruption to the energy intake at the highest concentration of exposed larvae based on gene expression and microbiota composition results. While not all significant, changes in microbial communities did show a shift in microbiota composition similar to previous studies, which indicate a stress response. While the concentrations of microplastics used in this study did not cause significant alterations to the overall microbiota communities, the trend of the results demonstrated there could be significant impacts of microplastic ingestion on GIT microbiota communities, potentially leading to long-term changes in digestive function and metabolism of exposed fish. Further investigation of the molecular effects of microplastic ingestion on key genes related to the Nrf2 pathway could provide more evidence supporting the conclusion that microplastic ingestion impacts fish energy metabolism. Expanding investigated life stages to adults would allow further investigation of potential reproductive effects, including gonad morphology and selected reproductive gene expression, and may deliver more insight into the underlying mechanisms. Assessing the exposed fish’s chemical body burden would provide evidence of any potential endocrine-disrupting chemicals leakage from the administered PE fibers. Future research on the effects of common microplastics, both virgin and UV weathered, could provide more insight into microplastics’ effects in the environment impacting wild fish. Specifically, a study targeting antioxidant responses would provide more direct assessment of potential effects of microplastic consumption on oxidative stress in fish given the data provided here. Future studies involving similar relevant concentrations could provide vital evidence on the current threat microplastic pollution poses to wild fish populations.
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Mantis shrimp Oratosquilla oratoria is an economically critical aquatic species along the coast of China but strongly accumulates marine pollutant cadmium (Cd) in its digestive system. It is necessary to characterize the toxicity of Cd in the digestive system of mantis shrimp. The metabolic process is an essential target of Cd toxicity response. In this work, we used ultra-performance liquid chromatography coupled with time-of-flight mass spectrometry (UPLC-TOF-MS) for untargeted metabolomics to characterize the metabolic changes in the digestive system of O. oratoria, exposed to 0.05 mg/L for 96 h. The aim of this study was to further investigate the effect of O. oratoria on Cd response to toxicity and develop biomarkers. Metabolomics analysis showed the alteration of metabolism in the digestive system of mantis shrimp under Cd stress. A total of 91 metabolites were differentially expressed and their main functions were classified into amino acids, phospholipids, and fatty acid esters. The enrichment results of differential metabolite functional pathways showed that biological processes such as amino acid metabolism, transmembrane transport, energy metabolism, and signal transduction are significantly affected. Based on the above results, the Cd-induced oxidative stress and energy metabolism disorders were characterized by the differential expression of amino acids and ADP in mantis shrimp, while the interference of transmembrane transport and signal transduction was due to the differential expression of phospholipids. Overall, this work initially discussed the toxicological response of Cd stress to O. oratoria from the metabolic level and provided new insights into the mechanism.
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INTRODUCTION

The mantis shrimp Oratosquilla oratoria is widely distributed in the coastal areas of the Pacific Northwest (Zhang et al., 2014; Lou et al., 2018). Its high protein content and structurally balanced amino acids (Holmstrand et al., 2006) render it an important economic species along with coastal of China and Southeast Asia (Liu and Cui, 2010; Yan et al., 2018; Li et al., 2020). The development of coastal industries has increased the discharge of pollutants into seawater, and among them trace metals can accumulate in aquatic organisms through the food chain. Compared with trace metals such as copper, chromium, and lead, O. oratoria has a more vital ability to accumulate cadmium (Cd; Zhang et al., 2016; Xu et al., 2019; Zhao et al., 2019). The concentrations of trace metals have been shown to be much higher in crustaceans than in fish (Hu et al., 2016; Fu et al., 2017). Wu et al. (2018) conducted the provisional tolerable weekly intake (PTWI) assessment of the content of Cd in mantis shrimp in the northern seas of Fujian and found that there is a higher risk.

Cadmium readily absorbs into and accumulates in the human body and has a low excretion rate, exerting adverse effects on metabolism, growth, and reproduction (Bernard, 2004; Henson and Chedrese, 2004; Godt et al., 2006; Kumar and Sharma, 2019). At the molecular level, Cd causes oxidative stress and DNA damage and induces autophagy (Wang et al., 2008; Gill and Tuteja, 2010; Đukić-Ćosić et al., 2020). Studies of Cd in aquatic organisms typically measure antioxidant enzymes to determine the extent of contamination (Messaoudi et al., 2009). However, Cd toxicity is manifested through multiple interrelated molecular mechanisms that impair metabolic pathways (Đukić-Ćosić et al., 2020), necessitating in-depth analysis combined with species-specific exposure measurements.

Metabolomics has been widely used in the study of plants (Sumner et al., 2003; Mwamba et al., 2020), animals (Ji et al., 2015; Kim et al., 2016; Song et al., 2018), microorganisms (Milreu et al., 2013), and ecosystems (Boroujerdi et al., 2009), as well as in elucidating the toxicity mechanisms of pollutants because it maps alterations in metabolites induced by exposure (Nicholson et al., 1999; Sugiura et al., 2005). The high applicability of metabolomics is because it qualitatively and quantitatively characterizes the chemical characteristics of low-molecular metabolites (<1,000 Da), which are the final products of cell regulatory pathways in cells, tissues (Cappello, 2020; Sun et al., 2020). The expression level of metabolites indicates that it changes with the physiological, developmental, or pathological state of cells, tissues, organs, and even the entire organism (Cappello, 2020). The combination of liquid chromatography (LC) and mass spectrometry (MS) has become a mature technology in metabolomics research due to its sensitivity (Vinaixa et al., 2016; Chaleckis et al., 2019) and has now been applied to the study of metabolic processes of aquatic organisms and the discovery of biomarkers (Venter et al., 2018; Olsvik et al., 2019).

This study investigated the effects of the highly accumulated Cd in O. oratoria on the differential expression of different metabolites, and whether it interferes with metabolic pathways such as energy metabolism, oxidative stress, and signal transduction. In the present study, we used ultra-performance liquid chromatography coupled with time-of-flight mass spectrometry (UPLC-TOF-MS) for untargeted metabolomics to record the changes in metabolite levels and perform functional annotations in the digestive system of O. oratoria under Cd stress. This research provides a basis for developing strategies for preventing Cd pollution in the habitats of O. oratoria.



MATERIALS AND METHODS


Experimental Animals

The seawater Cd concentration reached 5 –16 μg/L in northern China sea (Gao et al., 2014; Ji et al., 2019). In this experiment, the sublethal concentration of 50 μg/L was selected, which is 10 times the seawater standard of China used for aquaculture (Zhang and Zhai, 2019). Choosing the exposure time of 96 h was considered for the method of the acute toxicity. This exposure condition has also been applied in previous studies (Ren et al., 2019; Liu et al., 2021), and the accumulation of pollutants and the expression rate of antioxidant enzymes are significantly different, compared with the control group (CG).

Oratosquilla oratoria were purchased from Yangma Island (Yantai, Shandong Province, China) in one batch. After cultivation for 4 days in the laboratory at 18–20°C, 40 ± 10 g O. oratoria were selected and randomized into 21 3-L tanks of seawater with four individuals in each tank. The offshore deep underground seawater was gathered as bleeding seawater, with salinity at 30.5 ± 0.8‰ and pH at 7.7 ± 0.3. Nine tanks were used for CGs and 12 tanks were used for the test groups (TGs). Cd (0.75 ml of 2.0 g/L Cd2+, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was added to 30 L seawater, and the final concentration of Cd2+ was controlled to 0.05 mg/L in the test tanks. The exposure duration was 96 h and no feed was provided during the test period. Dead shrimp were removed daily. During the experiment, half of the water was changed every day and the Cd2+ solution was supplemented to maintain the experimental concentration. After 96 h, the digestive system tissues (mainly the intestine below the thorax, intestinal glands, and hepatopancreas) were removed and placed in 1.5-ml cryotubes. Each cryotube contained the tissues of two individuals and eight biological replicates were set in each group. The samples are stored at −80°C for testing.

Cadmium concentrations in tissues were determined by inductively coupled plasma mass spectrometry (ICAP-RQ, Thermo Fisher Scientific, Waltham, MA, United States). Wet samples (0.5–1.0 g) were homogenized, mixed with 10 ml analytical-grade nitric acid (Merck, Kenilworth, NJ, United States), and digested in a microwave system (TOPEX, Shanghai Yiyao Instrument Technology Development Company, Shanghai, China). The pressure was set to 20 atm and the samples were heated to 120°C for 5 min, 150°C for 10 min, and 190°C for 20 min.



Metabolic Sample Preparation

The sample was transferred from −80 to −20°C for metabolite extraction. The following steps were performed by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) following the method used by Wang et al. (2019). Around 50 mg of solid samples were accurately weighed on ice, and the metabolites were homogenized in 400 μl extraction solution [methanol:water: 4:1 (v/v); −20°C]. The solution was ultrasonically extracted on ice for 10 min and stored at −20°C for 30 min. The mixture was allowed to settle at −20°C. It was treated with a high-throughput tissue crusher (Wonbio-96c, Shanghai Wanbo Biotechnology Co., Ltd.) at 50 Hz for 6 min, followed by vigorous mixing for 30 s and ultrasound treatment at 40 kHz for 30 min at 5°C. After centrifugation at 13,000 g at 4°C for 15 min, the supernatants were carefully transferred to sample vials for UPLC-TOF-MS.

Quality control samples were prepared by mixing aliquots of all samples and analyzed as representing the entire sample set. Quality control samples were injected every eight samples to monitor the stability of the analysis process.



Metabolite Profiling

Chromatographic separation of the metabolites was performed on an AB SCIEX UPLC-TOF-MS system equipped with an ACQUITY BEH C18 column (100 mm × 2.1 mm i.d., 1.7 μm; Waters, Milford, MA, United States). The mobile phases consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in an acetonitrile/isopropanol mixture [1:1 (v/v); solvent B]. The solvent gradient was as follows: 0–3 min, 95–80% solvent A; 3–9 min, 20–95% solvent B; 9–13 min, fixed at 95% solvent B; 13–13.1 min, 5–95% solvent A; 13.1–16 min, fixed at 95% solvent A for equilibration. The injection volume was 2 μl and the flow rate was 0.4 ml/min. The column temperature was maintained at 40°C. All samples were stored at 4°C during analysis.

Mass spectrometry data were collected using a time-of-flight mass spectrometer equipped with an electrospray ionization source operating in the positive and negative ion modes. The optimal conditions were as follows: Aus gas heater temperature, 400°C; sheath gas flow rate, 40 psi; Aus gas flow rate, 30 psi; ion-spray voltage floating, −2,800 V in the negative mode (NEG) and 3,500 V in the positive mode (POS); normalized collision energy, 20–40–60 V rolling for tandem mass spectrometry. Data were acquired in the data-dependent acquisition mode and detection was performed over a mass range of 70–1,050 m/z.

The raw data were imported into the Progenesis QI 2.3 (Nonlinear Dynamics, Waters, United States) for peak detection and alignment. For preprocessing the raw data, metabolic features detected in at least 80% of any sample set were retained. After filtering, minimum metabolite values were substituted for missing values and each metabolic feature was normalized by sum. The internal standard was used for data reproducibility and metabolic features, for which, the relative SD of the internal standard exceeded 30%. Following normalization and imputation, statistical analysis was performed on log-transformed data to identify significant differences in metabolite levels between comparable groups. The preprocessing results generated a data matrix consisting of the retention time (RT), mass-to-charge ratio (m/z) values, and peak intensity.

Mass spectra of these metabolic features were identified by using the accurate mass, MS/MS fragments spectra and isotope ratio difference with searching in reliable biochemical databases as Human metabolome database (HMDB)1 and Metlin database.2 For metabolites having MS/MS confirmation, only the ones with MS/MS fragments score above 30 were considered as confidently identified. Otherwise, metabolites had only tentative assignments.



Multivariate Statistical Analysis

A multivariate statistical analysis was performed on Majorbio Cloud Platform.3 An unsupervised principal component analysis (PCA) method was used to obtain an overview of metabolic data and overall clustering, trends, and outliers were visualized. All metabolite variables were adjusted proportionally to unit variance prior to performing PCA. Orthogonal Partial Least Squares Discriminant Analysis (PLS-DA) and Partial Least Squares Discriminant Analysis (OPLS-DA) was used for statistical analysis to determine the overall metabolic changes between comparable groups. All of the metabolite variables were scaled to pareto Scaling before conducting the OPLS-DA. Variable importance in the projection (VIP) were calculated in OPLS-DA and PLS-DA model. p-values were estimated with paired Student’s t-test on Single dimensional statistical analysis.



Differential Metabolite Analysis

Statistically significance among groups were selected with VIP value more than 1 and p-value less than 0.05. Differential metabolites among two groups were summarized and mapped into their biochemical pathways through metabolic enrichment and pathway analysis based on database search (KEGG).4 These metabolites can be classified according to the pathways they were involved or the functions they performed. Enrichment analysis usually analyzes a group of metabolites in a function node, whether it appears or not. The principle was that the annotation analysis of a single metabolite develops into an annotation analysis of a group of metabolites. scipy.stats (Python packages)5 was exploited to identify statistically significantly enriched pathways using Fisher’s exact test.




RESULTS


Exposure

Figure 1 shows Cd contents in the digestive tissues of O. oratoria at baseline and after 24 and 96 h of exposure. Baseline concentration was 8.3429 mg/kg and decreased slightly in the control group over time. After 96 h of exposure, Cd concentrations differed significantly between the test (12.6341 mg/kg) and control (7.0234 mg/kg) groups.
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FIGURE 1. Cadmium (Cd) concentrations in the digestive tissues of Oratosquilla oratoria. CG, control group; TG, test group. The significant difference compared to the control group was marked with asterisk (*).




Reliability of Measurements

Quality control samples were used to evaluate the stability of the liquid chromatography-mass spectrometry system. The UHPLC-TOF-MS total ion chromatograms of the quality control samples were compared (Supplementary Figure S1) and showed that the response intensity and retention time of each chromatographic peak generally overlapped, indicating that the variation caused by instrument error was slight throughout the experimental period. Supplementary Figure S2 shows that the relative SD of more than 80% of the peaks detected was below 30%. Quality control samples were clustered closely in the PCA scoring chart (Supplementary Figure S3), confirming the stability and reliability of the mass spectrometry data. One sample in the PCA score chart lay outside Hotelling’s T-squared confidence circle (95%) and was eliminated from subsequent data analysis.



Metabolic Profile Annotation

After preprocessing, the mass spectrum information was imported into the database for matching, and a total of 589 metabolites were annotated in the Human Metabolome Database. At the subclass level, metabolites were divided into amino acids, glycerophosphoethanolamines, glycerophosphocholines, terpene glycosides, steroidal glycosides, fatty acid esters, carbohydrates, steroid lactones, triterpenoids, fatty acids, glycosphingolipids, and glycerophosphoserines. The amino acids present were mainly arginine, lysine, glycine, and glutamate. The prominent fatty acid esters present were arachidonic acid and carnitine.



Multivariate Statistical Analysis Results

Principal component analysis, OPLS-DA, and PLS-DA were used to compare exposure groups. The PCA score chart showed that all samples were within the 95% Hotelling’s T-squared confidence circle, and the R2 value of all principal components was 0.5100, indicating that the model was statistically significant. Test and control samples tended to separate, but there were overlapping areas. We used OPLS-DA and PLS-DA to achieve a better presentation of differences between groups (Figure 2). Test and control samples separated better under these analyses, and better intra-group aggregation was observed. Table 1 lists model parameters in positive and negative ion modes. R2Y (cumulative) and Q2Y (cumulative) expressed that the model was stable and reliable and had sufficient predictive ability. Response permutation testing was then used to evaluate whether the OPLS-DA and PLS-DA models were overfitting. With the exception of the Q2 value of the OPLS-DA model in POS (0.07), all values were below 0.05, indicating that the model was not overfitting. Overall, the metabolites were clearly separated and the PLS model was better than the OPLS model.

[image: Figure 2]

FIGURE 2. Multivariate statistical analysis of Cd concentrations in the digestive tissues of O. oratoria. Principal component analysis (PCA) score chart in positive (A) and negative (B) modes. Partial least squares discriminant analysis score chart in positive (C) and negative (D) modes. Orthogonal partial least squares discriminant analysis score chart in positive (E) and negative (F) modes.




TABLE 1. Model parameters of multivariate statistical analysis on POS and NEG.
[image: Table1]



Differential Metabolite Analysis

The screening of differential metabolites combined single-factor analysis and multivariate statistical analysis using Student’s t-test (p < 0.05) and variable importance in projection scores > 1. A total of 91 differential metabolites were annotated (Figure 3), mainly including 12 glycerophosphoethanolamines, nine amino acids and peptides, nine glycerophosphocholines, four fatty acid esters, and three glycosphingolipids, etc. Besides, 28 and 63 metabolites were differentially upregulated (fold-change > 1; test vs. control group) and downregulated (fold-change < 1; test vs. control group), respectively. Hierarchical clustering and variable importance in projection scores were used to test the degree of correlation between metabolites and trends in expression changes and showed notable differences between metabolites from O. oratoria of the test and control groups (Figure 4).

[image: Figure 3]

FIGURE 3. Compound classification in the Human Metabolome Database (HMDB). The different colors in each pie chart in the figure represent different HMDB categories, and the area represents the relative proportion of metabolites in that category.
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FIGURE 4. Fifty metabolites with the highest variable importance in projection (VIP) spectrograms under hierarchical cluster analysis. The metabolite cluster dendrogram is on the left. The closer the branch, the closer the expression patterns of all metabolites in different groups; on the right is the VIP bar graph of metabolites. The length of the bar represents the contribution value of the metabolite to the difference between the two groups. The default value is not less than 1. The larger the value, the greater the difference between the two groups. The color of the bar indicates that the metabolites are significantly different (P-value) in the two sets of samples. P-value < 0.001 was marked as ***, P-value < 0.01 was marked as **, and P-value < 0.05 was marked as *.


Metabolite species and the functional pathways involved were annotated using the KEGG database. Metabolites may share KEGG compound identification and each metabolite may be involved in multiple biological pathways. The 22 differential metabolites were annotated as 20 KEGG compounds and are listed in Table 2 with their corresponding pathways (Table 2). About 25 functional pathways were considered related to Cd stress.



TABLE 2. Differential metabolites identified from the KEGG database.
[image: Table2]

The functions of the differential metabolites were estimated from enrichment and topological analyses. The key pathways mainly included sphingolipid, fatty acid degradation, choline metabolism in cancer, glycerophospholipid metabolism, fatty acid degradation, forkhead box O (FoxO) signaling, and oxidative phosphorylation.




DISCUSSION

The aim of this work is to comprehensively characterize the metabolic disorder caused by short-term (96 h) exposure to Cd2+ (0.05 mg/L) in the digestive system of O. oratoria. The exposure experiment showed that the background concentration of Cd in the digestive system of O. oratoria was high, and the excretion is low under natural conditions. After 96 h of exposure, the Cd concentration continued to increase, indicating the high concentration of Cd by mantis shrimp. This work also supports the specific enrichment of Cd by O. oratoria as a crustacean (Ren et al., 2019). We screened the metabolites produced in the digestive tissues of O. oratoria under Cd stress using untargeted metabolomics. Metabolic pathway analysis indicated that Cd affected lipid metabolism, energy metabolism, oxidative stress, and signaling molecules and interaction.

Eleven amino acids were differentially regulated; lysine (fructoseglycine, N-decanoylglycine), glycine [N (6)-methyllysine, erythro-5-hydroxy-L-lysinium (1+)], neurotensin 11–13, and aspartyllysine were all downregulated, while glutaminylhydroxyproline was slightly upregulated. Glycine and lysine were involved in glutathione metabolism (Nguyen et al., 2020), which regulated the production of reactive oxygen species. Although the expression of antioxidant enzymes was not measured in this study directly, alterations in the expression of these amino acids might indicate that Cd contributes indirectly to oxidative stress (Liu et al., 2009; Bao et al., 2016). Cd inhibits the scavenging of free radicals and can increase the production of reactive oxygen species, causing oxidative stress and lipid peroxidation in organisms (Szuster-Ciesielska et al., 2000; López et al., 2006). Antioxidant enzymes such as superoxide dismutase, catalase, and reduced glutathione are typically measured as indicators of oxidative stress (Hédiji et al., 2010; Sarma et al., 2018; Lu et al., 2020; Mangal et al., 2020). The increase in free amino acids indicates that osmotic regulation and energy metabolism were affected (Viant et al., 2003; Cappello et al., 2017). The different expression changes of glycine also suggest that they are a defense mechanism against Cd-induced oxidative stress. Similar results to this study were also reported in the digestive glands of mussels exposed to microplastics and petroleum pollutants (Fasulo et al., 2012; Cappello et al., 2021). Ji et al. (2016) reported that Cd modulated the expression of glycine, proline, and tyrosine in shrimp and Zhang et al. (2011) reported that the expression of branched chain amino acids in the gill tissues of clams increased following a 96-h exposure to Cd, indicating impairment of osmotic regulation.

Adenosine diphosphate is essential to energy metabolism and was differentially expressed in the present study. Adenosine diphosphate is involved in multiple biological processes, including signal transduction and nucleotide metabolism. Cd is neurotoxic and can inhibit the hydrolysis of adenosine triphosphate (Barcellos et al., 1994) and reduce its levels by altering mitochondrial membrane permeability, thereby inhibiting the respiratory chain and generating reactive oxygen species (Dorta et al., 2003). Wu et al. (2016) also reported similar findings in energy metabolism in mussels exposed to Cd. Therefore, we speculate that the influence of Cd on energy metabolism and oxidative stress is the basis for its osmotic pressure imbalance, neurotoxicity, and other biological effects.

Glycerophospholipids are the main lipid constituents of cell membranes and changes in phospholipid concentrations indicate alterations in cell membrane composition and permeability, which directly affect physiological cell functions. Therefore, changes in phospholipid contents reflect impairments in lipid metabolism (Zong et al., 2018). Around 26 glycerophospholipids were differentially regulated by Cd in our study; these included 12 glycerophosphoethanolamines, 10 glycerophosphocholines, two glycerophosphoglycerols, one glycerophosphoserine, and one glycerophosphoinositol. These metabolites are involved in lipid metabolism, which has been shown to be impaired in animals and plants exposed to Cd (Chen et al., 2013).

Two glycerophosphocholines were downregulated by Cd exposure and were both identified by the KEGG database as C00157. Glycerophosphocholine is the main constituent of the cell membrane, regulating cell metabolism and signal transduction (Maxfield and Tabas, 2005; Fernández-Cisnal et al., 2018). Cell membranes are particularly vulnerable to peroxidative damage from free radicals and reactive oxygen species; increased lipid peroxidation may lead to loss of membrane integrity (Maxfield and Tabas, 2005). Since the damage to cell membranes caused by changes in glycerophosphocholine has also been reported by metabolomics of the digestive system of fish exposed to mercury (Brandão et al., 2015), it is speculated that this may be a mechanical effect of metal exposure toxicity. Lysophosphatidylcholine (LysoPC) is the product of phospholipase A2 (PLA2) hydrolyzing phosphatidylcholine and is upregulated by Cd in rats (Chen et al., 2018). We found that the two metabolites involved in choline metabolism were downregulated following exposure of O. oratoria to Cd. We also found that the metabolite C00157 was involved in arachidonic acid metabolism. PLA2, the precursor of lysophosphatidylcholine, has been shown to affect the production of arachidonic acid (Qu et al., 2017; Guan et al., 2020). Gong et al. (2017) reported that the pathogenesis of Cd-induced DNA damage is related to impairment in the metabolism of lipids and arachidonic acid. Cd can cause arachidonic acid to produce a series of pro-inflammatory eicosanoids and potentially toxic reactive oxygen species (Nanda et al., 2007; Al-Asmari et al., 2018). Choline can interfere with intercellular transport and produce betaine (Fernández-Cisnal et al., 2018). Although, betaine was not differentially expressed in our study (variable importance in projection score: 1.109), it regulates osmotic pressure (Viant et al., 2003) and promotes DNA methylation, which in turn affects gene stability (Ueland, 2011). KEGG annotation showed that betaine was related to ABC transporters and the glycine, serine, and threonine metabolism. Ji et al. (2015) used betaine as a biomarker of Cd stress in clams.

KEGG pathway enrichment analysis showed that sphingolipid metabolism and α-linolenic acid metabolism were affected by Cd. Sphingolipid metabolism was mainly affected by the downregulation of lactosylceramide (d18:1/12:0; variable importance in projection score: 3.85). Lactosylceramide is involved in the synthesis of glucosylceramide to promote cell apoptosis (Lee et al., 2011). The metabolism of α-linolenic acid is mainly affected by 12-oxophytodienoic acid and phosphatidylcholine, which is related to the antioxidant capacity of organisms (Hazman et al., 2015). Wang et al. (2008) reported that Cd interferes with intracellular signal transduction by increasing intracellular calcium concentrations to trigger cell death effectors such as ceramide, resulting in irreversible damage to mitochondria and the endoplasmic reticulum. Cd can increase the levels of endogenous ceramides and activate calcium-dependent calpain, causing apoptosis in renal proximal tubule cells (Thévenod and Lee, 2013). Modulating the expression of adenosine diphosphate dysregulates lysosomes, oxidative phosphorylation, and FoxO signaling. Chen et al. (2021) reported that the JNK-FoxO3a-PUMA pathway is involved in Cd-induced oxidative stress and apoptosis. We therefore speculate that Cd affects O. oratoria signal transduction and causes autophagy by impairing energy metabolism and inducing oxidative stress.



CONCLUSION

In this work, we characterized the changes of metabolites in the digestive system of O. oratoria under the stress of 0.05 mg/L Cd2+ for 96 h and the functional pathways that affected them. The results showed that 91 differential metabolites were separated by PLS-DA analysis (VIP > 1) and Student’s t-test (p < 0.05). The amino acids involved in various metabolic pathways, such as glycerophospholipids and glycerophosphocholines, have undergone significant changes. Among them, LysoPC (22:0) expression was significantly upregulated (FC = 1.36), and 12-OPDA, Lactosylceramide (d18:1/12:0), ADP, and Glutaric acid expression were significantly downregulated (FC < 0.85) in the digestive system of O. oratoria under Cd exposure, could be used as potential biomarkers. Metabolic pathway analysis showed that the digestive system of O. oratoria produced a defense mechanism against Cd-induced oxidative stress, and osmotic pressure regulation, energy metabolism, signal transduction, lipid metabolism, and choline metabolism were disturbed by Cd. In addition, we speculate that lipid metabolism, oxidative stress, and energy metabolism are the critical pathways that are interfered with by Cd and cause other physiological disorders. Overall, this work initially discussed the toxicological response of O. oratoria to Cd stress at the metabolic level, and provided new insights into the potential mechanism. It is necessary to conduct further research to verify the separated differential metabolites and clarify the toxicity mechanism of cadmium to O. oratoria.
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We have previously shown that nitric oxide synthase (NOS, an enzyme) is significantly increased during hypoxic stress in Atlantic croaker brains and modulated by an antioxidant (AOX). However, the influence of NOS and AOX on cytochrome P450 aromatase (AROM, CYP19a1, an enzyme) activity on vertebrate brains during hypoxic stress is largely unknown. In this study, we characterized brain AROM (bAROM, CYP19a1b) cDNA in croaker and examined the interactive effects of hypoxia and a NOS-inhibitor or AOX on AROM activity. The amino acid sequence of croaker bAROM cDNA is highly homologous (76–80%) to other marine teleost bAROM cDNAs. Both real-time PCR and Northern blot analyses showed that bAROM transcript (size: ∼2.8 kb) is highly expressed in the preoptic-anterior hypothalamus (POAH). Hypoxia exposure (dissolved oxygen, DO: 1.7 mg/L for 4 weeks) caused significant decreases in hypothalamic AROM activity, bAROM mRNA and protein expressions. Hypothalamic AROM activity and mRNA levels were also decreased by pharmacological treatment with N-ethylmaleimide (NEM, an alkylating drug that modifies sulfhydryl groups) of fish exposed to normoxic (DO: ∼6.5 mg/L) conditions. On the other hand, treatments with Nω-nitro-L-arginine methyl ester (NAME, a competitive NOS-inhibitor) or vitamin-E (Vit-E, a powerful AOX) prevented the downregulation of hypothalamic AROM activity and mRNA levels in hypoxic fish. Moreover, NAME and Vit-E treatments also restored gonadal growth in hypoxic fish. Double-labeled immunohistochemistry results showed that AROM and NOS proteins are co-expressed with NADPH oxidase (generates superoxide anion) in the POAH. Collectively, these results suggest that the hypoxia-induced downregulation of AROM activity in teleost brains is influenced by neuronal NOS activity and AOX status. The present study provides, to the best of our knowledge, the first evidence of restoration of AROM levels in vertebrate brains by a competitive NOS-inhibitor and potent AOX during hypoxic stress.

Keywords: brain, aromatase, antioxidant, fish, hypoxia


INTRODUCTION

The teleost brain is a major target organ for investigating the molecular, cellular, physiological, neuroendocrine, and behavioral responses of fishes to environmental stressors (Zohar et al., 2009; Diotel et al., 2011). Importantly, like in other vertebrates, the teleost brain has higher oxygen utilization and metabolic rates than other organs such as the gills, gonads, kidney, and liver, and uses around 20% of the total oxygen consumed by the body (Lahiri et al., 2006). Thus, neuroendocrine and other brain functions are highly susceptible to reduced oxygen availability in teleost fishes when they are exposed to hypoxic environments (dissolved oxygen (DO) levels are <2.0 mg/L in marine environments; Diaz and Rosenberg, 2008), less than 1/3 the DO levels in normoxic environments (Wu, 2002; Thomas et al., 2007; Thomas and Rahman, 2009; Rahman and Thomas, 2017).

The complex processes and series of events that occur during reproduction in vertebrates are mainly controlled by hormones secreted by the hypothalamus-pituitary-gonadal axis (Van Der Kraak, 2009; Fuzzen et al., 2011; Parhar et al., 2016; Acevedo-Rodriguez et al., 2018). The hypothalamus synthesizes gonadotropin-releasing hormone (GnRH), the primary neuropeptide controlling reproduction, neurotransmitters such as serotonin (5-HT) that regulate GnRH release, and also has high expression of cytochrome P450 aromatase (AROM, CYP19a1, a key enzyme for estradiol-17β synthesis that converts C19 androgens to C18 estrogens, Figure 1A; Piferrer and Blázquez, 2005; Page et al., 2010; Diotel et al., 2011; Balthazart and Ball, 2012). There is extensive evidence that AROM plays crucial roles in both reproductive and non-reproductive functions in vertebrates (Simpson and Davis, 2001; Lang et al., 2002; Garcia-Segura, 2008). Most tetrapods have a single AROM (CYP19a1) transcript in the brain, gonads, and other tissues, while teleost fishes have two distinct AROM transcripts: (i) an ovarian-type AROM (oAROM, CYP19a1a) transcript expressed mainly in the ovary, and (ii) a brain-type AROM (bAROM, CYP19a1b) transcript expressed mainly in the brain (Tchoudakova and Callard, 1998; Gonzalez and Piferrer, 2002, 2003; Piferrer and Blázquez, 2005; Diotel et al., 2011). Teleost hypothalami have especially high AROM activities and show sex differences in AROM expression with higher levels in females than in males (Pasmanik and Callard, 1985; Diotel et al., 2011; Okubo et al., 2011; Chaube et al., 2015). The maintenance of high AROM levels in teleost brains is thought to contribute to the maintaining of a high level of sexual plasticity in fishes into adulthood (Page et al., 2010; Okubo et al., 2011). The cellular expression of AROM in the teleost brain differs from the neuronal expression in mammals in that it is exclusively expressed in radial glial cells where it permits a high rate of neurogenesis throughout life (Page et al., 2010; Okubo et al., 2011). However, under pathological conditions AROM is also expressed in astrocyte glial cells in the brain of mammals, where it exerts protective functions such as neurogenesis (Garcia-Segura et al., 2003; Roselli, 2007). Thus, in addition to its reproductive neuroendocrine functions, bAROM also plays important roles in maintaining sexual plasticity and neuroprotection and therefore is a critical enzyme regulating brain function in teleost fishes.
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FIGURE 1. (A) Schematic diagram of estradiol -17β synthesis. Testosterone is synthesized from dehydroepiandrosterone (DHEA). Testosterone is then converted to estradiol -17β by the enzyme cytochrome P450 aromatase (AROM). (B) Alignment of the deduced amino acid sequences of membrane-spanning domain, I-Helix region, Ozol’s peptide region, aromatic and heme-binding domains of croaker brain AROM (bAROM) with the AROM-related proteins of other vertebrates. Dots indicate residues that are identical to croaker bAROM. Dashes indicate gaps introduced to facilitate alignment. GenBank accession numbers for the sequence of brain (Br) ovary (Ov) AROM proteins used are as follows: Atlantic croaker-Br (JF300170), killifish-Br (AY428666), fugu-Br (AB330137), zebrafish-Br (AAV41033), croaker-Ov (DQ184486), killifish-Ov (AY428665), fugu-OV (AB330136), zebrafish-Ov (O42145), chicken (P19098), and human (P11511).


Due to its essential role in neuroendocrine and other brain functions, there has been mounting concern that AROM activity and/or expression in the teleost brain may be disrupted during environmental exposure to hypoxia. Previous studies demonstrated that hypoxia inhibits reproductive neuroendocrine functions by interfering with AROM activity and expression and altering GnRH and 5-HT levels in the brain of vertebrates (Shang et al., 2006; Thomas et al., 2007; Kumar, 2011; Thomas and Rahman, 2012). Studies in teleost fishes have demonstrated that hypoxia decreases AROM activity in the brain and inhibits plasma estradiol-17β (E2) levels in zebrafish (Shang et al., 2006). Our recent field studies have shown that the marked inhibition of gonadal development (e.g., lower fecundity and sperm quantity) and masculinization of ovaries is associated with lower bAROM and GnRH mRNA levels in hypothalamic tissues, lower estrogen receptor alpha (ERα, an index of estrogen signaling) mRNA levels in the liver and reduced vitellogenin production, and decreased AROM mRNA levels in the ovaries of Atlantic croaker collected from hypoxic sites in the northern Gulf of Mexico, a second largest hypoxic zone (also called “dead zone”) in the world (Thomas and Rahman, 2012). Moreover, our laboratory studies have demonstrated that hypoxia inhibits hypothalamic GnRH and 5-HT levels and tryptophan hydroxylase (TPH, a rate limiting enzyme for 5-TH synthesis) activity in croaker (Thomas et al., 2007; Rahman and Thomas, 2009).

In addition to reproductive impairment, there is extensive evidence that hypoxia exposure causes a wide range of other deleterious effects such as behavioral, immunological, biochemical, and physiological modifications (Wu, 2002; Abdel-Tawwab et al., 2019). Many hypoxic effects are mediated through overproduction of reactive oxygen species (ROS, e.g., superoxide anion, O2∙-; hydrogen peroxide, H2O2; hydroxyl radical, ⋅OH) and reactive nitrogen species (RNS, e.g., nitric oxide, NO; peroxynitrite, ONOO–) through activation and/or expression of NADPH oxidase (NOX) and nitric oxide synthase (NOS) in the brains and peripheral tissues of vertebrates (Nikinmaa, 2002; Bedard and Krause, 2007). For example, hypoxia increases neuronal NOS (nNOS) activity, mRNA levels, and protein expression in porcine and rat brains (Yamamoto et al., 2003; Ward et al., 2005; Mishra et al., 2006; McLaren et al., 2007; Tsui et al., 2011). Moreover, a recent study has shown that acute exposure of rats to hypoxia caused a significant increase in brain NOS expression, which resulted in increased NO production as indicated by elevated brain levels of NO metabolites (NOx, nitrate and nitrite) and decreases in antioxidant defense systems such as reductions in glutathione levels (GSH) levels and GSH peroxidase, superoxide dismutase (SOD) activities, resulting in elevated apoptosis (Coimbra-Costa et al., 2017). Similarly, hypoxia induces the activity/expression of caspase-3, leading to an increase the number of apoptotic cells in the brain and ovary of teleost fishes (Lu et al., 2005; Ondricek and Thomas, 2018). Moreover, we have recently demonstrated that hypoxia increases nNOS mRNA and protein expression, and O2∙- production in croaker brain (Rahman and Thomas, 2015). Hypoxia also stimulates eNOS protein expression and O2∙- production in liver tissues and plasma NOx contents in croaker (Rahman and Thomas, 2011, 2012). Together, the studies previously described demonstrate that hypoxia stimulates NOS and NOX expression and activates free radicals (e.g., NO and O2∙-) production, thus increasing oxidative and nitrative stress, leading to increased cellular apoptosis, which results in impairment of brain functions in vertebrates.

We have extensively documented oxidative stress and increased nNOS mRNA and protein levels in the hypothalami of croaker exposed to hypoxia in controlled laboratory studies as well in the brains of croaker collected from hypoxic sites in the northern Gulf of Mexico dead zone (Rahman and Thomas, 2015, 2017). We have also shown that administration of estradiol-17β, vitamin-E, an antioxidant (AOX, a potent peroxyl radical scavenger; Traber and Atkinson, 2007), or a NOS-inhibitor increases TPH activity and 5-HT levels and decreases nNOS mRNA levels and O2∙- production in croaker brains under hypoxic conditions (Rahman and Thomas, 2014, 2015). The results suggest that endogenous AROM, nNOS or NOX expressions, and/or antioxidant levels in the brain are essential for maintaining optimal reproductive neuroendocrine functions of teleost fishes. However, we are unaware of any in vivo studies to date that have examined the effects of antioxidants or NOS-inhibitors on AROM activity, or the roles of nNOS-NOX in AROM regulation in the vertebrate brain during hypoxia exposure. Therefore, the aims of this study were to determine whether chronic hypoxia exposure causes a decline in bAROM in croaker hypothalami and, in addition, if bAROM levels and activity are influenced by nNOS activity and antioxidant status under hypoxic conditions. First, croaker bAROM cDNA was cloned, characterized, and its expression pattern examined in peripheral tissues and discrete brain areas. Next, the effects of hypoxia exposure on AROM activity and bAROM mRNA and protein expressions in hypothalamic tissues and gonadal development in croaker were investigated. A major objective was to determine whether AROM expression and activity in hypoxia-exposed fish were restored by pharmacological treatments that inhibited nNOS activity and increased the antioxidant status or mimicked by treatment of normoxia-exposed fish with an alkylating drug. bAROM expression and activity were measured in hypothalami of croaker chronically treated with an alkylating drug, N-ethylmaleimide (NEM), which covalently modifies sulfhydryl groups to produce NO, and a NOS-inhibitor, Nω-nitro-L-arginine methyl ester, and an antioxidant, Vit-E regulation under either hypoxic or normoxic conditions. Finally, we investigated the co-localization of bAROM, nNOS, and NOX proteins in croaker hypothalami to determine their potential interactions.



MATERIALS AND METHODS


Fish Collection and Acclimation

Young adult (year 1) Atlantic croaker (croaker, Micropogonias undulatus) were caught by shrimp trawl by a local fisherman near Port Aransas, TX, United States. The average length and body weight (BW) of croaker were 10–11 cm and 12–18 g, respectively. Fish were kept in aerated seawater, transported to the University of Texas Marine Science Institute campus, and treated with Paracide-F in seawater (170 ppm for 1 h) to diminish parasite infections. Fish were placed in large indoor tanks (4,727 L) and acclimated with recirculating seawater system (salinity: 30–32 ppt) at ambient seawater temperature (22 ± 1oC) and control photoperiod (11L:13D) for 3 months. Fish were fed chopped frozen shrimp daily (3% BW/day) during the acclimation period.



Experiment 1: Effects of Hypoxia Exposure of Aromatase Expression in Croaker Brain

A detailed description of the hypoxia-exposure system used in this study has been reported previously (Supplementary Figure 1; Rahman and Thomas, 2009). Briefly, hypoxic conditions in the experimental tanks (capacity: 2,025 L including biofilter) were maintained by lowering the aeration gradually through an air-flow meter (SCFH AIR, Key Instruments, Trevose, PA, United States) and adjusting the dissolved oxygen (DO) level to ∼1.7 mg/L which was achieved within 2–3 days. Fish (30 mixed-sex fish/tank) were exposed in normoxic (DO: ∼6.5 mg/L) and hypoxic (DO: ∼1.7 mg/L) conditions for 4 weeks under control photoperiod (11L:13D) and temperature (22 ± 1oC) conditions. The exposure regimen used in this study based on that used in our previous hypoxia exposure experiments with croaker (Thomas et al., 2007; Rahman and Thomas, 2009, 2014, 2015). Fish were fed chopped frozen shrimp daily (3% BW/day) during the experimental period. At the end of the experiments, fish were euthanized using quinaldine (20 mg/L in seawater) and sacrificed under deep anesthesia. Brain tissues were carefully collected, placed in a histology cassette, submerged in ice-cold 4% paraformaldehyde (pH 7.4), and stored at 4oC prior to the preparation of immunohistochemical analysis. Brain tissues for protein and mRNA analyses were collected in 1.5 ml RNase/DNase-free microcentrifuge tubes, frozen in liquid nitrogen and stored at –80°C for later Western blot, radioenzymatic assay, and quantitative real-time PCR analyses.



Experiment 2: Effects of Hypoxia and Pharmacological Treatments on Aromatase Regulation in Croaker Brain

A detailed description of fish collection, acclimatization and hypoxia-exposure system used in experiment 2 has been described previously (Rahman and Thomas, 2015). Briefly, for combined effects of hypoxia and pharmacological treatments, 30 mixed-sex fish were stocked in each of six experimental tanks under controlled laboratory conditions. After anesthetization, fish were given an intraperitoneal (i.p.) injection (1 μg/g BW) either with saline, N-ethylmaleimide (NEM, an alkylating agent that reacts with sulfhydryls; MilliporeSigma, Burlington, MA, United States), Nω-nitro-L-arginine methyl ester (NAME, a NOS-inhibitor; MilliporeSigma) or Vitamin-E (Vit-E, a powerful antioxidant, AOX; MilliporeSigma). The treatments (i.p. injection in each drug: 1 μg/g BW) were repeated every 4 days for 4 weeks. In the normoxia-exposed group, fish were injected with NEM, an alkylating agent, to determine whether it impaired hypothalamic aromatase expression similar to hypoxic fish and also with AOX treatment groups. In the hypoxia-exposed group, on the other hand, fish were treated with NAME, a NOS inhibitor, and AOX to determine if they recovered hypothalamic aromatase expression similar to normoxic fish. After 4 weeks of pharmacological treatments, fish were anesthetized, and brain tissues were rapidly excised to measure of aromatase expression and activity.



RNA Extraction, Reverse Transcription-PCR, Cloning and Sequencing

For RNA extraction, brain tissues were dissected and homogenized using TRI regent (MilliporeSigma), treated with DNase to remove genomic DNA according to manufacturer’s protocol (Promega, Madison, WI, United States) and quantified using a NanoDrop (Thermo Fisher, Waltham, WA, United States). The quality and integrity of total RNA were checked with 1% agarose gel electrophoresis. Reverse transcription (RT) was performed in a 20-μl reaction containing 1 μg of total RNA, 2 pmole of oligo(dT) primer, 10 mM dNTP, 0.1 DTT, 5X first-strand buffer, and 200 units of Superscript III reverse transcriptase (Invitrogen). The reaction mixture was incubated at 42°C for 50 min followed by 70°C for 10 min and stored at –20°C for later use as a template for PCR. For amplifying the partial cDNA fragment of croaker brain aromatase (bAROM), we designed the forward and reversed primers based on highly conserved regions of the known sequences in teleost fishes (Table 1). The PCR conditions were 35 cycles of denaturation at 94°C for 30 s, annealing at 57°C for 30 s and extension at 72oC for 1 min. The PCR products were electrophoresed on an agarose gel, excised, and purified from the gel, cloned into a pGEM-T easy vector (Promega) and sequenced (DNA Sequencing Facility, Institute for Cellular and Molecular Biology Core Research, University of Texas at Austin, TX, United States). To obtain the full-length cDNA sequence of croaker bAROM, the 5′- and 3′-rapid amplification of cDNA ends (RACE) amplification kit (Invitrogen, Carlsbad, CA, United States) was used following the manufacturer’s protocol using gene-specific primers (Table 1). DNA and amino acid sequences derived from the results of Sanger sequencing were analyzed and compared with the database in GenBank1.


TABLE 1. Oligonucleotide primers used in this study.
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Sequence Alignment and Phylogenetic Analysis

The deduced amino acid sequence of croaker bAROM cDNA was aligned with other vertebrate AROMs (bAROM and ovarian aromatase, oAROM) using MultAlin2 sequence alignment according to Corpet (1988).

A phylogenetic tree was generated by the Neighbor-Joining method according to Tamura et al. (2007) and visually depicted by MEGA4 software3. The full-length bAROM and oAROM sequences were used in the phylogenetic analysis.



Quantitative Real-Time PCR Analysis

Gene specific primers (Eurofins MWG Genomics, Louisville, KY, United States) were designed to quantify croaker bAROM mRNA levels (Table 1). NCBI Primer-BLAST tool4 and Primer3 software5 were used to evaluate the specificity of bAROM and 18S primers. bAROM mRNA levels were determined by a quantitative real-time PCR (qRT-PCR) method using a one-step SYBR Green master mix (Agilent Technologies, La Jolla, CA, United States) as described previously (Rahman and Thomas, 2013). Croaker 18S gene (GenBank accession no.: AY866435) was used as an internal control to determine the relative gene expression. No template control (NTC) was also used to ensure the qRT-PCR amplifications were not the product of extraneous nucleic acid contamination. All reactions were run in duplicate and the cycle threshold (Ct) values were averaged. The relative mRNA expression results were calculated using the 2–ΔΔCt method according to Livak and Schmittgen (2001).



Northern Blot Analysis

Northern blot analysis was performed on total RNA using a DIG RNA-labeling kit according to the manufacturer’s protocol (Roche Diagnostics, Penzberg, Germany). Briefly, total RNA (20 μg) from the hypothalamus was separated on a 1% formaldehyde gel in MOPS buffer (20 mM MOPS, 2 mM sodium acetate, and 1 mM EDTA, pH 7) and blotted onto positive-charged nylon membranes (Turbo Blotter, Schleicher and Schuell Bioscience, Keene, NH, United States). The membranes were then prehybridized in prehybridization buffer at 68°C for 30 min and hybridized with the RNA-labeled probe at 68°C overnight. For negative control, the membrane was hybridized without the RNA-labeled probe. The membranes were then washed with stringency buffer and incubated with DIG-labeled antibody for 30 min. After washes with washing buffer, the membranes were then treated with DIG chemiluminescent solution and exposed to hyperfilm (Amersham Biosciences) to detect the specific bAROM signal.



Western Blot Analysis

Hypothalamic tissue samples were homogenized with ice-cold HAED buffer (25 mM Hepes, 1 mM EDTA, 10 mM NaCl, 1 mM DTT, and 10 μl/ml of halt protease inhibitor cocktail, pH 7.6). After centrifugation at 10,000 g for 15 min, protein concentrations in the supernatant were measured using the Bradford protein assay (Bradford, 1976). Protein extracts (10 μg) were solubilized by boiling in loading buffer, separated on a 10% SDS-PAGE gel, and transferred to a PVDF membrane (Bio-Rad, Hercules, CA, United States). After blocking with 5% non-fat dry milk in TBS-T buffer (50 mM Tris, 100 mM NaCl, 0.1% Tween 20, pH 7.4) for 1 h, the membrane was incubated with anti-aromatase primary antibody (dilution: 1:1,000) or rabbit anti-actin (1:10,000; Southern Biotech, Birmingham, AL, United States) overnight at 4°C. For the peptide block control, the antigen peptide was diluted in blocking buffer (TBS-T containing 0.3% Triton X-100, 5% normal rabbit serum and 1% BSA) containing aromatase antibody (dilution: 1:1,000) and preabsorbed overnight at 4°C. The aromatase peptide antigen was designed based on sequence alignments of known teleost aromatases (Forlano et al., 2001), and the teleost aromatase antibody generated in rabbits were kindly provided by Dr. Andrew H. Bass (Cornell University, Ithaca, NY, United States). Membranes were then washed with TBS-T and incubated with anti-rabbit secondary antibody (1:1,000) for 2 h at room temperature. After washing with TBS-T, membranes were treated with chemiluminescence substrate (Pierce, Rockford, IL, United States) and exposed to hyperfilm (Buckinghamshire, United Kingdom) in the dark. The immunoreactive (IR) intensities of bAROM and action (∼45 kDa protein, used as an internal control) proteins were estimated using ImageJ software (National Institute of Health, Bethesda, MD, United States6).



Radioenzymatic Assay

Aromatase activity was determined in croaker hypothalamus by radioenzymatic assay (REA) using [1β-3H]androstenedione (3H-A, 250 μCi; PerkinElmer, Waltham, MA, United States) as a tracer and conducted under conditions validated for teleost brain (Gonzalez and Piferrer, 2002). Briefly, hypothalamic tissue samples were homogenized in ice-cold potassium phosphate buffer (100 mM KCl, 10 mM KH2PO4, 1 mM EDTA, 10 mM DTT, pH 7.4; 1:10, wet weight/vol) and centrifuged at 1,000g for min at 4oC. The crude supernatant fraction (100 μl) was added with 100 μl of cofactor solution containing 100 mM KCl, 10 mM K2PO4, 1 mM EDTA, 10 mM dithiothreitol, 5 mM glucose-6-phosphate (co-substrate), 1 mM β-nicotinamide adenine dinucleotide phosphate (co-factor), 10 U glucose-6-phosphate dehydrogenase, and 0.6 μM 3H-A. The reaction solutions were incubated at 28oC for 80 min in an incubator. After incubation, the enzymatic reaction was stopped by adding of 500 μl of ice-cold 10% trichloroacetic acid (containing 20 mg charcoal/ml to remove remaining 3H-A) and centrifuged at 14,000 g for 2 min. The supernatant (200 μl) containing the tritiated water released in the assay was added to 3 ml of scintillation cocktail and vortexed for 5 min at room temperature. The radioactivity was measured with a liquid scintillation counter. Aromatase activity derived from the enzymatic assay was normalized to the total protein present in hypothalamic tissue homogenates, as determined by Bradford protein assay (Bradford, 1976), and expressed as nmol/mg protein/h.



Double-Labeled Immunohistochemistry

The double-labeled immunofluorescent staining method was used to detect bAROM, NADPH oxidase (NOX), and nNOS expressions in the same teleost brain cells using two unconjugated primary antisera according to Semenova et al. (2014) and Lopez et al. (2017). Briefly, a whole brain sections were deparaffinized in xylene, dehydrated in ethanol dilutions, blocked with blocking solution, and incubated with a mixture of rabbit polyclonal anti-bAROM and goat anti-NOX (dilution: 1:100; Santa Cruz Biotechnology, Dallas, TX, United States) or rabbit polyclonal anti-nNOS (Santa Cruz Biotechnology) and goat anti-NOX antibodies (1:100) overnight at 4oC. The specificity of anti-bAROM and anti-nNOS antisera were tested previously in immunohistochemical studies in croaker (Rahman and Thomas, 2015) and brains of other teleosts (e.g., rainbow trout, McNeill and Perry, 2006; midshipman, Forlano et al., 2006). Sections were then rinsed with PBS and blocked with blocking solution for 1 h at room temperature. After a rinse with PBS, sections were then incubated with a mixture of Alexa 488-conjugated anti-rabbit (green fluorescence, Invitrogen) and Alexa 594-conjugated anti-goat (red fluorescence, Invitrogen) secondary antibodies (dilution: 1:100) for 1 h at room temperature in the dark. Sections were then rinsed with PBS, rehydrated in ethanol dilutions, mounted in Fluromount-G solution, and the presence of the double-labeled immunofluorescence signal visualized using a confocal microscope (Nikon Eclipse C2, Nikon, Japan).



Statistical Analysis

All statistical analyses were performed using StatView (SAS Institute Inc., Cary, NC, United States) and GradPad Prism (GraphPad Prism, San Diego, CA, United States) software packages. All experimental data are expressed as arithmetic means ± SEM. Unpaired Student’s t-test was used to evaluate the statistical significance for normally distributed data between the two groups. Statistically significant differences between multiple groups were determined using one-way analysis of variance (ANOVA) followed by Fisher’s protected least-significant difference (Fisher’s PLSD) test. For all data analyses, a p-value < 0.05 was considered statistically significant.




RESULTS


Molecular Characterization, Structural and Phylogenetic Analyses of Croaker bAROM

Using degenerate primers, a partial cDNA fragment (1,000 bp) was amplified from croaker brain RNA by RT-PCR. Sequence analysis showed that this fragment shared high sequence homology with bAROM of other vertebrates. The 5′- and 3′-ends of this partial sequence were amplified by 3′- and 5′-RACE techniques using gene specific primers. The full-length croaker bAROM cDNA is composed of 2226 bp nucleotides which contains 479 bp of 5′-untranslated region (UTR) and 747 bp of 3′-UTR (Supplementary Figure 2) predicting a protein of 502 amino acids with a molecular mass of ∼57 kDa (Figure 1B).

The full-length croaker bAROM cDNA has five major domains/regions, membrane-spanning domain, helix region, Ozol’s peptide region, aromatic domain, and heme-binding domain similar to other vertebrate bAROMs (Figure 1B). These regions are highly conserved within the aligned AROM sequences including the helix region (91–97% identity with other teleost bAROMs, 88–94% teleost oAROMs, and 62–65% with tetrapod AROMs), Ozol’s peptide (65-86% identity with teleost bAROMs, 69–73% with teleost oAROMs, and 56–65% with tetrapod AROMs), aromatic domain (58–91% identity with teleost bAROMs, 58–75% with teleost oAROMs, and 75–83% with tetrapod AROMs) and heme-binding domain (87–95% identity with teleost bAROMs, 83–87% with teleost oAROMs, and 83–87% with tetrapod AROMs) (Figure 2A). The full-length croaker bAROM cDNA displays high sequence identity with bAROM of killifish (80%), Fugu (76%), zebrafish (64%), and relatively low sequence identity with ovarian AROM (oAROM) of zebrafish (64%), croaker (62%), killifish (60%), Fugu (59%), and also tetrapod AROMs (chicken: 52%, human: 52%) (Figure 2B). A phylogenetic analysis was performed to determine the evolutionary relationship of croaker bAROM protein to previously characterized of tetrapod and teleost AROMs. The croaker bAROM is more closely related to the teleost bAROM than the teleost oAROM and tetrapod AROM clades (Figure 2C).
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FIGURE 2. Schematic diagram, sequence identity and phylogeny of croaker brain AROM with the AROM-related proteins of other vertebrates. (A) Showing schematic diagram of conserved domains: membrane-spanning domain (Mem-Spn), I-Helix region (I-Helix), Ozol’s peptide region (Ozol’s Pep), aromatic domain (Arom Dom), and heme-binding domain (Heme-B-Dom). See Figure 1 for detailed alignment of amino acid sequences and GenBank accession numbers. (B) Percent identities of the deduced amino acid sequence of croaker brain aromatase protein those with the AROM-related proteins of other vertebrates. (C) Molecular phylogeny of aromatase proteins. Br, brain; Ov, ovary.




AROM mRNA Expression in Different Tissues and Discrete Brain Areas

Quantitative real-time PCR (qRT-PCR) analysis was carried out to determine the expression pattern of croaker bAROM transcript in different tissues and discrete brain areas. qRT-PCR results showed that bAROM mRNA levels were higher in croaker brain tissues (around 97-fold in male and ∼150-fold in female) than in other tissues including eye, gill, testis, ovary, heart, intestine, kidney, liver, muscle, and spleen (Figure 3A). qRT-PCR results also revealed that bAROM mRNA levels were higher in the telencephalon and preoptic-anterior hypothalamic areas compared with other discrete brain regions (e.g., olfactory bulb, midbrain tegmentum, cerebellum plus optic tectum, medulla oblongata) and pituitary gland (Figure 3B).


[image: image]

FIGURE 3. Expression of brain aromatase (bAROM) mRNA in tissues of male and female croaker. (A) Total RNA (100 ng) from each tissue was amplified using quantitative real-time PCR (qRT-PCR) in 40 cycles to detect bAROM mRNA. Negative reactions were also used to ensure that the amplification of bAROM mRNA was not from contamination and/or genomic DNA (data not shown). BR, brain; EY, eye; GI, gills; HE, heart; IN, intestine; KI, kidney; LI, liver; MU, muscle; SP, spleen. (B) bAROM mRNA levels in different parts of the croaker brain and pituitary by qRT-PCR. The frozen brains were dissected into seven parts: olfactory bulbs (OB), telencephalon (TEL), POAH (preoptic-anterior hypothalamus), midbrain tegmentum (MT), cerebellum plus optic tectum (CE + OT), medulla oblongata (MO), and pituitary (PIT) with aid of a croaker brain atlas (Khan and Thomas, 1993; Rahman and Thomas, 2009). Asterisk indicates significant differences (Student’s t-test, p < 0.05). (C) Northern blot analysis of croaker bAROM transcript in hypothalamic tissues. M, male; F, female.


Northern blot analysis was performed to determine the size and relative abundance of croaker bAROM RNA transcripts. A single hybridization transcript (size: ∼2.8 kb) was detected in croaker hypothalamic tissues. The intensities of the Northern blot bands show than the relative abundance of bAROM mRNA in hypothalamic tissue from females is greater than that in male croaker (Figure 3C).



Effects of Hypoxia Exposure on bAROM mRNA Levels and Protein Expression

The effects of hypoxia on AROM mRNA levels in croaker hypothalami were determined by qRT-PCR using gene-specific primers. Fish exposed to hypoxia (DO: 1.7 mg/L for 4-week exposure) showed significant decreases in bAROM mRNA levels in hypothalamic tissues in both males and females (Figure 4A). bAROM mRNA levels were decreased in hypothalamic tissues around 2.9-fold (p < 0.05, 0.29 ± 0.065) in male and ∼2.5-fold (p < 0.05, 0.53 ± 0.11) in female croaker compared to controls (Figures 4Aa,b).
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FIGURE 4. (A) Effects of 4 weeks hypoxia (DO: 1.7 mg/L) exposure on brain aromatase (bAROM) mRNA levels in male (Aa) and female (Ab) croaker hypothalamus determined by qRT-PCR. Here and in the following figures (Figures 5–8), fish were previously exposed to declining DO for an additional 2 days adjustment period, the exposure duration (4 weeks) only refers to the period fish were exposed to target DO (1.7 mg/L). (B) bAROM protein expression in croaker tissues. (C) Immunoblot reaction blocked by co-incubation of bAROM antibody with specific peptide antigen. kDA, kilodalton; MW, molecular weight marker; BR, brain; OV, ovary; TE, testis; ANT, antibody; PEP, peptide; M, male, F, female. (D,E) Effects of 4 weeks hypoxia exposure on bAROM (Da) and actin (Db) protein expressions and bAROM protein levels [(Ea): male, (Eb): female] in croaker hypothalamus detected by Western blot analysis. Each bar represents mean _ SEM (N = 8). White and black bars represent control (CTL) and hypoxia (HYP). Asterisks indicate significant differences (Student’s t-test, **p < 0.01, ***p < 0.001).


The effects of hypoxia on bAROM protein expression in croaker hypothalami were determined by Western blot analysis. The bAROM antibody detected a major immunoreactive (IR) band around 57 kDa in croaker brains (Figure 4B), which agrees with the predicted molecular mass for croaker bAROM (Figure 1B). No IR signals were detected in croaker testis and ovary. The IR signal in the croaker brain was blocked by preincubation with the bAROM-specific antigen peptide (Figure 4C), confirming the specificity of the immunoreaction with the bAROM antibody. Hypothalamic protein extracts from normoxia- and hypoxia-exposed fish were analyzed for changes in bAROM protein expression. The immunoblot result showed that bAROM protein expression and levels were reduced around 1.18-fold (p < 0.01, 0.53 ± 0.02) in male and ∼1.74-fold (p < 0.01, 0.37 ± 0.02) in female croaker compared to controls (Figures 4Da,Ea,b). Equal amounts of the protein extracts from hypothalamic tissues were confirmed using actin (size: ∼45 kDa) as a loading control (Figure 4Db).



Effects of Hypoxia Exposure on AROM Activity and Gonadal Index

The effects of hypoxia of AROM activity in croaker hypothalami were determined by radioenzyme assay (REA). Fish exposed to hypoxia (4-weeks) showed a significant decrease in AROM activity in hypothalamic tissues (Figure 5). AROM activity was decreased approximately 1.8-fold (p < 0.05, 0.25 ± 0.052) in male croaker exposed to hypoxia compared to that in normoxic controls (Figure 5Aa). A similar trend was also observed in female croaker, where AROM activity was decreased ∼1.91-fold (p < 0.05, 0.46 ± 0.068) in hypothalamic tissues from hypoxia-exposed fish compared to normoxia-exposed controls (Figure 5b).
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FIGURE 5. (A) Effects of 4 weeks hypoxia (DO: 1.7 mg/L) exposure on aromatase (AROM) activity in male (Aa) and female (Ab) croaker hypothalamus determined by radioenzymatic assay. (B) Effects of 4 weeks hypoxia exposure on gonadosomatic index in male (Ba) and female (Bb) croaker. Each bar represents mean _ SEM (N = 8–13). White and black bars represent control (CTL) and hypoxia (HYP). Each bar represents mean _ SEM (N = 6–12). White and black bars represent control (CTL) and hypoxia (HYP). Asterisks indicate significant differences (Student’s t-test, **p < 0.01, ***p < 0.001).


We calculated the gonadosomatic index (GSI = gonad weight/body weight∗100) in croaker after hypoxia exposure to determine their stage of gonadal maturity. Both male and female croaker exposed to hypoxia had significantly lower GSI values than the normoxia-exposed controls (Figure 5B). GSI was decreased around 4.8-fold (p < 0.05, 2.15 ± 0.59) in male and ∼2.5-fold (p < 0.05, 8.68 ± 1.36) in female croaker compared to controls (Figures 5Ba,b).



Interactive Effects of Hypoxia and NOS or Antioxidant Status on bAROM Expression

To investigate the potential mechanisms of nNOS and AOX status on AROM regulation in teleost brains during hypoxic conditions, we measured bAROM mRNA levels in croaker hypothalamus with or without treatment of NEM, NAME, or AOX after 4 weeks of hypoxia exposure. bAROM mRNA levels were significantly decreased around 3.7-fold (p < 0.05, 0.44 ± 0.14) in normoxic fish by treatment with NEM similar to that observed in hypoxia-exposed fish (p < 0.05, 0.28 ± 0.07), whereas AROM mRNA levels were dramatically increased in hypoxia-exposed fish by NAME (p < 0.05, 1.33 ± 0.32) or AOX (p < 0.05, 1.0 ± 0.23) treatments and were similar to those observed in the normoxic saline-injected (1.61 ± 0.49) controls (Figure 6A). There were no significant changes in 18S mRNA levels in croaker hypothalamus with or without treatment of NEM, NAME, or AOX after 4 weeks hypoxia exposure (Figure 6B).
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FIGURE 6. (A) Interactive effects of hypoxia (DO: 1.7 mg/L for 4 weeks) and pharmacological drugs on brain aromatase (bAROM) mRNA levels in croaker hypothalamus determined by qRT-PCR. (B) Ct values of 18S in croaker hypothalamus. Each bar represents mean ± SEM (N = 8, results from both sexes were combined, because they were not significant different). White and black bars represent saline (SAL) control (CTL) and hypoxia (HYP). Significant differences (p < 0.05) as compared to control (CTL) determined with a multiple range test, Fisher’s PLSD, are indicated with different letters. Asterisks indicate significant differences (Student’s t-test, *p < 0.05). N-ethylmaleimide (NEM), Nω-nitro-L-arginine methyl ester (NAME), antioxidant (AOX, vitamin-E).




Interactive Effects of Hypoxia and NOS or Antioxidant Status on AROM Activity

To explore the potential roles of neuronal nitric oxidase synthase (nNOS) and antioxidant (AOX) status on AROM regulation in croaker brains during hypoxic conditions, we measured AROM activity by REA in croaker hypothalamus with or without treatment with N-ethylmaleimide (NEM, an alkylating agent which modifies sulfhydryl groups and increases nNOS expression in croaker hypothalami, Rahman and Thomas, 2015), Nω-nitro-L-arginine methyl ester (NAME, a competitive NOS-inhibitor) or vitamin-E (Vit-E, a powerful AOX) after 4 weeks hypoxia exposure (DO: 1.7 mg/L). In male croaker, AROM activity was significantly decreased around 2.9-fold (p < 0.05, 0.18 ± 0.036) in normoxic fish by treatment with NEM similar to that observed in hypoxia-exposed fish (p < 0.05, 0.32 ± 0.11). Injection with NAME did not significantly alter hypothalamic AROM activity in hypoxic fish, whereas AROM activity was dramatically increased (p < 0.05, 0.53 ± 0.16) in hypoxia-exposed fish by AOX treatment similar to that observed in the normoxic saline-injected controls (Figure 7A). A similar trend was also observed in female croaker, where AROM activity was significantly decreased ∼2.1-fold (p < 0.05, 0.32 ± 0.06) in normoxic fish by treatment with NEM similar to that observed in hypoxia-exposed fish (p < 0.05, 0.34 ± 0.06). AROM activity was dramatically increased in hypoxia-exposed fish by NAME (p < 0.05, 0.78 ± 0.2) or AOX (p < 0.05, 0.74 ± 0.17) treatment similar to that observed in the normoxic saline-injected (0.66 ± 0.06) controls (Figure 7B).
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FIGURE 7. Interactive effects of hypoxia (DO: 1.7 mg/L for 4 weeks) and pharmacological drugs on aromatase (AROM) activity in croaker hypothalamus determined by radioenzymatic assay. AROM activity in male (A) and female croaker (B). Each bar represents mean ± SEM (N = 5–19). White and black bars represent control (CTL) and hypoxia (HYP). Significant differences (p < 0.05) as compared to saline (SAL) control (CTL) determined with a multiple range test, Fisher’s PLSD, are indicated with different letters. Asterisk indicates significant differences (Student’s t-test, p < 0.05). N-ethylmaleimide (NEM), Nω-nitro-L-arginine methyl ester (NAME), antioxidant (AOX, vitamin-E).




Interactive Effects of Hypoxia and NOS or Antioxidant Status on Gonadal Index

To investigate their effects on gonadal maturity, we calculated the GSI in croaker gonads with or without treatment with NEM, NAME, or AOX after 4 weeks hypoxia exposure. In male croaker, GSI was significantly decreased around 1.5-fold (p < 0.05, 1.5 ± 0.31) in hypoxic fish compared to saline treated controls. Injections with NEM or AOX did not significantly alter the GSI in hypoxia-exposed male fish (Figure 8A). A similar trend was also observed in female croaker, where GSI was significantly decreased around 1.97-fold (p < 0.05, 3.65 ± 0.66) in hypoxic saline-injected fish compared with normoxic saline-injected controls (Figure 8B). GSI was also significantly decreased ∼2.2-fold (p < 0.05, 3.23 ± 0.79) in normoxic fish by treatment with NEM similar to that observed in hypoxic saline-injected fish, whereas GSI was dramatically increased in hypoxia-exposed fish by NAME (p < 0.05, 7.19 ± 1.37) or AOX (p < 0.05, 4.84 ± 1.03) treatments similar to that observed in the normoxic saline-injected (7.11 ± 0.93) controls (Figure 8B).
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FIGURE 8. Interactive effects of hypoxia (DO: 1.7 mg/L for 4 weeks) and pharmacological drugs on gonadosomatic index (GSI) in male (A) and female (B) croaker. Each bar represents mean ± SEM (N = 12–22). White and black bars represent control (CTL) and hypoxia (HYP). Significant differences (p < 0.05) as compared to saline (SAL) control (CTL) determined with a multiple range test, Fisher’s PLSD, are indicated with different letters. Asterisks indicate significant differences (Student’s t-test, *p < 0.05). N-ethylmaleimide (NEM), Nω-nitro-L-arginine methyl ester (NAME), antioxidant (AOX, vitamin-E).




Immunohistochemical Co-localization of bAROM, NOX, and nNOS Protein Expression

To determine the potential anatomical basis for the interactions between bAROM, NOX, and/or nNOS in teleost hypothalami, we examined their co-expression in croaker hypothalami by double-labeled immunofluorescence (DLIF). The DLIF results revealed that AROM and NOX, and nNOS and NOX proteins were co-expressed in cells in the croaker hypothalamus as revealed in the merged images (Figures 9Aa–f).
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FIGURE 9. (A) Immunohistochemical co-localization of brain aromatase (bAROM), NADPH oxidase (NOX) and neuronal nitric oxide synthase (nNOS) proteins in croaker hypothalamus determined by double-labeled immunofluorescence assay. (Aa–c) Arrows indicate neuronal expression of bAROM (Aa) and NOX (Ab) and (Ac) their co-expression (merged). (Ad–f) Arrows indicate nNOS (Ad) and NOX (Ae) and (Af) their co-expression (merged). Scale bar = 10 μm. (B) Graphical summary of downregulation of bAROM in croaker hypothalamus and impairment of gonadal development after environmental exposure to hypoxia stress and rescue by NOS inhibitor and AOX treatments. The hypoxia-induced increase in reactive oxygen species (ROS) and nNOS resulting in downregulation of bAROM activity is mimicked by treatment with an alkylating agent (N-ethylmaleimide, NEM). Treatments with a NOS inhibitor (Nω-nitro-L-arginine methyl ester, NAME) and an antioxidant (AOX, vitamin-E) block the hypoxia-induced upregulation of neuronal NOS and ROS which leads to restored AROM activity in brain and subsequently reinstates reproductive functions in gonads. The hypoxia-induced increases of ROS and nNOS in croaker hypothalami and their reversal with NEM and an AOX have been reported previously (1Rahman and Thomas, 2015).





DISCUSSION

The present results clearly show that chronic laboratory exposure to hypoxia downregulates bAROM expression and activity in the hypothalamus of a marine teleost model, Atlantic croaker, which is accompanied by impaired gonadal development. These results are consistent with the findings of our earlier field study, which reported reproductive impairment and decreased hypothalamic bAROM mRNA expression in croaker collected from the hypoxic “dead zone” in the northern Gulf of Mexico (Thomas and Rahman, 2012). Exposure to hypoxia in the laboratory and in the dead zone also increased hypothalamic mRNA and protein expression of nNOS and biomarkers of oxidative stress in croaker (Rahman and Thomas, 2017). However, the connection between hypoxia-mediated upregulation of nNOS and downregulation of bAROM had not been explored in the brains of croaker or, to the best of our knowledge, any other vertebrate species. The current results showing the NOS inhibitor, NAME, reverses hypoxia downregulation of bAROM provides clear evidence NOS mediates, at least partly, the modulation of bAROM expression and activity in croaker brains after chronic hypoxia exposure. Hypoxia-induced upregulation of nNOS in croaker hypothalami, in turn is reversed by treatment with an antioxidant, Vit-E, and mimicked by treatment with an alkylating agent, NEM, which also increases superoxide radical production (Rahman and Thomas, 2015). The present results show that these treatments also modulate AROM activity and bAROM mRNA levels, causing opposite responses to those observed with nNOS in croaker hypothalami. Collectively, these studies showing an inverse relationship between nNOS and bAROM after hypoxia and various pharmacological treatments suggests that NOS influences bAROM in croaker hypothalami by decreasing its activity during chronic hypoxia exposure (Figure 9B). Interestingly, the finding that the hypoxia-induced increase in nNOS expression in croaker hypothalami is mimicked by treatment with the aromatase inhibitor, ATD, and reversed by treatment with estradiol-17β (Rahman and Thomas, 2015), suggests that there is a reciprocal relationship between the regulation of these two brain enzymes, and that bAROM also regulates, at least partly, nNOS expression. Clearly, the intimate relationship we have identified between the regulation of these two brain enzymes in the brains of a teleost species exposed to hypoxia is a significant finding that warrants further investigation.

The prediction in the present study that the deduced amino acid sequence of croaker bAROM cDNA has the same five domains/regions (membrane-spanning domain, helix region, Ozol’s peptide region, aromatic domain, and heme-binding domain) as in other teleost brain and ovarian AROM (i.e., bAROM, oAROM) cDNAs, suggests that it has similar catalytic and physiological functions as in other vertebrates. Interestingly, all teleost fish bAROM cDNAs reported so far, including croaker, encode proteins with 488–511 amino acid residues (Halm et al., 2001; Kishida and Callard, 2001; Valle et al., 2002b; Choi et al., 2005; Strobl-Mazzulla et al., 2005; Chaube et al., 2015), whereas fish oAROM cDNAs are larger and predict proteins with 509–523 amino acids (e.g., croaker oAROM cDNA encodes 16 more amino acids than croaker bAROM cDNA) (Gen et al., 2001; Kishida and Callard, 2001; Valle et al., 2002a; Nunez and Applebaum, 2006; Chaube et al., 2015), indicating a major difference between bAROMs and oAROMs in teleost fishes. Phylogenetic analysis revealed that the croaker bAROM isoform is clustered with the bAROM isoform of other teleosts with high similarity, especially with marine teleosts (76–80%), and has lower similarity with oAROM and AROM isoforms of other teleosts (59–64%) and tetrapods (52%), respectively. Notably, both the bAROM and oAROM types of cDNAs in fish are clustered separately from human and chicken AROMs in the phylogenetic tree. Collectively, these results suggest that the teleost bAROM cDNA arose from duplication of the ancestral oAROM gene shared with tetrapods early in the teleost lineage (Kwon et al., 2001). The single croaker bAROM transcript is a similar size, approximately 2.8 kb, to bAROM transcripts in tilapia (∼2.6–2.7 kb, Chang et al., 1997; Kwon et al., 2001), protogynous wrasse bAROM (∼2.6 kb, Choi et al., 2005) and goldfish bAROM (∼3 kb, Gelinas et al., 1998), but larger than in orange-spotted grouper bAROM (∼1.9 kb, Zhang et al., 2004), and shorter than in rainbow trout bAROM (∼3.8 kb, Valle et al., 2002b) and zebrafish bAROM (∼4.4 kb, Kishida and Callard, 2001). In addition, several sizes of bAROM mRNA transcripts have been detected in several teleost fishes by Northern blot analysis which likely represent alternatively spliced forms of the bAROM gene (Halm et al., 2001; Sundaray et al., 2005).

Similar to results in several other teleost fishes (Gonzalez and Piferrer, 2002, 2003; Strobl-Mazzulla et al., 2005; Barney et al., 2008; Dong and Willett, 2008; Chaube et al., 2015), croaker bAROM mRNA is highly expressed in the brain with highest expression in the POAH and TEL regions which regulate reproductive neuroendocrine functions and weakly expressed in the gonads and non-reproductive tissues. It is important to note that similar to female stinging catfish (Chaube et al., 2015), bAROM mRNA levels are higher in hypothalamic tissues of female croaker than in males. Low expression of bAROM mRNA was also observed in the croaker OB, MT, CE + OT, MO, and pituitary but did not show any sex differences. On the other hand, sex differences in bAROM mRNA expression were only detected in one brain region of adult killifish, the OB, with higher expression in females (Dong and Willett, 2008). In marked contrast to findings in the majority of other teleost species, higher AROM activities were detected in the OB, TEL, hypothalamus and pituitary of male than in female seabass and pituitary bAROM mRNA expression was also greater in male South American catfish than in females (Gonzalez and Piferrer, 2003; de Assis et al., 2018). Taken together, these results show that the bAROM gene is highly expressed in brain tissues in fish, ubiquitously found in the entire hypothalamic region, and show sex differences in expression, although these sex differences are observed in different brain regions in the various teleost species examined to date (Garcia-Segura et al., 2003; Piferrer and Blázquez, 2005; Roselli, 2007). bAROM is presumed to be localized in radial glial cells in croaker hypothalami, although this was not confirmed in the present study, because it has been shown to be localized in glial cells in the brains of all the teleost species examined to date (Forlano et al., 2001; Page et al., 2010; Diotel et al., 2011; Xing et al., 2014; Chaube et al., 2015). Glial cell localization of bAROM in croaker hypothalami is also likely because nNOS and NOX, which are localized in the same hypothalamic cells as bAROM in croaker, have been identified in glial cells in other vertebrate models (Kawase et al., 1996; Kim et al., 2008).

In addition to its critical role in reproductive neuroendocrine functions and sexual behavior, there is growing evidence that inhibition of AROM activity causes ovarian masculinization (Guiguen et al., 1999; Thomas and Rahman, 2012) and induces partial sex change in fish (Piferrer et al., 1994; Bhandari et al., 2004; Paul-Prasanth et al., 2013; Goppert et al., 2016), leading to decreases in reproductive fitness. Chronic hypoxia exposure in both field and laboratory settings causes marked impairment of reproductive neuroendocrine functions including downregulation of gonadotropin releasing hormone (GnRH) and gonadotropin (GtH) expression/release and synthesis of the neurotransmitter, serotonin, that controls gonadotropin secretion in croaker (Thomas et al., 2007; Rahman and Thomas, 2009; Thomas and Rahman, 2012), and decreased GnRH and GtH gene expression in zebrafish (Lu et al., 2014) and GtH release in carp (Wang et al., 2008). The present results show that hypoxia exposure also drastically decreases in bAROM mRNA and protein expressions and AROM activity in hypothalamic tissues, which is accompanied by decreases in GSI of both and female croaker, in agreement with our field results from hypoxic sites in the northern Gulf of Mexico (Thomas and Rahman, 2012). In addition, oAROM mRNA levels were decreased in croaker collected from these field sites as well as in a controlled laboratory hypoxia experiment in which ovarian AROM activity was also decreased (Thomas and Rahman, 2012). Similarly, chronic exposure to hypoxia in a laboratory experiment caused a dramatic decline in mRNA levels of both brain and ovarian AROM in zebrafish embryos (Shang et al., 2006), suggesting that the reduction of AROM transcripts is a common phenomenon in both the brain and ovaries of teleost fishes during hypoxia exposure. As expected, these chronic hypoxia-induced decreases in AROM function were accompanied by declines in plasma estradiol-17β levels in teleost fishes, such as carp, croaker, zebrafish, and killifish (Wu et al., 2003; Shang et al., 2006; Thomas et al., 2006, 2007; Landry et al., 2007), and associated in croaker with decreases in hepatic vitellogenin production and yolk accumulation in croaker oocytes resulting in dramatic reductions in fecundity (Thomas et al., 2006, 2007). Moreover, there is growing evidence that inhibition of AROM activity causes ovarian masculinization (Guiguen et al., 1999; Thomas and Rahman, 2012) and induces partial sex change in fish (Piferrer et al., 1994; Goppert et al., 2016), leading to decreases in reproductive fitness. For example, downregulation of AROM in croaker collected from hypoxic field sites in the northern Gulf of Mexico was associated with ovarian masculinization and a male–skewed sex ratio, and similarly, ovarian masculinization (mature sperm in ovaries) also observed in croaker exposed to hypoxia in laboratory studies (Thomas and Rahman, 2012). Thus, hypoxia disruption of the reproductive system in teleosts is both severe and multifaceted.

Exposure to hypoxia also causes increases in free radicals, ROS and RNS, in teleost brains. For example, we have recently demonstrated that hypoxia exposure causes marked increases nNOS, mRNA and protein expressions, and superoxide radical production (e.g., O2∙-, generated by NADPH oxidase, NOX; Tarafdar and Pula, 2018) in hypothalamic tissues and also increases plasma NOx, a stable oxidized metabolite of nitric oxide (NO), levels in croaker (Rahman and Thomas, 2015, 2017). Similarly, McNeill and Perry (2006) demonstrated that short-term exposure to hypoxia caused increases nNOS mRNA levels in rainbow trout brain, which was accompanied by increases in plasma NOx levels. These studies and the present findings suggest that hypoxia causes excessive production of ROS and/or RNS through an increase in nNOS and/or NOX activity resulting in increased oxidative/nitrative stress. The available evidence suggests that downregulation of bAROM and subsequent reproductive impairment during hypoxia exposure is mediated by this increased RNS/ROS-induced stress (e.g., O2∙-) through activation NOS and/or NOX. We have recently demonstrated hypoxia-induced upregulation of nNOS mRNA and protein expression of O2∙- production in croaker hypothalami is reduced by the NOS-inhibitor, NAME, and an antioxidant (AOX, Vit-E; Rahman and Thomas, 2015). Moreover, the alkylating agent, NEM, a chemical which covalently modifies sulfhydryl groups (Smyth et al., 1964), increases nNOS mRNA and protein expression, and O2∙- production in croaker hypothalamus under normoxic conditions, similar to the changes observed under hypoxic conditions (Rahman and Thomas, 2015). The present results show that hypoxia and these pharmacological treatments that modulate nNOS activity and RNS/RAO production also alter bAROM expression and activity. Administration of AOX or the NOS-inhibitor, NAME, fully restored AROM activity and bAROM mRNA levels in croaker hypothalamus, and partially/fully reinstated gonadal fitness (i.e., GSI), which clearly implicates NO and O2∙- generation in hypoxia-induced downregulation of bAROM. The double-labeled immunofluorescence results showing the presence of bAROM, nNOS, and NOX proteins in the same hypothalamic cells in croaker provides a cellular context for their interactions. However, changes in bAROM expression and activity in croaker hypothalami induced by hypoxia and the pharmacological treatments may be partially mediated indirectly through their effects on ovarian AROM activity and estradiol-17β production. The expression and activity of bAROM in the brain of several teleosts species is modulated by circulating estradiol-17β levels and ovarian AROM activity (Page et al., 2010; Diotel et al., 2011). Both oAROM expression/activity and plasma estradiol-17β levels were decreased in croaker after chronic hypoxia exposure (Thomas et al., 2007; Thomas and Rahman, 2012). Croaker were treated with NAME, NEM and an AOX systemically in the present study so they likely exerted similar effects on oAROM as we observed with bAROM. This is supported by a report that an oxidizing agent, phenol, drastically increased H2O2, a potent ROS, and hydroxyl radical (OH∙, a highly reactive ROS) and reduced AROM activity and oAROM mRNA levels in carp ovaries (Das et al., 2016). Treatment of mammalian models with NEM and NO-donors, S-nitro-N-acetylpenicillamine (SNAP) and NOC18, decrease AROM activity and estradiol-17β production by ovarian follicle cells (Snyder et al., 1996; Masuda et al., 2001), and AOX treatment restored AROM activity in placental microsomes after oxidant stress (Milczarek et al., 2008). Thus, downregulation of bAROM activity and neuroendocrine function in croaker after hypoxia exposure is potentially mediated by its oxidative/nitrative effects in the ovary on oAROM as well as direct effects in the hypothalamus.



CONCLUSION

The results demonstrate that hypoxia reduces AROM activity and bAROM mRNA and protein expressions in the hypothalamus of a hypoxia-tolerant marine teleost, Atlantic croaker. Notably, the present results also provide clear evidence that the hypoxia-mediated downregulation of bAROM is partially mediated through NOS and alterations in the antioxidant status. The results show for the first time that during hypoxic stress, administration of a NOS-inhibitor or AOX (Vit-E), leads to increased bAROM transcript expression and AROM activity in the hypothalamus and restores gonadal development. An increased understanding of the mechanism of downregulation of hypothalamic bAROM during exposure of teleost fish to environmental hypoxia has major physiological implications because the enzyme performs critical functions in the neuroendocrine control of reproduction, maintenance of sexual plasticity, and neuroprotection. This knowledge is also of broad ecological significance because environmental hypoxia is widespread in coastal regions and has recently dramatically increased worldwide due to increased eutrophication as a result of human activities. Although NOS inhibitor treatments and the AOX status clearly influence bAROM activity and both nNOS and NOX are co-localized with bAROM in the croaker hypothalamus, additional research will be required to determine whether they exert their AROM effects solely in this tissue, or whether these pharmacological treatments also exert their effects indirectly, for example, by their actions on AROM in the ovaries to restore estradiol-17β production resulting in increases in bAROM activity. Further research on the mechanisms of bAROM downregulation during hypoxia exposure will be required to answer this question.
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Ark shells (Scapharca subcrenata) grown on the tidal flats are often exposed to high temperature stresses in summer. In order to better understand their adaption to extreme or natural high temperature, we first determined the 96-h upper lethal temperature of ark shell and then investigated their physiological and transcriptional responses to acute or chronic thermal stress at the 96-h upper median lethal temperature (32°C). A significantly higher cumulative mortality (52% in 96 h) was observed in the acute heating treatment (AHT) group than that (22% in 7 days) in the chronic heating treatment (CHT) group. The apoptosis and necrosis rates of hemocytes were increased significantly in a time-dependent manner under both thermal stress strategies. Activities of antioxidant enzymes [superoxide dismutase (SOD) and catalase (CAT)] increased dramatically in a short time followed by a quick decline and reached to a lower level within 12 h in the AHT group, but maintain relatively high levels over a long period in the CHT group. The contents of malondialdehyde (MDA) were increased significantly firstly and restored to the original later in both acute and chronic thermal stress. Moreover, expression of the genes related to heat shock proteins (HSPs; HSP90, HSP70, HSP20, and sHSP), apoptosis [TNF receptor-associated factor 6 (TRAF6), glucose regulated protein 78 kD (GRP78), and caspase-3 (Casp-3)] and antioxidant responses [glutathione S-transferase (GST) and multidrug resistance protein (MRP)] could be induced and up-regulated significantly by thermal stress, however, expression of regucalcin (RGN), metallothionein (MT), and peroxiredoxin (PRX) was down-regulated dramatically under the two heating treatments. These results suggested that anti-apoptotic system, antioxidant defense system and HSPs could play important roles in thermal tolerance of ark shells, and the heat-resistant ark shell strains could be selected continuously by properly chronic thermal stress.

Keywords: Scapharca subcrenata, thermal stress, apoptosis, antioxidant enzymes, gene expression response


INTRODUCTION

In recent decades, the seawater temperature keeps rising with the acceleration of global warming (Hoegh-Guldberg et al., 2007), and in the worst cases, seawater temperature could increase by 4.5°C by the end of this century (IPCC, 2013). As a consequent, many intertidal marine mollusks are living at temperatures close to or just below their upper thermal limits (Stillman, 2003; Tomanek and Zuzow, 2010; Clark et al., 2021; Ning et al., 2021). Unlike terrestrial animals, marine organisms inhabiting nearshore are usually unable to shelter from high temperature environment (Burrows et al., 2019). Therefore, investigation of their biological responses to thermal stresses may provide insights into underlying the adaptive mechanisms of these intertidal mollusk to elevated temperatures.

Habitat temperature is a prominent stressor that can affect the survival, growth, development, reproduction, metabolism, immunity and geographical distribution of marine organisms (Chen et al., 2007; Anestis et al., 2010; Jiang et al., 2016; Yang et al., 2017; Monaco and McQuaid, 2019). For instance, thermal stress can induce overproduction of reactive oxygen species (ROS), which damages biological macromolecules (proteins, lipids, and DNA) and initiates a cascade of cellular defense events (Meng et al., 2014; Luo et al., 2014). Moreover, the physiological performance and gene expression of marine organisms can be disorganized by thermal stress (Clark et al., 2018, 2021; Li et al., 2020; Shi et al., 2020). It has been reported that enzymatic defense system, antioxidant system and apoptosis pathway of marine mollusk can be activated to counteract the adverse effect of oxidative stress induced by temperature changes (Zhang et al., 2012; Zhou et al., 2019; Ning et al., 2021). However, intertidal organisms have poor capacities in acclimation to rapid climate warming (Stillman, 2003). For instance, the growth and gonad development of Crassostrea gigas can be inhibited by thermal discharge from a nuclear power plant (Dong et al., 2018). It is thus necessary to investigate the thermo-resistant mechanisms of intertidal organisms in response to elevating temperatures.

The ark shells, Scapharca subcrenata, are economically important species and widely distributed in the coastal waters of China, Japan, and Korea (Chen et al., 2009). In the past decades, the wild resources of ark shells in China have suffered serious damage owing to overfishing and ecological changes, resulting in the decline of genetic diversity and stress resistance. Moreover, cultured ark shells, especially those cultured in outdoor ponds in China, are vulnerable to high temperature and their growth and survival are often threatened severely by continuous or extreme high temperature in summers (Lin J. L. et al., 2020; Ning et al., 2021). The seawater temperature of outdoor shallow ponds in Northern China can reach as high as 33.5°C in summer (Ning et al., 2015), thus pond cultured ark shells are often exposed to acute or chronic high temperature stress during this period. Therefore, in this study, we investigated the effects of acute or chronic thermal stress on apoptosis, physiological performance, and gene expression of ark shells, which would help to understand the thermal tolerance and contribute to selection of heat-resistant strains in ark shells.



MATERIALS AND METHODS


Experimental Animals and Determination of the Upper Median Lethal Temperature

Healthy ark shells (23.81 ± 2.05 mm in shell-length, 19.42 ± 1.63 mm in shell-height, 15.68 ± 1.05 mm in shell-width, and 5.10 ± 1.26 g in whole weight; n = 30) were collected from the intertidal flats of Dongying, China (38°08′ N, 118°17′ E). The ark shells were reared in 100-l tanks containing filtered seawater (temperature 18 ± 0.5°C, salinity 28 ± 1 and pH 8.13 ± 0.02), fed with a concentrated microalgae diet and the seawater was changed twice a day in the lab. After acclimation for 1 week, 420 healthy ark shells were randomly divided into six groups, which were heated to 22, 24, 26, 28, 30, 32, and 34°C, respectively, at a rate of 1°C/h and maintained at that temperature for 96 h. The animals were checked once every 6 h and those failed to react to mechanical touch and cannot recover within 1 h in the optimum water temperature were considered as dead and picked out. The water in the tanks were replaced twice every day with clean seawater preheated to the designated temperatures. The 96-h upper LT50 was determined according to the two-point method as described in Liu et al. (2007) (Figure 1).
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FIGURE 1. Determination of 96-h LT50. Sixty animals were exposed to 22, 24, 26, 28, 30, 32, and 34°C for 96 h. The survival rate of each group was normalized to percentage of that of the control group at 22°C.




Setup of Acute Heating Treatment and Chronic Heating Treatment

Prior to the experiment, 480 healthy ark shells were randomly selected and divided equally into two experimental groups, one for acute heating treatment (AHT) and another for chronic heating treatment (CHT).


Acute Heating Treatment

The seawater in the tank holding the ark shells was heated rapidly from 18 to 32°C at a rate of 1°C/h. Six animals were randomly sampled at 1, 3, 6, 12, and 24 h after the water reached 32°C (Figure 2A). Six animals maintained at 18°C were sampled at the beginning of the experiment and used as a control. The animals were not fed during the experiment.
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FIGURE 2. Diagrammatic scheme of the acute (A) and chronic heating treatment experiment (B).




Chronic Heating Treatment

The seawater in the tank holding the ark shells was heated slowly from 18 to 32°C at a rate of 1°C/day, and maintained one day every 3°C. Six animals were randomly sampled at Day 1, 2, 3, 4, and 7 after the water reached 32°C (Figure 2B). Six animals maintained at 18°C were sampled at the beginning of the experiment and used as a control. During the experiments, the animals were fed with concentrated microalgae diet twice a day, and the seawater was changed 2 h after each feeding.

The sampled ark shells were dissected immediately to collect their hemocytes. In brief, 0.5 ml of hemolymph was harvested with a sterile syringe pre-filled with an equal volume of precooled anticoagulant buffer (27 mM sodium citrate, 336 mM NaCl, 115 mM glucose, 9 mM EDTA-Na2, pH 7.0), and filtered with a 300 mesh sieve. The hemocytes were saved in a mixture of ice water at 0°C and collected after centrifugation at 1,000 × g at 4°C for 5 min and eventually stored at (80°C until further analyses. Meanwhile, the gill tissues from the same animal were collected and cleaned thoroughly with phosphate buffered saline (PBS, PH 7.4) and stored at −80°C until further analyses. Hemocytes were selected as they are the main components for cellular immune response and non-specific defense mechanism, as well as play a key role in the heat stress response of mollusks (Anestis et al., 2010). Gills are often chosen in analysis of thermal stress response mechanism in aquatic animals as gills, with large surface area, are directly exposed to a variety of environmental factors (Lim et al., 2016).



Determination of Apoptosis and Necrosis Rate of Hemocytes

The hemocytes were resuspended in 195 μl 1 × binding buffer solution at a final concentration of 2.5–5.0 × 105 cells/ml, and stained with 5 μl Annexin V-Fluorescein Isothiocyanate (FITC) and 10 μl Propidium Iodide (PI) dyes at 20°C in dark for 20 min. The cell suspensions were analyzed by the flow cytometry (CytoFLEX, United States). The negative control group without dye addition and the single dye control group with only FITC or PI added were set to determine the position of the cross gate in the scatter diagram (Figure 3). The apoptosis rate of ark shell hemocytes in each sample was represented as the percentage of the number of FITC positive and PI negative cells in the total number of cells. The necrosis rate of the hemocytes in each sample was expressed as the percentage of the number of FITC positive and PI positive cells in the total number of cells (Schutte et al., 1998).
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FIGURE 3. Determination of the apoptosis and necrosis rates. The negative control group without dye addition (A) and the single dye group with FITC (B) or PI (C) only were set to determine the position of the cross gate in the scatter diagram.




Enzyme Activity Assays

Prior to analyses, the frozen gill samples were thawed on ice. About 100 mg gill tissues were homogenized in nine volume of ice-cold PBS buffer (0.01M, pH 7.4) using a homogenizer (T10 Ultra Turrax basic, Germany). After homogenization, the extract was centrifuged at 10,000 × g for 30 min at 4°C, and stored at 4°C until analyzed.

The activities of superoxide dismutase (SOD) and catalase (CAT) and the content of malondialdehyde (MDA) were selected to evaluate the physiological responses to thermal stress. The activities of SOD and CAT were measured using a commercial kit (Nanjing Jiancheng Chemical Industries, China). The activity was expressed as units per mg protein (U mg prot–1). The content of MDA was measured spectrophotometrically with the thiobarbituric acid method according to Esterbauer and Cheeseman (1990) with a kit from the Nanjing Jiancheng Chemical Industries (China). Briefly, gill extract was added to an equal volume of 1% thiobarbituric acid in a 95°C water bath for 40 min. After cooling down on ice, thiobarbituric acid reactive substance was centrifuged at 2,000 × g for 10 min and the supernatant was measured at 532 nm against a blank control consisting of anhydrous ethanol mixed with 1% thiobarbituric acid. Tetraethoxypropane was used as a standard. MDA content was expressed as nmol mg prot–1.



RNA Extraction and cDNA Synthesis

Total RNA was extracted from the frozen gill samples using TRIzol reagent (Invitrogen, United States), and genomic DNA was removed using RNase-free DNase I (TaKaRa, China). The quantity and purity of the RNA samples were determined by the Nanodrop 2000 device (Thermo, United States), and RNA quality was analyzed using 1% agarose gel electrophoresis. The first-strand cDNA was synthesized for the quantitative real-time PCR (qRT-PCR) analyses using a PrimeScriptTM first Strand cDNA Synthesis Kit (TaKaRa, China) with an oligo dT primer.



Gene Expression Analyses

The expression levels of twelve selected genes involved in heat stress responses (Ning et al., 2021) were examined using qRT-PCR. The primers used for the qRT-PCR analyses were listed in Table 1. 18S rRNA was employed as the reference gene. Reactions were carried out on the QuantStudioTM 5 Real-Time PCR Instrument (Applied Biosystems) using SYBR green II as fluorescent dye. PCR amplifications were conducted in 20-μl reaction mixtures containing 10 μl of 2 SYBR Premix Ex Taq (TaKaRa), 1.2 μl 50 × ROX Reference Dye, 2 μl of the diluted cDNA, 0.4 μl of each primer (10 μM), and 6 μl of sterile distilled H2O. The PCR programs were 95°C for 60 s, followed by 40 cycles of 95°C for 5 s and 60°C for 15 s. Melting curve analysis was performed following each PCR reaction to confirm the single amplification product. All reactions were performed in triplicates. The obtained results were analyzed by the 2–ΔΔCt methods (Livak and Schmittgen, 2001).


TABLE 1. Primers used in this study.
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Statistical Analyses

Statistical analyses were processed using SPSS 17.0 software. Significant differences were determined via one-way analysis of variance and Duncan test. Differences were considered statistically significant at P < 0.05 (∗).



RESULTS


The Cumulative Mortality of Ark Shells Under Acute and Chronic Thermal Stress

In the AHT, the cumulative mortality of ark shells showed a linear increase with time, and reached 52% at 96 h (Figure 4A). Moreover, no feeding and thus no feces were observed during the AHT experiment. The seawater in the tank often turned turbid as the animals died.
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FIGURE 4. Cumulative mortality of ark shells during the acute (A) and chronic heating experiment (B).


In the CHT group, the cumulative mortality was much lower than that in the AHT, with a cumulative mortality rate of only 22% by 7 days (Figure 4B). The ark shells fed normally and lots of feces were observed during the experiment.



The Apoptosis and Necrosis of Hemocytes Under Acute and Chronic Thermal Stress

The apoptosis and necrosis of ark shell hemocytes were assessed by Annexin V-FITC and PI staining followed by analyses with flow cytometry. In the AHT, the apoptosis rate of hemocytes increased significantly at a short time and showed a linear increase with the prolonging of thermal stress, with the highest value (17.38%) at 12 h. Similar trend was also observed for the necrosis rate of hemocytes during the AHT (Figure 5A).
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FIGURE 5. Apoptosis and necrosis rates of ark shell hemocytes under acute (A) and chronic thermal stress (B).


In the CHT group, the apoptosis rate increased significantly at day 1 and sustained steadily high over the whole period of the experiment. The necrosis rate showed a linear increase within first 4 days and decreased a bit at the end of the experiment (Figure 5B).



Changes in Enzyme Activity in the Ark Shell Gill Under Acute Thermal Stress

In the AHT, SOD activity increased significantly at 1 h (24.53 U mg prot–1) followed by a continuous decline over the experimental period. Moreover, the SOD activity became significantly lower than the control group after 6 h (Figure 6A). The CAT activity increased significantly after exposure to high temperature stress, reaching a peak value of 16.40 U mg prot–1 at 3 h, followed by a sharp decrease and became significantly lower than the control group at 12 h (Figure 6B). The content of MDA also increased significantly with time and reached the highest value of 31.94 U mg prot–1 at 6 h, followed by a continuous decline (Figure 6C).
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FIGURE 6. The changes in enzyme activity in the ark shell gill under acute thermal stress. SOD, superoxide dismutase (A); CAT, catalase (B); MDA, malondialdehyde (C).




The Changes in Enzyme Activity in the Ark Shell Gill Under Chronic Thermal Stress

In the CHT, SOD activity was increased significantly at day 1 and day 2, and restored to the initial level after day 3 (Figure 7A). CAT activity was increased significantly at day 2 and remained elevated until the end of the experiment (Figure 7B). The content of MDA was increased significantly at day 1 and day 3, and returned to the initial level at day 4 (Figure 7C).
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FIGURE 7. The changes in enzyme activity in the ark shell gill under chronic thermal stress. SOD, superoxide dismutase (A); CAT, catalase (B); MDA, malondialdehyde (C).




Transcriptional Response in the Ark Shell Gills to Acute Thermal Stress

As shown in Figure 8, the expression of selected genes related to stress proteins (HSP90, HSP70, HSP20, and sHSP), apoptosis [TNF receptor-associated factor (TRAF), glucose regulated protein 78 kD (GRP78), and caspase-3 (Casp-3)] and antioxidative [glutathione S-transferase (GST) and multidrug resistance protein (MRP)] were up-regulated significantly under acute thermal stress, with peak values observed at 3 or 6 h. However, compared with the control groups, the expression of peroxiredoxin (PRX), regucalcin (RGN), and metallothionein (MT) was down-regulated significantly in the AHT.
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FIGURE 8. Transcriptional response of ark shell gills to acute thermal stress. GST, glutathione S-transferase; GRP78, glucose regulated protein 78 kD; TRAF-6, TNF receptor-associated factor 6; Casp-3, caspase-3; MRP, multidrug resistance protein; HSP, heat shock protein; RGN, regucalcin; PRX, peroxiredoxin; MT, metallothionein.




Transcriptional Response of Ark Shell Gills to Chronic Thermal Stress

As depicted in Figure 9, the expression of the selected genes involved in stress proteins (HSP90, HSP70, HSP20, and sHSP), apoptosis (TRAF, GRP78, and Casp-3) and antioxidative (GST and MRP) were up-regulated significantly during the CHT experiment, with peak values mainly at day 2. However, the expression of PRX and RGN was down-regulated significantly in the CHT. Noticeably, the expression of MT was increased dramatically at day 1 and day 2, but decreased sharply after day 3 and remained down-regulated until the end of the experiment.
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FIGURE 9. Transcriptional response of ark shell gills to acute thermal stress.




DISCUSSION

Temperature, as an important abiotic factor, can substantially affect the physiological responses in marine organisms (Windisch et al., 2011; Dong et al., 2019). In this study, the 96-h upper LT50 of ark shells was determined to be 31.6°C, based upon acute temperature tolerance experiments. However, the highest temperature in outdoor ponds or tidal flats in summer is far beyond this temperature, indicating that the cultured ark shells might be subjected to severe thermal stress. Moreover, the high temperature stress could last for up to over 1 week, suggesting that the ark shells could suffer from a long-term thermal stress. Therefore, it is important to examine the responses of the ark shells to both acute and chronic thermal stress.

Apoptosis, also called programmed cell death, is a vital physiological protective mechanism of organisms in adaptive responses to environmental stress, which can be induced significantly by high temperature stress (Zhang et al., 2012; Cheng et al., 2018; Zhou et al., 2019). However, severe stress may also cause necrosis when the stress is beyond the tolerance of the animal. In consistent with previously published results in oyster (Yang et al., 2017), we also observed that the apoptosis and necrosis rates of hemocytes were increased significantly in a time-dependent manner under both acute and chronic thermal stress, suggesting the apoptosis process of hemocytes has been activated and the stress injury gradually became irreparable with the prolonging of stress time and eventually caused necrosis in the ark shells. This is supported by the significant upregulation of Casp-3, a member of cysteine-dependent protease families that plays important roles in the activation of apoptotic pathway (Qin et al., 2020) in the two thermal stress treatments. It is notable that higher apoptosis level was observed under the acute thermal stress than under the chronic stress, suggesting the ark shells suffered more damage when exposed to acute temperature changes. The higher cumulative mortality rates of ark shells in the AHT also support this point.

In order to counteract the irreparable injuries caused by apoptosis, anti-apoptotic pathways could be activated immediately when organisms suffer from abiotic stresses. The expansion of inhibitors of apoptosis proteins in the oyster genome and their response to various stresses are crucial for oysters in adaption to sessile life in the highly stressful intertidal zone (Zhang et al., 2012). Glucose regulated protein 78 kD (GRP78) is an essential molecular chaperone located in the endoplasmic reticulum (Melnick et al., 1994; Ni et al., 2011). It has been reported that GRP78 could reduce apoptosis induced injuries by suppression of Caspase 7 activation (Reddy et al., 2003). Tumor necrosis factor receptor-associated factors (TRAFs) TRAFs plays crucial roles in stress resistance. Among which, TRAF6 is an important signaling molecule involving in cell proliferation and metabolism through a series of signal transduction (Rothe et al., 1995). As reported in recent study, TRAF6 could suppress the apoptosis of oyster hemocytes through activation of Pellino (Lin Y. et al., 2020). In the present study, the expression of anti-apoptosis related genes (GRP78 and TRAF6) was up-regulated significantly, indicating anti-apoptotic system also exists in ark shells in response to thermal stresses. This has been confirmed by our previous study according to the transcriptomic analyses (Ning et al., 2021).

Marine invertebrates are equipped with antioxidant defense system such as SOD and CAT to maintain the balance between normal physiological function and ROS accumulation (Lesser, 2006; Soldatov et al., 2007). SOD can catalyze the conversion of intracellular superoxide radicals into hydrogen peroxide (H2O2) and molecule oxygen (O2), whereas CAT can convert the H2O2 into O2 and H2O. Therefore, the elevated activities of antioxidant enzymes are essential for animal to counteract oxidative damage induced by thermal stress (Cheng et al., 2018). In this study, the activities of SOD and CAT can be induced and increased significantly in response to both acute and chronic thermal stress, which was consistent with previous studies in Yesso scallop (Jiang et al., 2016) and Pacific oyster (Ding et al., 2020). However, the activities of SOD and CAT were decreased and lower than the initial level after 12 h under the acute thermal stress, suggesting the antioxidant ability could be repressed with the extension of acute thermal stress. This is consistent with the conclusion observed in giant clam, Tridacna crocea (Zhou et al., 2019), indicating a transition occurs from aerobic to anaerobic metabolism. Just as shown in our previous study, ark shells may suffer irreparable injuries due to oxygen limitation and metabolic dysregulation if the stress sustains (Ning et al., 2021).

Malondialdehyde content has been widely used as a marker for the extent of oxidative damage in marine organisms (Talmage and Gobler, 2011; Ferreira et al., 2019). In this study, the content of MDA was increased significantly firstly under the two thermal stress modes, suggesting the elevated seawater temperature induced oxidative damage in ark shells. However, the content of MDA was decreased and restored to the initial level subsequently, probably because the increased activity of antioxidant enzymes in a short time removed harmful substances induced by thermal stress (Wang et al., 2020). The enhanced activities of SOD and CAT were also observed under the two thermal stress modes in this study. The restored expression levels of most stress-related genes (GST, GRP78, TRAF-6, Casp-3, MRP, sHSP, HSP70, and HSP90) at day 4 also support the above viewpoint. Moreover, the higher MDA content under the acute thermal stress than under the chronic stress is consistent with the results found in Yesso scallop (Jiang et al., 2016), suggests that ark shells suffered more damage during the acute temperature changes.

Except for antioxidant enzymes, non-enzymatic antioxidant defense mechanisms also existed in marine invertebrates to prevent oxidative damage (Jiang et al., 2016). Peroxiredoxin is widely existed in prokaryotes and eukaryotes, which plays a vital role in the elimination of metabolically produced peroxides (Rothe et al., 1995; Fujii and Ikeda, 2002; Papadia et al., 2008). MT is responsible for removing metal ion toxicity through combination with them, which is involved in scavenging free radicals and the process of stress resistance (Masters et al., 1994; Carginale et al., 2000). RGN has the function of maintaining the dynamic balance of Ca2+ in cells and overexpression of RGN could inhibit cell death and apoptosis caused by a variety of signaling factors (Laurentino et al., 2011). In marine mollusks, the anti-oxidative responses to thermal stress are complicated and often affected by the differences in temperature gradient and exposure duration (Ning et al., 2021). Similar results were also observed in this study, with expression of GST and MRP up-regulated significantly and PRX, MT, and RGN down-regulated in both thermal stress modes. In consistence with previous results observed in oyster (Lim et al., 2016) and ark shells (Ning et al., 2021), our results suggest that marine mollusks may consume more energy for their redox responses.

Heat shock proteins (HSPs) are a group of highly conserved proteins which play important roles in cellular homeostasis after exposure to drastic environmental changes (Kayhan and Duman, 2010). HSP70s and HSP90s are well-known stress proteins in response to thermal stress in many marine mollusks (Farcy et al., 2007; Ivanina et al., 2009; Kim et al., 2009; Lim et al., 2016). HSP20s (stress induced protein 1) could promote the regeneration of denatured proteins and prevent stress induced protein aggregation when suffered elevated temperature stress (Nover and Scharf, 1997; Ning et al., 2021). In this study, the expression of HSPs (sHSP, HSP20, HSP70 and HSP90) were up-regulated significantly under both thermal stress modes. These results are consistent with our previous study (Ning et al., 2021), suggesting that the significant up-regulation of HSPs may help ark shells become more resistant to elevated seawater temperature. Moreover, the fact that the expression levels of HSPs (sHSP, HSP20, and HSP70) in the AHT were much higher than that in the CHT mode may imply that the ark shells were subjected to more severe cellular damage induced by acute thermal stress. Similar results were also observed in Yesso scallop (Jiang et al., 2016) and pufferfish, Takifugu obscurus (Cheng et al., 2018).



CONCLUSION

In summary, the physiological performance and gene expression were affected strongly by both acute and chronic thermal stress in ark shells. The apoptosis and necrosis rates of hemocytes were stimulated significantly in a time-dependent manner, and the content of MDA was increased in gills, indicating elevated seawater temperature has caused oxidative stress to ark shells. Thermal stress also induced actions in the anti-apoptotic system, antioxidant defense system and HSPs to protect ark shells from oxidative damage. The activities of antioxidant enzyme and expression of most genes in the CHT could be restored to initial level, which did not occur in the AHT, suggesting that the damage caused by rapid ambient temperature increase is irreversible, and thus more harmful to marine mollusks. Our results may provide more clues for management strategy of ark shell husbandry and further understanding of the mechanisms underlying the tolerance of ark shells to high temperature stress.
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Human activities beyond ecosystem capacity have resulted in serious effects on corals worldwide. Nowadays, many studies have focused on the influence of diving activities on coral communities, while the knowledge of physiological changes under corresponding environmental stresses remains largely undetermined. In the study, we aimed to investigate the physiological effects of touching, ammonia nitrogen enrichment (5 μmol⋅L–1), and sediment cover (particle size of less than 0.3 mm), which simulated improper self-contained underwater breathing apparatus (SCUBA) diving behaviors, on Acropora hyacinthus and Porites cylindrica in Wuzhizhou Island, the South China Sea. For A. hyacinthus, continuous touching caused the tentacles to shrink and secrete mucus, which consumed energy and dissolved oxygen. The skeletal growth rate was decreased by 72% compared with the control group. There was a rapid decline of Fv/Fm and alpha under the dual impacts of high ammonia nitrogen and touching, while the Chl a concentration and tissue biomass were decreased by 36 and 28% compared with touching alone, respectively. High ammonia nitrogen and touching increased the concentrations of lipid and protein. Nevertheless, zooxanthellae density was increased by 23% to relieve the effects of a lower concentration of Chl a in a high nutrient environment. Constant touching and sediment cover in diving areas with elevated ammonia content affected the photosynthesis and respiration of corals, and a significant decrease was observed for lipid, zooxanthellae density, and Chl a concentration. Coral bleaching occurred on day 7. For P. cylindrica, the decreasing magnitude of Fv/Fm and alpha under different stresses in the subsequent phase was less compared with A. hyacinthus. The contents of carbohydrate and protein under continuous touching were decreased by 7 and 15% compared with the control group, respectively, causing negative growth. Under the dual influences of high ammonia nitrogen and continuous touching, all energy reserves were significantly lower. Repeated touching and sediment cover in diving areas containing high ammonia content increased the concentrations of lipid and protein compared with the touching and high nutrient treatment group likely because that Porites associated with C15 zooxanthella increased heterotrophic feeding to compensate for restricted symbiodiniaceae photosynthesis. Additionally, P. cylindrica produced mucus to aid the removal of sediment, so that corals didn’t obviously bleach during the experiment. Collectively, P. cylindrica was more resistant to diving activities than A. hyacinthus which only relies on photoautotrophy. To ensure the sustainable development of coral reef dive tourism, it is necessary to strengthen the supervision of diving behaviors, rotate the diving areas, and conduct regular assessments on the coral status.
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INTRODUCTION

During the past decade, coral reef ecosystems have seriously degraded worldwide due to the mighty pressure of human activities and natural stresses (Guest et al., 2016). The coverage of fringing reefs off its coast in Hainan Island has been decreased by at least 80% since the last century, and such reduction is mainly attributed to human activities, such as overfishing, aquaculture, coastal engineering, and tourism (Li et al., 2012; Hughes et al., 2013; Huang et al., 2020). As one of the fastest-growing and most prevalent tourism projects worldwide (Ong and Musa, 2011), diving tourism has been considered as a sustainable pattern for coral reef use compared with coral harvesting and fishing for commercial purposes (Dearden et al., 2007). Nevertheless, diving activities exceeding ecosystem capacity have exerted profound negative effects on coral reefs (Zakai and Chadwick-Furman, 2002; Lamb et al., 2014). The coverage and biological diversity of coral reefs have been sharply decreased at high-intensity diving sites, such as the Caribbean Sea, the Red Sea, Great Barrier Reef, the west coast of India, and Redang and Payar (Malaysia), leading to a large number of dead corals and coral rubbles (Crehan et al., 2019; De et al., 2020). Over 50% of the coral communities in the diving areas in the Red Sea, especially in Eilat, have bleached (Jameson et al., 1999; Zakai and Chadwick-Furman, 2002). More than 80% of coral communities in Florida have been damaged, and the coverage of live corals has been reduced below 11% at high-intensity diving sites (Krieger and Chadwick, 2013).

Improper diving behaviors, such as touching, standing, kneeling, and walking on corals, snagging by equipment, and kicking corals with their fins (Abidin and Mohamed, 2014), can cause coral tissue damage, making them extremely sensitive to changes in water temperature and nitrogen content and hardly recover from stresses, such as undersea storms and bleaching (Carilli et al., 2010). Intensive diving activities also increase the prevalence of coral diseases (Lamb et al., 2014). The direct damage to corals and the resuspension of sediment due to diving may not have significant effects on corals, while their combinations with other stresses, such as increased nutrient levels, may weaken corals’ resistance to microbial infestation or indirectly increase pathogen toxicity (Nystrm et al., 2000; Altizer et al., 2013). Lamb et al. (2014) has found that the health rates of corals (79%) are much higher at low-intensity diving sites compared with high-intensity diving sites (45%) in Koh Tao, Thailand. The incidence of coral diseases, including skeletal eroding band, white syndrome, and black band, in high-intensity diving sites, is significantly higher compared with low-intensity diving sites. Many studies have shown that branching corals are more susceptible to diver’s damage than massive corals due to their fragile structure (Mastny, 2001; Barker and Roberts, 2004) and weak resistance to experimental pressure (Rouphael and Inglis, 2002), except for branching corals in Porites (Krieger and Chadwick, 2013). On the contrary, massive corals, such as many species in Porites, have stronger resistance to external pressures (Au et al., 2014; Crehan et al., 2019). Therefore, the susceptibility of different coral species to intensive recreational diving and repeated coral injury depends on community structures and local ecological conditions (Abidin and Mohamed, 2014).

The Wuzhizhou (WZZ) Island, located on the southeastern coast of the Hainan Island in the South China Sea, is a popular dive resort in China. WZZ has received about 3 million tourists in 2017, of which about 10% participate in the diving projects (Huang et al., 2020). Due to the rapid development of self-contained underwater breathing apparatus (SCUBA) diving, underwater sightseeing, and other recreational activities, turbidity and nutrient content [such as the dissolved inorganic nitrogen (DIN) and NH4+] of northern WZZ are much higher compared with the south. In 2017, the turbidity in the north of WZZ island is 0.41 FTU, and the contents of DIN and NH4+ are 3.37 μmol⋅L–1 and 2.61 μmol⋅L–1, respectively. In contrast, the turbidity in the south is 0.28 FTU, and the contents of DIN and NH4+ are 2.88 and 2.1 μmol⋅L–1, respectively. Meanwhile, the coverage of live corals in the north is decreased from 79.9% in 2007 to 30.2% caused by intensive construction, land-use change, and tourism development in 2016 (Huang et al., 2020). The studies on the impact of human activities are mostly based on field investigation. However, we cannot accurately understand the impacts of human activities, such as recreational diving, on coral reefs by analyzing macro-ecological indicators, such as live coral coverage, species diversity, and dominant species (Dinsdale and Harriott, 2004).

Combined with previous studies and our observations in diving areas, SCUBA diving activities affect coral growth mainly from the following three aspects. First, SCUBA divers affect the stony corals both intentionally and unintentionally through physical contact with their hands, bodies, equipment, and fins (Zakai and Chadwick-Furman, 2002; Uyarra and Co∧te′, 2007). The research has shown that Florida divers contact live corals 18 times every 60 min, including 12 times with fins, three times with hands, and two times with diving equipment (Krieger and Chadwick, 2013). Second, some diving tourists urinate in coral reef areas. Water quality may affect coral health (Reopanichkul et al., 2009). Third, when divers swim too close to corals, they may inadvertently stir up the benthic sediment, leading to increased sediment loads to coral polyps (Zakai and Chadwick-Furman, 2002; Wielgus et al., 2004), and resulting in asphyxia, reduction in growth rates of the coral skeleton, and abrasion on the live coral surface (Abidin and Mohamed, 2014). Wielgus et al. (2004) have concluded that the concentration of suspended particulate matter in diving spots of Eilat is two times higher compared with the control area with the same distance and depth. Accordingly, we considered that the main factors caused by improper diving behaviors in WZZ Island included repeated touching, ammonia enrichment, and sediment cover. In our previous study (unpublished data), we have found that the growth of Porites cylindrica (P. cylindrica) in the diving spots of WZZ Island is better compared with Acropora hyacinthus (A. hyacinthus). In the present study, we aimed to explore how the multiple stresses affected the physiological state of these two species and to explain the mechanisms underlying the additive or synergistic disturbance effects.



MATERIALS AND METHODS


Sample Collection and Coral Maintenance

This study was carried out in the coral culture laboratory of the Marine Institute at Hainan University between September and November 2020. The experiment for P. cylindrica and A. hyacinthus was performed separately. All coral samples were collected at 4–6 m depth from the coral nursery of WZZ located in Sanya, Hainan in July 2020. Corals from five colonies were chipped into 20 pieces (four pieces were chipped from each colony) of about 4–6 cm in length for each species and placed into number-labeled plates. Samples were divided into four groups and placed into plastic tanks (41 × 28 × 14 cm) containing artificial seawater. Each group was continuously aerated by a RESUN electromagnetic air pump (ACO-003, China). Water flow was maintained by a SUNSUN wave pump (HJ-211, China). The light was supplied by a SHARK full-spectrum LED lamp from 08:30 to 17:30 every day. Corals were acclimated to experimental conditions for 2 weeks until no mucus was produced and all tentacles displayed full polyp extension. Buoyant weight in seawater was determined for each sample by accurate buoyant weighing equipment (Davies, 1989) at 2 h before the start and end of the experiment. The skeletal growth rate of corals was expressed by the change of the results before and after the experiment.



Experimental Design

Touching, ammonia nitrogen enrichment, and sediment cover are considered key influencing factors caused by SCUBA diving. To imitate these three circumstances of improper diving behaviors, four groups were set up as follows. (1) The control group was defined as the normal culture conditions without additional treatment. (2) The entire surface of each sample in treatment group 1 was randomly touched with an appropriate strength of 15 times per day (once for 1 min at 30-s intervals) based on the research by Harriott et al. (1997) that the average contact of divers with corals in Marine Protected Areas of Eastern Australia is 35 times every 30 min. This condition was used to simulate the case that coral was repeatedly touched by diving tourists. (3) In treatment group 2, in addition to touching, the water supply was switched to seawater supplemented with 5 μmol L–1 NH4+ prepared by G.R. ammonium chloride because the concentration of NH4+ in the high-intensity diving area in WZZ is 1.28–4.07 μmol⋅L–1 in 2017 (Huang et al., 2020). This condition was used to simulate the case that coral was continuously touched in a high ammonia environment due to the urination of divers. (4) In treatment group 3, in addition to touching and high ammonia seawater, each coral was covered with 3 g of sediments for 40 min per day in a 100-mL glass beaker in tanks. The sediments on the surface were washed with a gentle stream of water after sediment treatment. This condition was used to simulate the case that divers repeatedly touched the coral in the high ammonia diving area and disturbed the sediments on the seabed with fins. The sediment was collected from the seabed of diving spots in WZZ in November 2018, and the sediment with a particle size of less than 0.3 mm was screened by a 60-mesh sieve. The experiment lasted for 10 days, and 1/2 volume of seawater was replaced by suctioning the bottom every 2 days. Normal artificial seawater was used in the control group and treatment group 1, while artificial seawater containing 5 μmol⋅L–1 NH4+ was used in treatment groups 2 and 3.



Environmental Parameters

Salinity, water temperature, pH, and dissolved oxygen (DO) in each tank were recorded at 09:00 every day before the stress treatment on the same day. Salinity was determined using a BK-056 salinity monitor, and temperature and pH were measured using a LICHEN pen acidometer (pH-100A, China). The unrelated environmental factors for different treatments were kept constant to obtain credible results. The average water temperature, pH, and salinity were 25.1 ± 0.1°C, 8.25 ± 0.01, and 34.2 ± 0.1 [n = 20, mean ± standard error (SE)], respectively. DO of each group was determined with a Presens stand-alone oxygen meter (Fibox 4 trace, Germany). Turbidity and underwater light intensity were recorded at 09:00 every 2 days before each 2-day water exchange cycle using an Aquatec turbidity meter (AQUAlogger 310TY, United Kingdom) and an LI-COR (LI-1500, United States) Light Sensor Logger (μmol photons⋅m–2⋅s–1), respectively.



Physiological Parameters and Photosynthetic Physiology

Coral samples were collected into a sealed bag after photobiological measurements and immediately frozen at −20°C before further analyses. For each physiological parameter of each species, we determined more than three biological samples in each group. The wet weights of all samples for physiological parameter analysis were about 1 g. The parameter of each sample was measured at least three times. Tissues were washed down from the skeleton with a Waterpik flosser (WP-70EC, WaterPik, Inc.) containing filtered seawater by filter membrane (0.45 μm, Whatman No. 1, United Kingdom), and the tissue biomass was then determined as previously described (Fitt et al., 2000). The surface area of corals was determined by wrapping up using aluminum foil (Li et al., 2006), and the tissue biomass was obtained by measuring the ash-free dry weight. Chlorophyll a (Chl a) was extracted with 100% acetone in the dark (Lei et al., 2008), and its concentration was determined with a Trilogy Laboratory Fluorometer (Turner Designs, 7200-000). Zooxanthellae density was assessed under the microscope according to a previously described method (Li et al., 2006). Carbohydrates were extracted in a trichloroacetic acid solution containing phenol and concentrated sulfuric acid (Dubios et al., 1956), and their absorbance values were measured using a TECAN spark full band microplate luminescence detector. Lipid was determined according to a previously described method (Xu et al., 2020). The coral samples were extracted with CM solution (Vchloroform: Vmethanol = 1:2), and 0.88% KCl was added before the dark treatment for about 24 h. Subsequently, the extract was dried with N2 at 39°C. Protein concentration was determined with a modified BCA Protein Assay Kit (Sangon Biotech, China) by the bicinchoninic acid method (Smith et al., 1985). To compare physiological parameters, energy reserves (proteins, carbohydrates, and lipids), zooxanthellae densities, and the Chl a concentration were normalized to the surface area as well as the tissue biomass (Edmunds and Gates, 2002). Photosynthetic parameters of corals were determined by a mini-PAM fluorometer (Walz, Germany), and these parameters were used to assess the maximum photosynthetic yield (Fv/Fm) and light use efficiency (alpha) at 10:00–11:00 on days 1, 4, and 10. Fv/Fm is a direct measure of coral’s efficiency in utilizing the light available for photosynthesis (Krause and Weis, 1991; Jones et al., 1999) and alpha reflects light use efficiency.



DNA Extraction and Amplicon Sequencing

Six samples were taken from each species for analysis of zooxanthellae clades and types. Total genomic DNA from coral samples including tissue and skeleton were extracted using CTAB/SDS method with the DNeasy Plant Mini Kit (QIAGEN, Germany). DNA concentration was measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, United States) and DNA purity was monitored on 1% agarose gels. The target fragment were amplified using the Symbiodiniaceae ITS-specific primers ITSintfor2 (5′-GATTGCAGAACTCCGTG-3′) and ITS2-reverse (5′-GGATCCATATGCTTAAGTTCAGCGGGT-3′) (Chen et al., 2019). The volume of PCR reaction was 30 μL. The PCR process were carried out with pre-denaturation at 98°C for 1 min, followed by 30 cycles of denaturation. PCR products were detected by 2% agarose gel electrophoresis and purified with Genejet Gel Extraction Kit (Thermo Scientific, China). Sequencing was performed on the Illumina Miseq platform using the sequencing library generated with the NEB Next® UltraTM DNA Library Prep Kit for Illumina (NEB, United States). The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. The paired end readings of the original DNA fragments were assigned to each sample according to a unique encoding and combined using FLASH to remove redundant and invalid sequences. Operational taxonomic units (OTUs) were grouped at 97% similarity according to the method described by Tong et al. (2017). Only the OTUs of symbiotic algae were retained for subsequent analysis. The most abundant OTUs sequence selected by BLAST was used as the representative sequence for comparison with the ITS2 database for taxonomy annotation, which archives the largest number of Symbiodiniaceae ITS2 sequences known to date (Shi et al., 2020).



Data Analyses

All experiments of physiological and photosynthetic parameters were repeated at least three times, and the data were expressed as mean ± SE. Statistical analysis was carried out using the statistical package SPSS 23.0. All data were checked for normality and homogeneity of variances using the Shapiro-Wilk test and Levene’s test. The effects of treatments on physiological and photosynthetic parameters were analyzed by one-way ANOVA. P < 0.05 was considered statistically significant, and post hoc LSD tests were run for the separation of significant factors. Principal component analysis (PCA) and Pearson’s correlation were performed on the physiological and photosynthetic parameters of corals. PCA needs to meet the following conditions: (1) KMO test coefficient >0.5 (Kaiser and Rice, 1974) and (2) Bartlett’s test P < 0.05. Multivariate analysis of variance (MANOVA) was used to test the effects of the most essential principal components. The barplot of relative abundance for zooxanthellae types was completed using the R software.



RESULTS


Environmental Parameters in Two Trials

Turbidity and light intensity in treatment group 3 were significantly lower compared with the other groups in two trials (P < 0.05) (Table 1). For A. hyacinthus, the DO content in each treatment group was significantly lower compared with the control group (P < 0.05), and the DO content in treatment group 3 was significantly lower compared with the other two treatment groups (P < 0.05) (Table 1). For P. cylindrica, the DO content in treatment group 3 was significantly lower compared with the other groups (P < 0.05) (Table 1).


TABLE 1. Environmental parameters for different treatments (the control, treatments 1, 2, and 3) in two trials.
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Molecular Analysis of Zooxanthellae Clades and Types

Symbiodinium subclade groups of A. hyacinthus and P. cylindrica included C3b, C3w, C15, C21, C50, C115, D2, D17 and others (Figure 1). Among them, P. cylindrica were mainly symbiotic with the zooxanthella type C15, while A. hyacinthus were mainly associated with the zooxanthella type D17 or C50.
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FIGURE 1. Relative abundance of zooxanthellae types for A. hyacinthus (Ah1a-Ah1f) and P. cylindrica (Pc0a-Pc0f). Six samples were taken from each species for analysis.




Observation of Experimental Process

In the control group for both A. hyacinthus and P. cylindrica, all corals grew well during the experimental period. Regarding A. hyacinthus, corals in the treatment groups produced a large amount of mucus within 15 min after they were touched every day. The coral tentacles of all treatment groups shrank on day 4, and coral bleaching occurred in treatment group 3 on day 7 (Figures 2A,B). Unlike A. hyacinthus, the shrinking tentacles of treated corals and the mucus production were not found in treatment groups 1 and 2 for P. cylindrica, while mucus was produced with the sediment cover in treatment group 3. No significant color change was observed in all P. cylindrica-related experiments (Figures 2C,D).
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FIGURE 2. Photographs of representative samples before (A) for A. hyacinthus and (C) for P. cylindrica and after (B) for A. hyacinthus and (D) for P. cylindrica experiments in treatment group 3. The sample of A. hyacinthus in treatment group 3 bleached at the end of the experiment, while no significant color change in P. cylindrica was observed in treatment group 3.




Effects of Different Diving Behaviors on Photosynthetic Capacity

For A. hyacinthus, Fv/Fm and alpha were maintained at a high level throughout the experiment in the control group. The average Fv/Fm was 0.675, and the average alpha was 0.198 in the control group. A decreasing trend for Fv/Fm and alpha was observed with the extension of treatments. At the end of the experiment, Fv/Fm was decreased by 14, 32, and 38%, and alpha was decreased by 22, 42, and 46%, respectively, compared with that on day 1 in treatment groups 1, 2, and 3. On day 1, treatment group 2 was the only group, where Fv/Fm was significantly lower compared with the control group (P < 0.05). On day 4, Fv/Fm in treatment group 1 began to significantly decrease compared with the control group (P < 0.05), while Fv/Fm in treatment group 3 remained at a high level. Fv/Fm in treatment group 3 showed a significant decrease until day 10 (P < 0.05) (Figure 3A). No significant differences in alpha were found in all groups on day 1, while the relationship between groups was consistent with Fv/Fm on day 4. At the end of the experiment, alpha in all treatment groups was significantly lower compared with the control group (P < 0.05), while no significant difference in alpha was found between treatment groups 2 and 3 (P < 0.05) (Figure 3B).
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FIGURE 3. Average (A,C) Fv/Fm and (B,D) alpha in the control group and three treatment groups (1 = touching, 2 = touching, and ammonia nitrogen enrichment, 3 = touching, ammonia nitrogen enrichment, and sediment cover) for A. hyacinthus and P. cylindrica on days 1, 4, and 10. Each bar represents the mean of three samples ± SD (standard deviation). The data with different letters above bars are significantly different on the same day at P < 0.05 level.


For P. cylindrica, Fv/Fm and alpha were maintained at a high level throughout the experiment in the control group. The average Fv/Fm was 0.614, and the average alpha was 0.185 in the control group. On days 1, 4, and 10, there were significant differences in Fv/Fm among groups, and the magnitude of the decrease in Fv/Fm was increased as the stress factors were increased (Figure 3C). At the end of the experiment, Fv/Fm was decreased by 13, 14, and 13% in treatment groups 1, 2, and 3 compared with that on day 1, respectively. The trend of alpha in each group was basically similar to that of Fv/Fm, while there was a time lag for alpha compared with Fv/Fm. Only alpha in treatment group 3 was significantly lower compared with the other groups on day 1 (P < 0.05), while alpha in treatment groups 2 and 3 was significantly different from that in the control group on day 4 (P < 0.01). At the end of the experiment, no significant difference was found between treatment groups 2 and 3 (P > 0.05) (Figure 3D). Unlike A. hyacinthus, the declining range of each treatment was small after day 4 though a dramatic decrease was observed before day 4.



Effects of Different Diving Behaviors on Physiological States

For A. hyacinthus, the zooxanthellae density in treatment group 1 was decreased by 15% compared with the control group (P < 0.01), and it was increased by 23% in treatment group 2 compared with treatment group 1 (P < 0.01), with the lowest density observed in treatment group 3 (Figure 4A). The Chl a concentration in treatment group 2 was decreased by 36% compared with treatment group 1 (P < 0.05), and the Chl a concentration in both groups was significantly higher compared with treatment group 3 (P < 0.05) (Figure 4B). The carbohydrate concentrations in treatment groups 1, 2, and 3 were decreased by 25, 35, and 38%, respectively, compared with the control group (P < 0.01), and the carbohydrate concentrations in treatment groups 2 and 3 were extremely lower compared with treatment group 1 (P < 0.01). However, there was no significant difference in carbohydrate concentrations between treatment groups 2 and 3 (Figure 4C). The lipid concentration in treatment group 2 was increased by 63% compared with treatment group 1 (P < 0.01), while the lipid concentration in treatment group 3 was decreased compared with the control group and treatment group 2 by 27 and 42%, respectively (P < 0.05) (Figure 4D). The significant differences in protein concentrations (P < 0.01) were noted in each treatment group compared with the control group. Specifically, a reduction of 11% was observed for treatment group 1 compared with the control group, whereas there was an increase of 39 and 6% in treatment groups 2 and 3, respectively. The lipid concentration in treatment group 3 was significantly lower compared with treatment group 2 (P < 0.01) (Figure 4E). There was no significant difference in tissue biomass between treatments, except that the tissue biomass in treatment group 2 was significantly reduced by 28% compared with treatment group 1 (P < 0.05) (Figure 4F). The skeletal growth rate in treatment group 1 was reduced by 72% compared with the control group (P < 0.01). A highly significant negative increase in the skeletal growth rate was found in both treatment groups 2 and 3 (P < 0.01), and the negative skeletal growth rate in treatment group 3 was extremely higher compared with treatment group 2 (P < 0.05) (Figure 4G).
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FIGURE 4. Average (A,H) zooxanthellae density (Zoox), (B,I) Chl a concentration, (C,J) carbohydrate concentration (Carbs), (D,K) lipid concentration, (E,L) protein concentration, (F,M) tissue biomass, and (G,N) skeletal growth rate in the control group and three treatment groups (1 = touching, 2 = touching, and ammonia nitrogen enrichment, 3 = touching, ammonia nitrogen enrichment, and sediment cover) for A. hyacinthus and P. cylindrica. Each bar represents the mean of three samples ± SD (standard deviation). The data with different letters above bars are significantly different at P < 0.05 level.


For P. cylindrica, the zooxanthellae density in treatment groups 1 and 2 were significantly increased by 64 and 89% (P < 0.01) compared with the control group, respectively, while it in treatment group 3 was significantly decreased compared with treatment groups 1 and 2 by 35 and 43%, respectively (P < 0.01) (Figure 4H). The Chl a concentration in treatment group 2 was significantly decreased by 17 and 23% compared with the control group and treatment group 1 (P < 0.01), respectively, while the Chl a concentration in treatment group 3 was significantly increased by 13% compared with treatment group 2 (P < 0.05) (Figure 4I). Significant differences in carbohydrate concentrations were found between treatment groups. The carbohydrate concentrations in treatment groups 1, 2, and 3 were decreased by 15, 18, and 36%, respectively, compared with the control group (P < 0.01), and the increase of stress factors resulted in a significant decrease in carbohydrate concentrations (P < 0.05) (Figure 4J). The lipid concentration in treatment group 2 was significantly lower compared with the other groups (P < 0.01) (Figure 4K). The lipid concentration in treatment group 3 was decreased by 41 and 39% (P < 0.01), respectively, compared with the control group and treatment group 1, while it was significantly increased by 25% compared with treatment group 2 (P < 0.01). The protein concentrations in treatment groups 1, 2, and 3 were significantly lower compared with the control group by 7, 49, and 22%, respectively (P < 0.05), and it in treatment group 3 was significantly increased (55%) compared with treatment group 2 (P < 0.01) (Figure 4L). No significant difference in the tissue biomass was observed among different treatment groups, except that it in treatment group 3 was significantly lower compared with treatment groups 1 and 2 (P < 0.05) (Figure 4M). The skeletal growth rate was significantly different among groups. Negative skeletal growth rates were found in all treatment groups, and the negative skeletal growth became more significant as the stress factors were increased (P < 0.01) (Figure 4N).



Correlation Between Physiological Parameters and Photosynthetic Capacity in Two Species

Principal component analysis of seven physiological parameters compiled for the control and treatments showed the differences between the two species. For A. hyacinthus, PCA generated factor 1 and factor 2 that described 46.8 and 36.2% of the variance, respectively (Table 2). Factor 1 was characterized by high positive component loadings for skeletal growth rate, carbohydrates, zooxanthellae density, and Chl a concentration. Factor 2 was characterized by high positive component loadings for proteins and lipids and by a negative component loading for tissue biomass (Table 2; Figure 5A). For P. cylindrica, factor 1 and factor 2 described 55.8 and 27.0% of the variance (Table 2), respectively. Factor 1 was characterized by high positive component loadings for proteins, lipids, and Chl a concentration and by a negative component loading for zooxanthellae density. Factor 2 was characterized by high positive component loadings for tissue biomass, carbohydrates, and skeletal growth rate (Table 2; Figure 5B). MANOVA for the most important principal component (factor 1) showed that skeletal growth rate, Chl a concentration, zooxanthellae density, and carbohydrates were significantly different among treated A. hyacinthus samples (MANOVA: Wilk’s λ = 0.000, F = 71.572, df = 12,14, P ≤ 0.00). The health conditions of P. cylindrica significantly differed in protein, lipid, and Chl a (MANOVA: Wilk’s λ = 0.003, F = 15.914, df = 9,15, and P = 0.00). Furthermore, correlation analyses demonstrated that Fv/Fm and alpha were both positively correlated with skeletal growth rate, Chl a concentration, and zooxanthellae density for A. hyacinthus (r > 0.5, P < 0.05, Figure 5C), and they were correlated with carbohydrates, lipids, protein and skeletal growth rate for P. cylindrica (r < 0.5, P > 0.05, Figure 5D). Besides, Fv/Fm and alpha were significantly correlated with each other in two species (r < 0.5, P > 0.05; Figures 5C,D).


TABLE 2. PCA of seven physiological parameters compiled from different treatments in two species.
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FIGURE 5. PCA (A,B) and correlation analyses (C,D) of physiological and photosynthetic parameters. The dots of the same color means different biological replicates in the same group. * indicates that correlation coefficient of two parameters is over 0.5.




DISCUSSION


Effects of Touching on Two Species

Regarding A. hyacinthus, the tentacles obviously retracted upon repeated touching, which was frequently the first response to appear under stressful conditions (Chen et al., 2017). Corals after being touched secreted large amounts of mucus. Releasing mucus on a prolonged basis introduces adverse impacts on the health of corals (Howard and Brown, 1984), and zooxanthellae can be released (Riegl and Branch, 1995). This is consistent with the fact that the zooxanthellae density is decreased after being touched (Chen et al., 2017). Although mucus consists of high concentrations of proteins, lipids, and polysaccharides that favor bacterial growth (Ferrier-Pagès et al., 2000; Wild et al., 2004), the higher density of microorganisms in the mucus increased the oxygen consumption, resulting in decreased DO compared with the control group.

Regarding P. cylindrica, we didn’t observe the retraction of coral tentacles and secretion of mucus after being touched, illustrating that this species could well adapt to mild stress. We speculated that the dissolved nutrients brought by touching stimulated the growth of algae, resulting in a significant increase of zooxanthellae density, which needs to be proved in future experiments.

Two species both regarded lipid as priority energy reserved after being touched by decreasing the concentrations of carbohydrate and protein. And tissue biomass remained stable. They reduced the skeletal growth rate and photosynthetic capacity to maintain survival in that case.



Effects of Touching and Ammonia Nitrogen Enrichment on Two Species

Regarding A. hyacinthus, zooxanthellae density in this treatment was significantly higher than that of the touched group, which suggested that zooxanthellae greatly depended on high nutrient and A. hyacinthus preferred to adjust autotrophy strategy under stress. Zhu et al. (2004) also found that the zooxanthellae density increased when the content of ammonia nitrogen was over 1 μmol⋅L–1. These symbiotic dinoflagellates may take up nitrate with ammonium available in the seawater (Fitt et al., 2000). These corals grow healthfully through the delivery of photosynthesis products from abundant zooxanthellae to the host under the conditions of high DIN and low heterotrophic feeding (Gustafsson et al., 2013). The concentration of Chl a, as a signal of nutrient sufficiency (Muscatine et al., 1989), declined significantly compared with the touched corals. The Chl a concentration and zooxanthellae density in corals showed opposite changes when exposed to elevated ammonia, which suggests that nutrients are limited to zooxanthellae in that case (Jones and Yellowlees, 1997). Nevertheless, the increase in the zooxanthellae density may lead to an increase in shading among algae cells and a proportional decrease in the irradiance experienced by the zooxanthellae (Dubinsky et al., 1990). As a result, symbiotic algal photosynthetic capacity would be inhibited, and both the magnitude and speed of decline in Fv/Fm and alpha were more greatly enhanced over time compared with touching alone.

Similar to a previous study (Muscatine et al., 1989), we found that the carbohydrate concentration of A. hyacinthus further decreased for N-treated corals. Zooxanthellae have to consume a larger amount of the photosynthetically assimilated carbon for physiological activities under stressful conditions (Dubinsky et al., 1990; Long et al., 1994). This explains a large decrease in carbohydrates, as the energy material with the highest percentage in corals, leading to the negative growth under double stresses of touching and ammonia nitrogen enrichment. Tissue biomass was declined significantly compared the corals only being touched. As an estimate of the energy devoted to maintenance (Precoda et al., 2020), tissue biomass within a coral species can vary with water quality (Cooper et al., 2009), such as in ammonia nitrogen enrichment. Muscatine et al. (1989) have believed that algal protein synthesis in vivo is N limited, and abundant zooxanthellae can take up ammonium for protein synthesis, which was also found in our experiment. As lipids play an important role in resilience (Grottoli et al., 2004; Levas et al., 2018; Solomon et al., 2020), higher lipid concentration than that of the touching group improves the adaptability to nutrient enrichment and repeated touching.

The interaction of ammonia enrichment and repeated touching increased the negative impacts of touching on energy reserves for P. cylindrica. The massive loss of all energy reserves caused a more significant negative skeletal growth rate. The Chl a concentration also declined significantly, but nutrient didn’t significantly increase zooxanthellae density compared with the touched group to relieve stress like A. hyacinthus. P. cylindrica can not maintain adequate autotrophic input in high nutrient seawater and eutrophication is extremely unfavorable to the physiological activities of P. cylindrica.



Effects of Touching, Ammonia Nitrogen Enrichment, and Sediment Cover on Two Species

The sediment cover had the most significant adverse effect on A. hyacinthus among three factors caused by improper diving behaviors. Since corals are rapidly acclimating to the reductions in light (Browne et al., 2014), the Fv/Fm and alpha were not changed significantly compared with the control group at the beginning. However, exposure to sediment for a long time stresses corals to have high turbidity and limited light for photosynthesis (Anthony and Hoegh-Guldberg, 2003). Even in nutrient-enriched environments, high sediment loads lead to reduced endosymbiont photosynthetic capacity (Rogers, 1990; Fabricius, 2005). Elevated turbidity also increases respiration, thereby reducing the P/R ratio, which increases coral susceptibility to infection as well as bleaching (Rogers, 1990; Anthony and Fabricius, 2000; Anthony et al., 2007). It explained the reason why the DO of this treatment was much lower compared with the other groups. Furthermore, corals have to constantly remove sediments to aid photosynthesis, leading to the consumption of more protein and lipid (Brown and Bythell, 2005; Fabricius, 2005; Flores et al., 2012), and thus causing the more significant negative growth in this treatment. Since prolonged light attenuation will result in the dissociation of the coral-algal symbiosis (Glynn, 1996; Brown, 1997; Desalvo et al., 2012), zooxanthellae density under this condition was significantly reduced. The corals might release the weak zooxanthellae and combine with other robust zooxanthellae (Xu et al., 2020) to reply to high turbidity, ammonia nitrogen enrichment, and repeated touching. Corals in this treatment bleached caused by the great loss of zooxanthellae density and Chl a. A. hyacinthus relies heavily on phototrophy and they will bleach once the phototrophic capacity are inhibited. Meanwhile, nutrient composition and microbial activity in sediment accelerate the bleaching process (Weber et al., 2006, 2012).

Different from A. hyacinthus, Fv/Fm and alpha of P. cylindrica under the stress of three factors showed a sharp decline at the beginning of the experiment but then remained stable, indicating that P. cylindrica could adapt to long-term sediment stress. P. cylindrica chose to increase the Chl a concentration compared with treatment group 2 to cope with the declines in light availability (Rogers, 1979; Dubinsky et al., 1984), which was in response to the decrease of zooxanthellae density. Unlike A. hyacinthus, although the carbohydrate concentration, as the first energy reserves to consume, was further decreased, the protein and lipid concentrations of P. cylindrica were significantly higher compared with the treatment group of touching and ammonia nitrogen enrichment, which might be related to heterotrophic feeding. Porites associated with C15 zooxanthella can survive a highly turbid environment (Sudara and Yeemin, 1997) and increase heterotrophic feeding to compensate for restricted symbiodiniaceae photosynthesis under high turbidity conditions (Ferrier-Pagès et al., 2011). Some corals can use a wide range of food sources, including suspended particulate matter (Anthony, 1999; Anthony and Fabricius, 2000) and sediment (Mills and Sebens, 2004; Mills et al., 2004), which may offer rich sources of energy (Anthony and Fabricius, 2000; Anthony, 2006). The heterotrophic plasticity of corals offset stress from extreme sedimentary loads, and the change in the trophic mode is a mechanism to keep positive energy balance under turbid conditions and broaden physiological niche (Anthony and Fabricius, 2000). A. hyacinthus were mainly associated with D17 zooxanthella. Nevertheless, no studies showed the physiological characteristics of D17 zooxanthella and we also didn’t carry out the relevant research in this experiment. We need further exploration in the future work.

Porites cylindrica has always become the dominant species on reef slop with elevated levels of sedimentation (Browne et al., 2014). Producing mucus and sweep tentacles to slough off sediments (Stafford-Smith and Ormond, 1992; Stafford-Smith, 1993; Brown and Bythell, 2005) is beneficial for P. cylindrica to tolerating higher rates of sedimentation, while sediment exclusion mechanism was not found in treatment group 3 of A. hyacinthus. Nevertheless, producing mucus is an extremely costly way of responding to pressure compared with the release of carbon equivalent accumulated in several days (Riegl and Branch, 1995). Therefore, the corals in treatment group 3 had more significant negative skeletal growth compared with other treatments. Many coral reef communities near-shore disturbed by frequent sediment stress have adapted to low light and high sedimentation rates (Perry et al., 2009; Browne et al., 2010). Based on the fact that P. cylindrica is the dominant species in the diving areas, such as the north of WZZ, it was more adaptable to the diving environment with repeated touching, high ammonia nitrogen, and frequent sediment cover.



Comparison of Coping Mechanism for Diving Activities of Two Species

Acropora hyacinthus and Porites cylindrica both preferentially decrease photosynthetic capacity and skeletal growth rate when encountering stress and the magnitude of decline will be increased as the stress factors are increased. In our short-term experiment, no obvious changes in tissue biomass are found in different groups, indicating that corals guarantee survival by reducing the rate of growth and calcification. For energy budget of two species, carbohydrate is the first energy reserve to consume in a stressful environment and decreases as the stress factors are increased, followed by protein. Lipid plays an important role in corals’ stress resistance and is always consumed under severe stress.

Two species have different physiological mechanisms when coping with stresses. (1) A. hyacinthus is more adaptable to the eutrophic water than P. cylindrica and can increase zooxanthellae density to maintain autotrophic input. (2) A. hyacinthus only relies on photoautotrophy under stress. However, heterotrophy can be crucial in maintaining the physiological functions of P. cylindrica due to C15 zooxanthella when autotrophy is depressed. (3) The photosynthetic capacity of P. cylindrica is more stable, especially in long-term sediment stress. The magnitude decrease of Fv/Fm and alpha for P. cylindrica was less than A. hyacinthus in the last period of the experiment. (4) P. cylindrica is more inclined to employ energy to sweep tentacles or produce mucus for self-protection, reducing the probability of bleaching (Fitt et al., 2009). Nevertheless, A. hyacinthus prefers to consume energy for fast growth and are more susceptible to environmental stresses (Hoegh-Guldberg and Smith, 1989; Jokiel and Coles, 1990).

The above-mentioned points explained why the coverage of P. cylindrica was higher than A. hyacinthus in diving areas of WZZ Island from the physiological state of corals, which laid the foundation for the choice of coral restoration species to address widespread stresses caused by diving activities. Studies have shown that P. cylindrica exhibits relatively good survival when transplanted compared with Acropora spp. which is highly susceptible to bleaching (Seebauer, 2001; Dizon and Yap, 2006; Palomar et al., 2009; Linares et al., 2011). It is likely that the remarkable acclimation and recovery capacity will make P. cylindrica more competitive than many other species in diving activities.



CONCLUSION

In the present study, we showed that A. hyacinthus and P. cylindrica responded to multiple environmental stresses caused by various diving behaviors through different mechanisms. A. hyacinthus might be more susceptible to improper diving activities compared with P. cylindrica in WZZ. Our results showed that relative stable photosynthetic capacity, special self-protective mechanism, the utilization of heterotrophic nutrition, and C15 zooxanthellae with high adaptability to turbidity were important factors for P. cylindrica to survive in the diving spots of WZZ when confronting anthropogenic stresses. To alleviate the negative impacts of divers on the reefs and to keep sustainable development of diving activities, we should protect the coral community in diving spots. Diving coaches must train the tourists before diving and strengthen the supervision of their behaviors. Meanwhile, seasonal rotation of the diving sites is necessary to control the tourists’ capacity and give corals time to recover. Besides, it is also necessary to regularly evaluate water quality and corals’ health status in diving areas. If corals are in a poor physiological state, protection measures should be taken in time. When the coverage of living corals in diving areas is significantly decreased and corals can not be recovered only by passive restoration, the corals with strong stress resistance, such as P. cylindrica, can be transplanted to restore the ecological environment. In summary, effective management interventions should be taken to reduce the negative impacts of SCUBA diving and to secure the sustainability of the tourism industry and coastal resources.
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Flavin-containing monooxygenase (FMO) is one of the most prominent xenobiotic metabolic enzymes. It can catalyze the conversion of heteroatom-containing chemicals to polar, readily excretable metabolites and is considered an efficient detoxification system for xenobiotics. Bivalves can accumulate paralytic shellfish toxins (PSTs) produced by dinoflagellates, especially during outbreaks of harmful algal blooms. Exploring FMO genes in bivalves may contribute to a better understanding of the adaptation of these species and the mechanisms of PSTs bioavailability. Therefore, through genome screening, we examined the expansion of FMO genes in two scallops (Patinopecten yessoensis and Chlamys farreri) and found a new subfamily (FMO_like). Our expression analyses revealed that, in both scallops, members of the FMO_N-oxide and FMO_like subfamilies were mainly expressed from the D-stage larvae to juveniles, whereas the FMO_GS-OX subfamily genes were mainly expressed at and prior to the trochophore stage. In adult organs, higher expressions of FMOs were observed in the kidney and hepatopancreas than in other organs. After exposure to PST-producing algae, expression changes in FMOs occurred in hepatopancreas and kidney of both scallops, with more members being up-regulated in hepatopancreas than in kidney for Alexandrium catenella exposure, while more up-regulated FMOs were found in kidney than in hepatopancreas of C. farreri exposed to A. minutum. Our findings suggest the adaptive functional diversity of scallop FMO genes in coping with the toxicity of PST-producing algae.

Keywords: scallop, flavin-containing monooxygenase, paralytic shellfish toxins exposure, transcriptional responses, detoxification


INTRODUCTION

Organisms have developed extensive molecular mechanisms to protect against the toxicity of various xenobiotic compounds, producing a variety of enzymes and proteins in response to xenobiotic exposure (Li et al., 2007; Raghunath et al., 2018). Flavin-containing monooxygenase (FMO), a prominent family of monooxygenases in eukaryotes (Naumann et al., 2002; Huijbers et al., 2014), is a major contributor to oxidative xenobiotic metabolism and is as important as cytochrome P450 (CYP450) (Manikandan and Nagini, 2018). FMO was first discovered in the 1960s in hepatic microsomes in pigs as an NADPH- and O2-requiring activity that converted N, N0-dimethylaniline to N-oxide (Ziegler and Pettit, 1964). To date, FMO homologs have been found in a range of organisms, including bacteria (Chen et al., 2011), fungi (Suh et al., 2000), marine invertebrates (Boutet et al., 2004), insects (Naumann et al., 2002; Sehlmeyer et al., 2010), and teleost fish (Peters et al., 1995; Larsen and Schlenk, 2001). FMO genes have been studied widely in mammals that possess five FMO genes (e.g., human FMO1-FMO5) (Cashman and Zhang, 2006). In unicellular eukaryotic organisms, such as yeast, there is only one FMO isoform (Eswaramoorthy et al., 2006), and in insects, there are two [e.g., in Drosophila melanogaster (Scharf et al., 2004)] or three [e.g., FMO1-FMO3 in lepidoptera (Sehlmeyer et al., 2010)]. Conversely, plants have various FMO genes. For example, there are 29 FMO genes in Arabidopsis thaliana (Schlaich, 2007).

FMOs utilize a tightly bound FAD prosthetic group, NAD(P)H, and molecular oxygen to create monooxygenate or otherwise oxidize substrates, producing water and NAD(P)+ as byproducts (Poulsen and Ziegler, 1995; Krueger and Williams, 2005). Generally, FMOs act on a large variety of nitrogen-, sulfur-, selenium-, or iodine-containing compounds, but carbon, phosphorus, and other elements are also amenable to FMO-mediated oxidation (Başaran and Can Eke, 2017). FMOs transfer hydroxyl groups to these substrates, rendering them more polar and more readily excretable (Cashman, 1995), and thus are thought to participate in the detoxification of foodstuffs and other xenobiotics (Hodgson et al., 1995). In humans, substantial evidence has shown that FMOs play an important role in the detoxification of tertiary amines [e.g., trimethylamine (Cholerton and Smith, 1991) and (S)-nicotine (Park et al., 1993)]. In mice, one FMO is involved in the detoxification pathway of l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (Cashman, 1989; Chiba et al., 1990; Di-Monte et al., 1991). A role for detoxification of xenobiotics by FMOs has also been observed for insects, including the European cinnabar moth (Tyria jacobaea), which utilizes senecionine N-oxygenase, an FMO, to efficiently N-oxidize pyrrolizidine alkaloids (PAs), which are toxic to unspecialized insects and vertebrates, thereby allowing larvae to feed on PA-containing plants (Naumann et al., 2002). A relatively high level of FMO activity has also been observed in guinea pigs, which can also efficiently detoxify PAs (Miranda et al., 1991). In bivalves, which are continuously exposed to non-biological contaminants (e.g., industry, agriculture, and urban effluents) (Boutet et al., 2003), FMOs may function in a tissue-specific toxin-responsive manner with differences in FMO expression between tissues in the stress response induced by hydrocarbons in Pacific oysters (Crassostrea gigas), revealing that FMO was upregulated after exposure to hydrocarbons in the digestive gland on day 7, while it was not expressed in the gill (Boutet et al., 2004).

In addition to non-biological contaminants (Boutet et al., 2003), bivalves are also exposed to a variety of biological contaminants. As filter-feeding organisms that mainly feed on microalgae, bivalves can accumulate large amounts of paralytic shellfish toxins (PSTs) produced by dinoflagellates, especially during the outbreak of harmful algal blooms (Andres et al., 2019). PSTs are a class of potent neurotoxins that reversibly block voltage-gated sodium channels in the cell membrane to prevent the occurrence of neuronal signals, eventually leading to muscle paralysis (Boullot et al., 2017). The contamination of bivalves by PSTs negatively impacts sanitary quality and often leads to the closure of related industries (Farabegoli et al., 2018). Although bivalves showed high PSTs resistance mainly because of PST-resistant amino acids in the voltage-gated sodium channel (Li et al., 2017), PSTs accumulation changes bivalve behavior and physiology (Shin et al., 2018). Many studies on the response of bivalves to PSTs stress found that CYP450 and GST, which are related to detoxification, were significantly upregulated in bivalves after exposure to PST-producing algae (Garcia-Lagunas et al., 2013; Lou et al., 2020), indicating that the detoxification process might be a strategy bivalves employ to cope with the effects of PST accumulation (Garcia-Lagunas et al., 2013). However, whether FMO genes are involved in this process remains unknown.

Yesso scallops (Patinopecten yessoensis) and Zhikong scallops (Chlamys farreri) are important aquaculture species in the two main sea areas (yellow sea and Bohai sea) in China (Li et al., 2017; Wang et al., 2017; Yang et al., 2019), which are both economically important, and the two species have been reported to accumulate PSTs (Li et al., 2017; Hu et al., 2019; Liu et al., 2020). Therefore, they are widely used to study PST accumulation and transformation (Hu et al., 2019; Xun et al., 2020). Previous studies have indicated that the hepatopancreas and kidney are the most toxic organs in scallops exposed to PSTs (Li et al., 2017). In this study, FMO genes were identified and characterized, and their responses were systematically assessed in the hepatopancreas and kidney after exposure to two different PST-producing dinoflagellates (Alexandrium catenella and Alexandrium minutum) in two scallops (P. yessoensis and C. farreri). We found a new subfamily of FMOs that has not been identified previously and indicated the involvement of bivalve FMOs in the response to the accumulation of PSTs. Our results will contribute to a better understanding of the functional diversity and adaptive evolution of FMO genes in bivalves in coping with toxic algae.



MATERIALS AND METHODS


Genome-Wide Identification and Characterization of FMO Genes in Scallops

Candidate FMO genes have been identified in the genome (Li et al., 2017; Wang et al., 2017) and transcriptome (Hou et al., 2011; Wang et al., 2013) sequences of both P. yessoensis and C. farreri. The orthologous FMO sequences of some representative species, including humans (Homo sapiens), frogs (Xenopus laevis), zebrafish (Danio rerio), mice (Mus musculus), fruit flies (Drosophila melanogaster), Pacific oysters (C. gigas), and nematodes (Caenorhabditis elegans), from the NCBI1, and Uniprot2 databases were downloaded and used as queries to perform whole-genome and transcriptome-based blast with an e-value threshold of 1E-05. Then, the coding sequences were translated into amino acid sequences using an ORF Finder 3, and the predicted FMO proteins were aligned to KEGG4, Uniprot (see text footnote 2), and the non-redundant database of the NCBI (see text footnote 1) using BLASTP (e-value set: 1E-05) to confirm the completeness and accuracy of the identified FMOs. The translated amino acid sequences were further analyzed using SMART tools (Schultz et al., 1998) and subjected to the NCBI Conserved Domains Database 5 to identify the conserved domains. Finally, the physicochemical characteristics of the identified proteins, including the number of amino acids, molecular weight, and theoretical isoelectric point, were calculated using the ProtParam tool6.



Phylogenetic and Evolutionary Analysis of FMO Genes

The amino acid sequences of FMOs from selected organisms, including humans (H. sapiens), original chickens (Gallus gallus), frogs (X. laevis), zebrafish (D. rerio), amphioxus (Branchiostoma floridae), sea urchins (Strongylocentrotus purpuratus), freshwater snails (Biomphalaria glabrata and Pomacea canaliculata), and pacific oysters (C. gigas), were obtained from the NCBI database (Supplementary Table 1), and were combined with the FMOs identified in scallops to construct a phylogenetic tree. A phylogenetic analysis was conducted using MEGA7 (Kumar et al., 2016) to construct a neighbor-joining tree using the p-distance and maximum likelihood methods. We eliminated positions containing gaps and missing data, and tested the robustness of the results via a reanalysis of 1,000 bootstrap replicates.

To measure the selective pressure in the individual codons of the amino acid sequences, we applied codon-based site models in the PAML 4.9 package (Yang, 2007) with a maximum likelihood ratio test, which estimates the non-synonymous (dN) and synonymous (dS) substitution ratios (dN/dS or ω) variation among the codons. The codon-based site model assumes that different branches of the phylogenetic tree are under the same selection pressure. However, different amino acid positions experience different selection pressures, indicating that different positions of the same sequence have different ω values. Different ω values indicate different selective pressures, in which 1, < 1, and > 1 represent neutral evolution, purifying selection/negative selection, or positive selection, respectively. In our study, three pairs (M0 vs. M3, M1a vs. M2a, and M7 vs. M8) of models were applied. Model M0 (one ratio) assumes that all sites have a constant ω ratio, whereas model M3 (discrete) assumes that there are three classes of ω. The null model, M1a (neutral), allows two classes of codon sites for ω, wherein 0 < ω < 1 and ω = 1, whereas the alternative model, M2a (selection), allows one additional site class with ω > 1. The M7 (beta) model assumes that ω (0 < ω < 1) at all sites belongs to the matrix (0, 1) and fits a beta distribution with 10 categories, whereas the alternative model, M8, also has a category with ω > 1. If model M8 (M2a) fitted the data significantly better than model M7 (M1a), we applied a Bayes Empirical Bayes estimation method in the PAML 4.9 package (Yang, 2007) to identify the sites estimated to be under positive selection.



Expression Profiles of FMO Genes in Developmental Stages and Adult Organs/Tissues of Scallops

The expression profiles of FMOs in P. yessoensis (PyFMOs) and C. farreri (CfFMOs) during the developmental stages and in adult tissues were analyzed and represented in the form of RPKM (reads/kilobase of exon model/million mapped reads) based on the RNA-Seq data from previous studies (Li et al., 2017; Wang et al., 2017). The developmental stages include zygotes, 2–8 cell stage, blastula, gastrula, trochophore, D-stage larva, umbo early larva, umbo middle larva, umbo post larva, creeping larva, and juvenile scallop (Supplementary Table 2) and the adult tissues include the mantle, gill, gonad, kidney, hepatopancreas, smooth muscle, striated muscle, and foot. The body size of the sampled scallops were summarized in Supplementary Table 3. The heat map of the expression levels was drawn using custom R scripts to visualize the expression patterns of FMOs in P. yessoensis and C. farreri.



Expression Regulation of FMO Genes in Scallops After Exposure to PST-Producing Dinoflagellates

Scallops were previously subjected to PST-producing dinoflagellates, in which C. farreri was fed with A. catenella (ACDH strain) and A. minutum (AM-1 strain) (Li et al., 2017), and P. yessoensis was fed only A. catenella (ACDH strain). Briefly, two-year-old P. yessoensis and C. farreri were collected from Zhangzidao Group Co., Ltd. (Dalian, Liaoning Province, China) and Xunshan Group Co., Ltd. (Rongcheng, Shandong Province, China), respectively. Individual scallops were acclimated by feeding non-toxic algae (Isocrydid galbana) in pre-filtered seawater (30 spu; pH = 7.9) at 12–13°C for 3 weeks in our laboratory. The two toxic strains of dinoflagellates, A. catenella (ACDH strain) and A. minutum (AM-1 strain), which have been confirmed to produce PSTs (analogs C1 and C2 in ACDH, and GTXs, mainly GTX1-4 in AM-1), were cultured independently (Navarro et al., 2006) at 20°C under a light-dark cycle with 14 h light and 10 h dark (light intensity of 6,000 lx) in 10 L Erlenmeyer flasks (Guillard and Ryther, 1962), and collected when the cell density reached 3 × 105 cells/mL in the exponential growth phase. The acclimated scallops were individually cultured in a flat-bottom beaker with pre-filtered seawater (30 spu; pH = 7.9) at 12–13°C, and half-volume of the seawater were changed every day. A total of 3 L of dinoflagellate cells were fed to each acclimated scallop once a day at a density of 2,000 cells/mL. The exposure experiments lasted for 15 days, and scallop tissues were sampled at six time points, including days 0 (samples collected immediately before feeding A. catenella and A. minutum), 1, 3, 5, 10, and 15, in which three scallops were randomly selected at each time point. For each individual scallop, the total RNA was extracted from the hepatopancreas and kidney using the traditional phenol-chloroform method, following the guidelines described by Puissant and Houdebine (1990), and RNA-Seq libraries were constructed using the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, United States) according to the manufacturer’s instructions, and then subjected to the Illumina X-ten platform with the mode of paired-end 150 bp. The expression levels of all FMOs were normalized and represented in the form of RPKM. The differentially expressed genes between the exposure and control groups were determined using the R package edgeR (Robinson et al., 2010) with p < 0.05 and | log2 FC| > 1. TBtools (Chen et al., 2020) was used to draw heat maps with the log2FC values.



RESULTS AND DISCUSSION


Identification and Characterization of FMO Genes in Chlamys farreri and Patinopecten yessoensis

Through genome and transcriptome mining, 15 and 13 FMO genes were identified in P. yessoensis and C. farreri, respectively. Based on the phylogenetic analysis, the FMOs were classified into three subfamilies (Figure 1), including FMO_N-oxide, FMO_GS-OX, and FMO_like, wherein the gene numbers of these subfamilies were 8, 4, and 3 in P. yessoensis, and 7, 3, and 3 in C. farreri, respectively (Table 1). FMO_N-oxide was the only FMO subfamily that was present in both mammals and other animals, but FMO_GS-OX was not found in mammals, probably because of gene loss. Expansion of the two subfamilies was observed in mollusks, including scallops, when compared with vertebrates (Figure 1 and Table 1). Note that the FMO_like subfamily, which was identified for the first time in this study, was only found in scallops. As it was absent in other mollusks, including bivalve oysters, FMO_like might have evolved independently from the other two FMO subfamilies in scallops. A previous study characterized the long-term evolution of this FMO family and found that this family was strongly selected for purification at the protein level (Hao et al., 2009). Coastal marine organisms are continuously exposed to a wide variety of contaminants from industrial, agricultural, and urban effluents (Boutet et al., 2004). Thus, the diversity of FMO members in scallops may be a defense mechanism to cope with different chemical pollutants in the marine environment.
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FIGURE 1. Phylogenetic tree of flavin-containing monooxygenase (FMO) amino acid sequences of selected organisms. The trees were constructed using the neighbor-joining (NJ) method with bootstrapping of 1,000 pseudo replicates. HS, Homo sapiens; GG, Gallus; XL, Xenopus laevis; DR, Danio rerio; BF, Branchiostoma floridae; SP, Strongylocentrotus purpuratus; BG, Biomphalaria glabrata; PC, Pomacea canaliculata; CG, Crassostrea gigas; CF, Chlamys farreri; PY, Patinopecten yessoensis.


TABLE 1. Copy numbers of flavin-containing monooxygenase (FMO) subfamilies among selected vertebrate and scallop genomes.
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The basic information regarding the PyFMOs and CfFMOs, including gene name, length of coding sequence (CDS), length of amino acid sequence, exon number, isoelectric point, molecular weight, and SwissProt annotation, is summarized in Supplementary Table 4. The CDS lengths of PyFMOs and CfFMOs varied from 1,224 to 1,758 bp and 1,287 to 3,084 bp, respectively, encoding 407 to 585 and 428 to 1,027 amino acids, respectively (Supplementary Table 4). The predicted molecular weight of the FMO proteins ranged from 49.00 to 65.90 kDa with PIs ranging from 5.40 to 9.11 in P. yessoensis and 49.20–117.00 kDa with PIs from 6.44 to 9.21 in C. farreri (Supplementary Table 4). Various exon/intron organization patterns of FMO genes are present in P. yessoensis and C. farreri (Figure 2), wherein the number of exons ranged from 3 to 10, and 3 to 12, respectively (Figure 2 and Supplementary Table 4).
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FIGURE 2. The structure of flavin-containing monooxygenase (FMO) genes in panel (A) Patinopecten yessoensis and (B) and Chlamys farreri. The blue boxes indicate the coding sequence (CDS). The orange boxes indicate UTR (untranslated region) sequence. The solid black lines represent intron sequences.


A protein structure analysis indicated that all PyFMOs and CfFMOs were composed of three conserved domains (Figure 3). The FAD-binding domain (GXGXXG), which was present in all the species examined, has been shown to be critical for their correct structure, catalytic function (Eswaramoorthy et al., 2006), and the FMO-identifying motif (FxGxxxHxxxY/F) (Eswaramoorthy et al., 2006), which interacts with the flavin of FAD (Figure 3). In addition to these two domains, the NADPH binding motif (GXGXXG/A) was detected at the C-terminal of the scallop FMO_N-oxide subfamily, but not in the other two subfamilies (Figure 3). Such circumstance was also observed in A. thaliana with this motif only detected in some members of all the FMO proteins (Eswaramoorthy et al., 2006), while the mechanism of the lack of this domain in some FMO proteins must be further studied. Identical characteristic sequences of three conserved domains have also been reported in other organisms (Choi et al., 2003; Eswaramoorthy et al., 2006; Schlaich, 2007).
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FIGURE 3. Alignment of the three conserved flavin-containing monooxygenase (FMO) motif sequences of Patinopecten yessoensis and Chlamys farreri scallops. ∗ indicates that all sequences have the same amino acid at the same site, and amino acids that are present in most sequences at the same site are shaded.




Selective Pressure Analysis of the Scallop FMO Genes

Gene replication and expansion by acquiring new genes or modifying existing genes driven by positive selection could provide support for the emergence of new functional genes (Kulmuni et al., 2013), which could possibly help organisms adapt to complex living conditions (Zhang et al., 2012; Ellegren, 2014). To analyze the selective pressure of the expanded scallop FMO genes at the protein level, we used the codon models implemented in PAML to evaluate their ω values in the two subfamilies (FMO_N-oxide and FMO_GS-OX) present in both vertebrates and scallops. We observed that the FMO_N-oxide and FMO_GS-OX subfamilies in P. yessoensis and C. farreri were under variable selection pressure with p-values of 0 (less than 0.05), indicating the rejection of the M0 model (single ratio) and support of the M3 model (discrete). These results demonstrate that P. yessoensis and C. farreri allow for different ω ratios of the two subfamilies. The P-value of the chi-square comparison test between the M7 and M8 models of the two subfamilies was 0 in P. yessoensis (Table 2), indicating the statistical significance of allowing positive selection for M8 in P. yessoensis, while in C. farreri, the P-values were 0.95 and 0.96, displaying no statistical significance (Table 2). These results suggest the presence of positively selected sites in the FMO_N-oxide and FMO_GS-OX subfamilies in P. yessoensis. We further analyzed the sites of the two subfamilies under positive selection (ω > 1) in the M8 model using the Bayes Empirical Bayes approach in PAML and observed 9 and 11 positively selected sites in the FMO_N-oxide and FMO_GS-OX subfamilies, respectively, with a posterior probability > 95% (Table 2). The expansion of FMO genes in scallops may reflect the requirement of a certain selection pressure for such genes as a strategy of molecular sequence evolution, which may be an important way to adapt to the complex and variable marine environment.


TABLE 2. Site model analysis for the expanded scallop flavin-containing monooxygenase (FMO) subfamilies.
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Spatiotemporal Expression Pattern of Scallop FMO Genes

Previous studies have found stage-dependent expressions of FMOs during early organogenesis in Oryzias latipes that were regulated by developmental factors (Kupsco and Schlenk, 2017), suggesting the involvement of FMOs in early development. In this study, the expression patterns of PyFMO and CfFMO genes during different developmental stages (Figure 4) were analyzed. In general, most members of the FMO_N-oxide and FMO_like subfamilies in the two scallops were expressed during the post-trochophore stages from D-stage larvae to juveniles, while genes of the FMO_GS-OX subfamily were mainly expressed prior to and at the trochophore stage (Figure 4). PyFMO and CfFMO genes showed, to some extent, different stage-specific expressions. For PyFMOs, two members (PY.1259.1 and PY.10033.4) of the FMO_GS-OX subfamily and one member (PY.716225.1) of the FMO_like subfamily were mainly expressed from the zygote to the blastula stages, while two members (PY.1029.11 and PY3111.6) of the FMO_N-oxide subfamily and one member (PY.8071.44) of the FMO_like subfamily were expressed at the trochophore larval stage. The remaining eight members played a major role in post-larval development (Figure 4A). Regarding CfFMOs, one member (CF.45501.17) of the FMO_N-oxide subfamily and one member (CF.48961.15) of the FMO_GS-OX subfamily showed elevated expression at multiple developmental stages, while one member (CF.22483.7) of the FMO_like subfamily and two members (CF.53709.3 and CF.34113.1) of the FMO_GS-OX subfamily were highly expressed at only one or two developmental stages, specifically prior to and at the D-stage (Figure 4B). The remaining eight members were highly expressed in the middle and late umbo stages (Figure 4).
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FIGURE 4. Expression patterns of scallop flavin-containing monooxygenases (FMOs) during the developmental stages of (A) Patinopecten yessoensis and (B) Chlamys farreri (In P. yessoensis, one member (PY.715665.1.FMO_GS-OX) was not expressed in the developmental stages, thus only 14 genes were showed in the heat map).


In adult scallops, higher FMO expressions were detected mostly in the kidney and hepatopancreas, wherein, five and six members of PyFMO, and eight and three members of CfFMO were highly expressed, respectively (Figure 5). Abundant FMO transcripts in the kidney and liver (or hepatopancreas) were also found in many other organisms, including humans (Cashman and Zhang, 2006) and marmosets (Callithrix jacchus) (Uehara et al., 2017). The kidney and hepatopancreas are crucial organs for detoxifying chemicals (Metian et al., 2008; Banni et al., 2010) and removing metabolic waste (Bourioug et al., 2018; Wakashin et al., 2018) in mollusks. Previous studies in scallops have indicated that the hepatopancreas and kidney are two major toxic organs of bivalves (Tian et al., 2010; Li et al., 2017). The scallop FMOs with abundant expression in the kidney and hepatopancreas may participate in similar xenobiotic detoxification processes observed in other organisms (Phillips and Shephard, 2017). In addition, some other FMOs in scallops exhibited high expression in the mantle, gills, and gonads (Figure 5), implying their functions in detoxification in these tissues.
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FIGURE 5. Expression patterns of scallop flavin-containing monooxygenases (FMOs) in adult tissues of (A) Patinopecten yessoensis and (B) and Chlamys farreri.




Expression Regulation of Scallop FMOs After Toxic Dinoflagellates Exposure

To evaluate the possible involvement of scallop FMOs in coping with PST-producing algae, we examined their expression changes after exposure to toxic dinoflagellates in the hepatopancreas and kidney, which are the two most toxic organs with respect to PSTs accumulation (Li et al., 2017). For P. yessoensis exposed to A. catenella, a total of 7 PyFMOs were found to be significantly regulated (| log2FC| ≧ 1, p-value < 0.05) in the hepatopancreas (Figure 6), which is the main organ for PSTs accumulation (Li et al., 2017). Of these, 6 were upregulated, and 2 (PY.11173.91 and PY.8071.44) responded acutely on days 1 and 3, respectively, whereas the other PyFMOs responded chronically on days 5 and 10. For each of the three subfamilies, two upregulated PyFMOs were found (Figure 6). The only down-regulated PyFMO (PY.1883.8) was from the FMO_N-oxide subfamily and was found on day 10 (Figure 6). Meanwhile, in the kidney, wherein PSTs can be transformed into derivatives with higher toxicity (Li et al., 2017; Liu et al., 2020), only two PyFMOs (PY.1259.1 and PY.9987.54) were significantly regulated (Figure 6). Specifically, one (PY.1259.1) was from the FMO_GS-OX subfamily, which was down-regulated on days 3 and 5, and then upregulated on day 10, and one (PY.9987.54) was from the FMO_like subfamily, which was rapidly upregulated on day 1 and showed continuous upregulation throughout the entire exposure experiment, implying its vital role in responding to PST stress (Figure 6). Thus, the PyFMOs regulated in the hepatopancreas and kidney were different.
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FIGURE 6. Temporal expressions of scallop flavin-containing monooxygenases (FMOs) in the hepatopancreas and kidney of scallops after Alexandrium catenella and Alexandrium minutum exposure. The heat maps were drawn based on log2 (fold change) values. Exposure time (1, 3, 5, 10, or 15 days) is displayed below the heat map. Significant regulation with | log2FC| > 1 and p < 0.05 is indicated with *.


We further examined the expression changes of FMOs in the hepatopancreas and kidney of C. farreri, another massively cultured scallop in China. In addition to A. catenella, another dinoflagellate, A. minutum was also used to feed C. farreri to assess the response differences of CfFMOs under exposure to different PSTs. Generally, more CfFMOs were significantly regulated in the kidney than in the hepatopancreas (Figure 6). In the hepatopancreas, a total of 7 CfFMOs showed significant responses after exposure to the two toxic dinoflagellates, among which 3 showed similar acute responses with both diets, including 1 (CF.53709.3) upregulated and 2 down-regulated (CF.21317.3 and CF.22483.7). The other four regulated CfFMOs only significantly responded to A. catenella exposure. In particular, two members (CF.45501.17 and CF.62173.43) of the FMO_N-oxide subfamily and one (CF.49013.25) of the FMO_like subfamily were significantly upregulated, respectively, in acute and chronic manners, and one gene (CF.31777.64) of the FMO_N-oxide subfamily was significantly downregulated in a chronic manner on day 15.

In the kidney, all the CfFMOs showed significant responses after exposure to toxic A. catenella or A. minutum, most of which were significantly downregulated and showed dinoflagellate-type dependent responses. In particular, the two upregulated CfFMOs after A. catenella exposure were found on day 1, both of which are from the FMO_N-oxide subfamily. For A. minutum exposure, the three upregulated members were from the other two subfamilies and exhibited chronic responses. These results suggest the PSTs- and organ-dependent responses of CfFMOs. Note that one member (CF.45501.17) showed consistent acute upregulation in both the kidney and hepatopancreas after exposure to A. catenella, which could be a good candidate indicator gene for the accumulation of PSTs.



CONCLUSION

In this study, we performed the first systematic analysis of the FMO gene family in scallops P. yessoensis and C. farreri, and observed the expansion of this family possibly with a bivalve- or scallop-specific gene duplication event. In addition, considerable structural diversity, conserved domains, and motifs were identified, and stage- and tissue-specific expression patterns were revealed. Furthermore, the genes from the expanded subfamily of P. yessoensis may be more inclined toward positive selection and may be involved in lineage-specific adaptation. After exposure to two different toxic Alexandrium species, the regulation patterns of the scallop FMOs presented time-, algal strain-, and organ-dependent expression patterns. These findings will contribute to a better understanding of the evolutionary origin of the FMO gene family and the detoxification strategies of bivalves in response to algal biotoxins in complex marine environments.
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In the past decade, the Deepwater Horizon oil spill triggered a spike in investigatory effort on the effects of crude oil chemicals, most notably polycyclic aromatic hydrocarbons (PAHs), on marine organisms and ecosystems. Oysters, susceptible to both waterborne and sediment-bound contaminants due to their filter-feeding and sessile nature, have become of great interest among scientists as both a bioindicator and model organism for research on environmental stressors. It has been shown in many parts of the world that PAHs readily bioaccumulate in the soft tissues of oysters. Subsequent experiments have highlighted the negative effects associated with exposure to PAHs including the upregulation of antioxidant and detoxifying gene transcripts and enzyme activities such as Superoxide dismutase, Cytochrome P450 enzymes, and Glutathione S-transferase, reduction in DNA integrity, increased infection prevalence, and reduced and abnormal larval growth. Much of these effects could be attributed to either oxidative damage, or a reallocation of energy away from critical biological processes such as reproduction and calcification toward health maintenance. Additional abiotic stressors including increased temperature, reduced salinity, and reduced pH may change how the oyster responds to environmental contaminants and may compound the negative effects of PAH exposure. The negative effects of acidification and longer-term salinity changes appear to add onto that of PAH toxicity, while shorter-term salinity changes may induce mechanisms that reduce PAH exposure. Elevated temperatures, on the other hand, cause such large physiological effects on their own that additional PAH exposure either fails to cause any significant effects or that the effects have little discernable pattern. In this review, the oyster is recognized as a model organism for the study of negative anthropogenic impacts on the environment, and the effects of various environmental stressors on the oyster model are compared, while synergistic effects of these stressors to PAH exposure are considered. Lastly, the understudied effects of PAH photo-toxicity on oysters reveals drastic increases to the toxicity of PAHs via photooxidation and the formation of quinones. The consequences of the interaction between local and global environmental stressors thus provide a glimpse into the differential response to anthropogenic impacts across regions of the world.
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INTRODUCTION

As countries develop and human activities expand, so does the amount of waste produced and consequently, the amount of environmental pollution released. The rapid industrial growth of the 21st century has caused a demand for power satisfied primarily by petroleum that in 2020 has contributed to 34.7% of total energy consumption in the United States (United States Energy Information Administration, 2021), As a result, the United States has inadvertently become the largest source of polycyclic aromatic hydrocarbons (PAHs) in the environment either through incomplete combustion of coal, oil, petroleum, and wood (Abdel-Shafy and Mansour, 2016), or directly via oil spills such as the Deepwater Horizon spill (Reddy et al., 2012). The introduction of such chemicals to the environment does not come at no cost, and it is well-known that PAHs are toxic to humans (Abdel-Shafy and Mansour, 2016) and may constitute a possible health risk if bioaccumulated or otherwise present in food sources (Tongo et al., 2017; Rai et al., 2019; Abalaka et al., 2020).

A large body of research has taken interest in the environmental monitoring of the contaminants currently found in the environment by measuring PAH concentrations from the water column and in sediments (Yu et al., 2021). The inclusion of different media is very important to capture the distribution of contaminants because of the differential ability to accumulate contaminants. For example, the sediments at the bottom of the water column may act as a sink for contaminants since both metals and PAHs adsorb onto sediments (Jackim et al., 1977; Geffard et al., 2003), while organisms in the water column such as copepods ingest PAH-contaminated algae that later reaches the seafloor as fecal pellets (Arias et al., 2016). In fact, Guerra-García et al. (2021) considers sediment measurements to be preferable to seawater measurements in terms of characterizing the local pollutant levels due to the dynamic and variable nature of water in contrast to the more static ability of sediments to act as a storage for contaminants.

As for the organisms that live among the pollutants, chemicals enter the organisms’ bodies by diffusion, adsorption, or ingestion (Kelly et al., 2007; Arias et al., 2016; Metian et al., 2020; Shao and Wang, 2020), sometimes accumulating concentrations far exceeding that of either the water or sediments (Cortazar et al., 2008) although this is not always the case (Bustamante et al., 2012a; Hong et al., 2016; Vaezzadeh et al., 2019). Regardless, the use of bioindicators or organisms that accumulate contaminants to evaluate not only the levels but also the effects of environmental pollution is a useful method that likely provides a better representation of the anthropogenic impacts (Galloway et al., 2004). According to Zhou et al. (2008), biomonitoring reveals the integrated effects of the pollutants on the organisms by way of subtle biological changes that are not only sensitive due to the rapid onset of biological response but are also realized at contaminant levels that may be below detection limits due to chronic exposure to low doses. As a result, the bioaccumulation levels and responses in organisms such as algae, zooplankton, crustaceans, mollusks, fish, amphibians, and even marine mammals have been studied in aquatic and marine systems (Zhou et al., 2008; Cullen et al., 2019; Liu et al., 2019).

Gastropods and bivalves are two different classes of mollusks commonly used as bioindicators (O’Connor, 2002; Rittschof and McClellan-Green, 2005; Noh et al., 2018; Pham et al., 2020). Of these two, bivalves are potentially better suited for biomonitoring due to their sedentary lifestyle and filter-feeding. Oysters are especially of interest, due to their contaminant load often far exceeding their bivalve congeners (O’Connor, 2002; Leon et al., 2013; Wang and Lu, 2017; Liu et al., 2019) while displaying measurable signs of contaminant-induced stress. PAH exposure has been linked with increased antioxidant activity (Sarkar et al., 2017), altered immune system activity (Donaghy et al., 2010; Croxton et al., 2012), mutagenicity (Sarker et al., 2018), and larval abnormalities (Vignier et al., 2015) in oysters, which provide a long list of sublethal biomarkers with which to study the effects of such contaminants. Since oysters are of interest for human consumption, there are concerns over health risks due to their accumulation of toxic compounds (Hong et al., 2016; Liu et al., 2019; Wang et al., 2020), while the demand for the food source has been stimulating the growing oyster aquaculture industry (Botta et al., 2020). It is, therefore, no surprise that oysters have been extremely popular as bioindicators in recent decades. In this review, the contributions of various species of oysters (Crassostrea brasiliana, C. rhizophorae, C. tulipa (formerly C. gasar), C. virginica, Magallana (formerly Crassostrea) angulata, M. belcheri, M. bilineata (formerly C. madrasensis), M. gigas, M. hongkongensis, Ostrea edulis, O. equestris, Saccostrea cucullata, and S. glomerata) toward the bioaccumulation and toxicology of PAHs are presented.



OYSTERS AND PAHS


Oysters as Biomonitor Organisms

Boening (1999) summarized that bioindicator organisms are suggested to: (1) be tolerant to the contaminant and accumulate contaminants without suffering mortality, (2) be either sedentary or have limited range of movement, (3) have a sufficient life span to allow for sampling over a broad range of time, (4) be abundant at the study site, (5) be of sufficient size for chemical analysis, (6) be hardy enough to maintain health through sampling and laboratory procedures, (7) be easy to sample and identify, (8) have high contaminant accumulation levels, and (9) be sensitive to changes in contaminant exposure. While not exhaustive, this list puts together the main concerns with the appropriateness of a bioindicator by highlighting ease of access, ability to reflect environmental change, and ease of robust scientific study. Further research efforts have added criteria for consideration as a bioindicator. (10) Bioindicators should have a low ability to metabolize contaminants (Hamzah-Chaffai, 2014) and (11) would be more useful if they had different life stages (Zhou et al., 2008). Organisms with a high ability to metabolize contaminants would in turn have a high efflux rate of any uptaken contaminants and may not accumulate detectable or appreciable levels of contaminant and lead to false-negative readings. Furthermore, Zhou et al. (2008) noted that having larva and adult stages provides the opportunity to study the effects of contaminants on multiple stages and the physiological processes of metamorphosis. As Boulais et al. (2018) demonstrated, the development and growth of the embryo stage of C. virginica were more sensitive to PAH-contaminated sediment than that of the veliger stage, and thus presents findings novel to studies on strictly adult oysters.

Oysters are palm-sized bivalve organisms, with an irregular shell, and a planktonic larval stage that metamorphoses into a sedentary adult life stage living attached to any hard substrate such as tree roots, pebbles and shells, or other oysters (National Research Council, 2004). As a result, some species such as Magallana gigas (formerly Crassostrea gigas) form vast oyster reefs that cover a wide area sufficient to transform entire benthic landscapes and habitats (Troost, 2010). The sessile nature of oysters results in the bioaccumulation of the contaminants in the immediate vicinity, while the wide-ranging reefs allow an equivalently wide sampling range that monitors the spatial distribution of point-source pollution. Due to the fact that oysters live amongst potentially contaminated sediments, and are filter-feeders that clear particles from large volumes of seawater each day (National Research Council, 2004), oysters are likely exposed to many times more contaminants than either non-filter-feeders or nekton that do not live near the sediments. Despite this, oysters continue to thrive due to their resilience to pollutants with several studies such as dos Reis et al. (2015) reporting no mortalities after exposing C. brasiliana to up to 1,000 μg L–1 phenanthrene (Phe) for up to 10 days, Perić et al. (2020) reporting no mortalities after exposing O. edulis and M. gigas to up to 100 μg L–1 copper and 50 μg L–1 cadmium for up to 4 days, and Aguirre-Rubí et al. (2018b) demonstrating that oysters stayed alive for as long as 10 days without water despite exhibiting possible contaminant-induced digestive gland atrophy and hemocytic infiltration of interstitial connective tissue. Thus their ability to survive despite the pollution while exhibiting measurable responses to it, combined with their distribution, living habits, and multiple life stages make oysters an exceptionally favorable bioindicator organism (Zhou et al., 2008).



Characteristics of PAHs

PAHs are organic molecules made up of two or more aromatic hydrocarbon rings and have become a staple in the investigation of the effects of oil spills and coastal pollution near urban areas. Originating from sources such as petroleum (petrogenic) and the incomplete combustion of petroleum (pyrogenic), PAHs have become widespread across the globe, especially concentrated near urban centers (Laflamme and Hites, 1978; Wang et al., 1999). As such, they have become convenient proxies for all human activities that rely on fossil fuels. PAHs themselves are characterized by their low solubilities (Sangster, 1989) and are thus usually found adhering to small particles in either marine sediment (Vaezzadeh et al., 2019) or soil (Eker and Hatipoglu, 2019). Due to their semi-volatility, PAHs can be removed via evaporation or photooxidation (Karaca and Tasdemir, 2013; Eker and Hatipoglu, 2019), a process that could become problematic depending on the photoproducts. In general, photooxidation of PAHs yields reactive molecules, such as aldehydes and aromatic ketones known as quinones (Ehrenhauser, 2011), which are highly toxic (reviewed by Lee, 2003) and reminiscent of the compounds created during PAH metabolism (reviewed by Ertl et al., 2016). Therefore, PAHs are often regarded as carcinogenic and of great health risk due to their lipophilicity and ability to readily accumulate into body tissues (Abdel-Shafy and Mansour, 2016). Thus it is crucial to look into how PAHs have accumulated and their effects on the organism.



Accumulation of PAHs in Oysters

Of the 16 PAHs recognized by the USEPA, all but the four smallest PAHs Naphthalene (Naph), Acenaphthylene (Acy), Acenaphthene (Ace), and Fluorene (Flu) have log Kow > 4 (Sahu and Pandit, 2003) and are considered hydrophobic or lipophilic (La Guardia et al., 2012). Flu itself is on the borderline with a log Kow = 3.96, whereas the widely accepted value of 4.18 (Sangster, 1989) makes Flu lipophilic. Therefore, among PAHs, solubility generally decreases with increasing molecular weight (Sahu and Pandit, 2003). Oysters tend to concentrate very high levels of PAHs, but the lipophilicity of the organic compounds affects the accumulation patterns. Since Geffard et al. (2003) found that the bioaccumulation factor (ratio of PAH concentration in the body to the PAH concentration in the sediments) of M. gigas larvae was negatively correlated with log Kow, a PAH is more likely to accumulate if it is more soluble.


Sizes of PAH Chemicals

In general, a 2–3-ring PAH is considered a low-molecular weight (LMW) PAH (Vaezzadeh et al., 2019; Pham et al., 2020; Wang et al., 2020) whereas a PAH having 4–6 rings is considered high-molecular weight (HMW), although Vignier et al. (2018) consider 3–6 rings as HMW and 2–4 rings as being soluble. Due to the difference in solubility, the HMW PAHs are more likely to be adsorbed to the sediment, especially if the sediment contains a large organic fraction (Baumard et al., 1999; La Guardia et al., 2012). In Dalian, China, HMW PAHs were found to accumulate throughout the year into sediments due to a calculated net flux from seawater to sediment (Hong et al., 2016). This could explain why in the water column near Hainan, China, 98% of the PAHs are LMW PAHs with 2–4 rings while 3-ringed (61%) and 4-ringed (28%) PAHs formed the majority of the sediment-bound PAHs (Wang et al., 2020). This highlights a shift toward HMW PAHs in the sediments. Vaezzadeh et al. (2019) found the mangrove sediments of Malaysia to be dominated by 5–6-ring PAHs, making up between 45–80% of the total PAHs found in the sediments. This in turn results in the increased bioavailability of the more soluble LMW PAHs (Baumard et al., 1999), and a greater concentration of LMW PAHs accumulated in the oyster. The PAHs accumulated in M. belcheri were reported to consist of at least 40% LMW PAHs in four out of five different mangrove sites around Malaysia (Vaezzadeh et al., 2019) despite the majority of HMW PAHs in the sediments. Resonating this pattern, the contaminants in both the Magallana spp. oysters and Cymatium spp. gastropods sampled from the Can Gio coastal wetland of Vietnam were enriched in 2–3-ring LMW PAHs, with the smallest PAH, Naph, dominating the PAH composition in oyster whole soft tissue (Pham et al., 2020). The marine oyster O. equestris predominantly accumulated the 3-ringed Phe in the Gulf of Mexico until major flooding of the Mississippi River occurred. However, molecular weight and bioavailability should not be taken as a law. Equal molecular weight pyrene (Pyr) and fluoranthene (Fla), exposed at roughly equal concentrations, still resulted in a soft tissue concentration of Fla exceeding 50% greater than that of pyrene in S. glomerata (Ertl et al., 2016). Increased uptake and/or retention of Fla or increased metabolism and elimination of pyrene potentially due to the observed upregulation of carbonyl reductase (CBR) were proposed to explain such discrepancies.



The Significance of Sediments

Despite increased bioavailability due to solubility, uptake of PAHs is not as simple as diffusion. Evidence suggests that the presence of sediments greatly increases PAH uptake. Exposure to PAH-contaminated sediments proved to be almost 100 times as toxic to M. gigas embryos than exposure only to the elutriate of those sediments (Geffard et al., 2001) suggesting that the PAHs in the sediments were more bioavailable than those in the water above in some way. Elutriates are essentially suspensions of “washed off” or decanted sediments and are synonymous with low or high-energy water attenuated fractions (HEWAF, LEWAF) that mix compounds of high log Kow such as crude oil rather than sediments with water (Vignier et al., 2015). In the follow-up study by Geffard et al. (2002), unfiltered elutriate was tested against filtered elutriate. It was found that the unfiltered elutriates still contained over 10 times the total PAH concentration of the filtered elutriates, which was deduced to come from extremely fine suspended sediments > 0.7 μm minimum length. Larvae reared in the fine suspended sediments (unfiltered elutriate) bioaccumulated three times more PAHs in the 25% elutriate-dilution treatment (least dilution, most concentrated treatment) than did larvae reared in filtered seawater with no contaminants, but fed algae reared in the filtered elutriate. Since the filtered elutriate contained just one-tenth of the PAHs in the unfiltered elutriate, the fact that the larvae fed algae only contaminated with filtered elutriate was able to reach one third the PAH concentration of the larvae directly reared in the unfiltered elutriate provides additional support that ingestion is a highly significant mode of PAH accumulation. However, this only occurred at the highest concentration (25% elutriate). The other concentrations (1, 5, and 10% elutriate) still caused 50–100 ng/g dry weight of accumulation in the larvae reared in the unfiltered elutriate, while the larvae reared in clean seawater but fed contaminated algae accumulated close to nothing. Therefore, even though ingestion is an important mechanism for accumulation, it could be extremely limited when the contaminant levels in prey are very low, and the additional PAHs in the unfiltered elutriate may have been accumulated by the larvae through different means. Shao and Wang (2020) showed that even 60-nm nanoparticles would be ingested, while the suspended fine sediments in the unfiltered elutriate from Geffard et al.’s (2002) study were at least 700 nm (0.7 μm). Therefore, it could be the case that non-food particles are being consumed and contributing to the bioaccumulation of PAHs. A study has shown that a diet of particulate matter with less organic content is more likely to be rejected than particles more enriched in organic content by the cockle Cerastoderma edule (Iglesias et al., 1996), which could suggest that particles with enough organic matter may fail to be rejected and instead be consumed alongside food particles. Further research by Geffard et al. (2003, 2004) continues to reinforce the role sediments play in bioaccumulation, and suggests that resuspension of sediments, not unlike the action of elutriation, facilitate the uptake of PAHs and heavy metals.



Physiological PAH-Accumulation Affinity

The PAHs that are taken up, are then allocated to lipid-rich organs. Wang et al. (2020) break down the oyster anatomy into five portions: adductor, gill, gonad, hepatopancreas, and mantle. In other studies, the hepatopancreas is often referred to as the digestive gland (Bustamante et al., 2012b; Vaschenko et al., 2013; dos Reis et al., 2015; Shenai-Tirodkar et al., 2017; Aguirre-Rubí et al., 2018b; Perić et al., 2020; Shao and Wang, 2020) and the adductor is referred to as “muscle” (Bustamante et al., 2012b). The use of “soft tissues” is much more vague as it likely refers to gonads and mantle (Shao and Wang, 2020), non-gill tissue (Chan and Wang, 2019), or even all tissues combined and sometimes called either “total” or “whole” soft tissues (Aguirre-Rubí et al., 2018b; Sezer et al., 2018; Wang et al., 2020). In general, PAHs accumulated in the mantle or hepatopancreas, with gonad or gill next and adductor muscle last (Wang et al., 2020). Bustamante et al. (2012b) found that M. gigas exposed to the 4-ring PAH, pyrene (Pyr), for 24 h had the highest concentrations in the gills, followed by the hepatopancreas, then mantle, and then adductor muscle with twofold reductions at each step except for the last step in which the mantle contained 2.5 times more Pyr than the adductor muscle did directly after exposure. It was suggested that the mantle and especially gills may have high levels of PAHs simply due to their being the most exposed organs to the environment (Bustamante et al., 2012b) because, during a 15-day depuration period, some Pyr was retained in the mantle and hepatopancreas, but was removed from the gills rapidly. The high lipid content of the hepatopancreas and gonad may store lipophilic compounds such as PAHs (Wang et al., 2020), contributing to slower removal and increased bioaccumulation in those tissues. These findings led to the proposal that the mantle and hepatopancreas should be the target organs for biomonitoring data collection (Wang et al., 2020).

Differently sized organs of different species, therefore, result in differential accumulation within the same habitat conditions. Three different species of bivalves, the oyster M. gigas, mussel Mytilus californianus, and clam Corbicula fluminea, transplanted for 90 days within San Francisco Bay, United States, accumulated different levels of PAHs despite controlling for location and time (Oros and Ross, 2005). The oyster M. gigas accumulated the most out of the three species with total PAH ranging from 184–6,899 ng/g dry weight, while the mussel and clam accumulated 21–1,093 and 78–720 ng/g dry weight, respectively. Due to the high lipid content of oysters, this species is thought to be an excellent bioindicator for lipophilic contaminants such as PAHs, polychlorinated biphenyls (PCBs), and organochlorine pesticides (OCPs) (Fisher et al., 2000; Bustamante et al., 2012a; Leon et al., 2013; Trevisan et al., 2016; Aguirre-Rubí et al., 2018a) and even organic metals such as tributyltin (Alzieu et al., 1986; Higuera-Ruiz and Elorza, 2011) and methyl-Hg (Metian et al., 2020).

Once PAHs are taken up by the hepatopancreas, which is the detoxifying and xenobiotic-metabolizing center (Wang et al., 2020) akin to the human liver, many physiological mechanisms begin actively breaking down and detoxifying the potential carcinogen. In a process that will be discussed in the next section in greater detail, PAHs are reduced by stage I metabolic enzymes into water-soluble hydroquinones and later either excreted or conjugated by stage II metabolic enzymes into thio-conjugated o-quinones and subsequently excreted (Ertl et al., 2016). PAH-metabolism ultimately results in its depuration and effective detoxification. Some PAHs may be preferentially metabolized such as Pyr, Benzo[a]pyrene (BaP), and Benzo[a]anthracene (BaA) (Ertl et al., 2016), which may affect the ratios of PAH isomers such as BaP and BeP (Baumard et al., 2001). Since PAH ratios are often used as diagnostic ratios to track pyrogenic or petrogenic sources (Pie et al., 2015), preferential metabolism could lead to false readings and the calculation should be calibrated accordingly.





THE EFFECTS OF PAHS ON OYSTERS

To assess the effects of a stressor, the researcher must identify biomarkers that would in theory react in some measurable way. In the case of chemical contaminants, most of the endpoints treat the compounds negatively as toxic and expect a weakening of physiology. The anatomy or histology could be directly observed to deviate from the norm, the physiological process could be expected to occur slowly or not at all, and mortality remains a viable effect. Other scientists take a more response-based approach and rely on the organism’s homeostatic mechanisms to alert any changes due to the contaminant. Such mechanisms could be detoxification processes that attack the contaminant or stress responses that either mitigate or repair damage caused by the contaminant. Still, other scientists may take a more abstract approach by measuring changes in gene expression that signal to the observer that the organism is in the process of either a detoxification process or stress response. In the following sections, a few basic biomarkers will be discussed and explained in the terms of an oyster, and a summary of the effects will be listed in Tables 1–3, according to whether the study was a laboratory-controlled test (Tables 1, 2) or an in situ observation of oysters collected from the field (Table 3).


TABLE 1. A summary of the results of the lab tests on the toxicities of PAHs is organized here, sorted by contaminant.
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TABLE 2. A summary of the results of the lab tests on the toxicities of contaminant mixtures with other pollutants in addition to PAHs is organized here.
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TABLE 3. The summary of the observations of the field collections reflecting the toxicities of heavy metals and PAHs is organized here.
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Chemical Biomarkers: Antioxidant and Metabolic Enzymes

PAHs express their toxicity in the form of oxidative potential. Unlike heavy metals, the toxicity of PAHs comes from the intermediates formed during their breakdown process. As Ertl et al. (2016) summarized, hydrophobic PAHs are transformed during phase I metabolism of xenobiotics by cytochrome P450 (CYP) proteins and CBR into water-soluble hydroquinones that can be excreted. An increase in phase I metabolic protein transcripts and activity upon PAH-exposure thus suggest that a detoxification response has been initiated. Pyr has been found to cause significant initial spikes in the CYP proteins CYP3475C1, CYP2AU1, CYP2-like, and CYP356A transcripts in C. tulipa that dropped back to base levels by 96 h post treatment (Zacchi et al., 2019), while Flu exposure elicited a similar upregulation of CYP2AU2 in M. gigas (dos Reis et al., 2020). Potentially more lasting reactions were observed in C. tulipa individuals exposed to Flu, with significantly elevated levels of CYP2AU1 96 h post treatment, even though other CYP protein transcripts remained insignificantly changed (Zacchi et al., 2019). These results may be exhibiting a species-dependent response, in which “species” could ambiguously refer to either the organism or the PAH, or simple unreliability as biomarkers for PAH toxicity. Following phase I metabolism, the quinones (sometimes known as oxy-PAHs) produced are often even more toxic than their parent PAHs (Sarker et al., 2018; McCarrick et al., 2019) and present a serious electrophilic threat. During phase II metabolism, the conjugation of quinones with glutathione is catalyzed by glutathione S-transferase (GST) in order to detoxify and excrete contaminants via the mercapturate pathway (Cooper and Hanigan, 2018). Other pathways involve the conjugation of xenobiotics into sulfate esters by sulfotransferases (SULT) to facilitate excretion as well (Croom, 2012). Both enzymes experienced the similar, aforementioned short-term upregulation in C. tulipa and M. gigas exposed to Pyr and Flu, respectively (Zacchi et al., 2019; dos Reis et al., 2020). Overall, since the act of removal of PAHs causes its bioactivation as a toxicant, a constant supply of antioxidants is needed to prevent oxidative damage during PAH metabolism. Superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), in addition to detoxification enzymes such as GSTs and SULT are thus potentially useful biomarkers to use when studying the effects of and tracking the accumulation of PAHs.

Indeed, levels of SOD, CAT, and GST in S. cucullata were found to be very closely correlated to total PAH concentrations from various sites in the Arabian Sea (Sarkar et al., 2017). In contrast, neither SOD, CAT, nor GST was found to be upregulated in S. glomerata exposed to dietary Pyr and Fla for 7 days, with GST ultimately being downregulated (Ertl et al., 2016). The phase I metabolic proteins, cytochrome P450 and CBR, were drastically upregulated, indicating active metabolism of the accumulated PAHs and reduction of the quinone intermediates, and it was proposed that preexisting SOD and CAT in the oysters may have been sufficient in clearing the reactive oxygen species (ROS) formed during this process. In addition to cytochrome P450 and CBR, the third group of phase I metabolic enzymes, aldo-keto reductases (AKR), specializing in metabolizing aldehydes and ketones was downregulated instead. This possibly suggests a preferential pathway of CBR reduction (Ertl et al., 2016) or a lack of need for AKRs in PAH breakdown. As for the downregulation of GST, it should be noted that such ambiguous phenomenon was observed in O. edulis and M. gigas by Perić et al. (2020) following the exposure of heavy metals Cu and Cd, and that antioxidant or metabolic enzymes should not be exclusively relied upon as biomarkers of PAH exposure. The lack of any change in CYP, GST, SULT, SOD, CAT, and GPx transcripts and/or activity in the gills of C. brasiliana after Phe exposure (Lima et al., 2018) followed by the downregulation of CYP, GSTΩ and increase in SOD, CAT, and GST activity in the same experiment with C. tulipa (Lima et al., 2019) further promotes caution regarding the reliability of these biomarkers. It is interesting to note that the oysters observed in the field under chronic exposure (Sarkar et al., 2017) returned the more expected results in expression of antioxidant and metabolic proteins, while the oysters under the acute, controlled laboratory exposures exhibited much less expected and more complicated results (Ertl et al., 2016) and may be related to the intertwining of PAH metabolism and toxicity. For example, acutely-exposed oysters may rely on pre-existing SOD, CAT, and GST as needed, since PAHs only exhibit toxicity when transformed, while those chronically-exposed could never maintain a reservoir of SOD, CAT, and GST and must constantly produce them.



Mutagenicity and Carcinogenicity

In addition to oxidative damage on tissues such as lipid peroxidation due to PAHs, DNA damage was observed in a few studies. PAHs have long been recognized in many studies as a cancer-causing agent in marine systems (Le Goff, 2017). Besides lipids, nucleic acids are a susceptible target of oxidative attack. DNA damage is often characterized by DNA strand breaks or unwinding (Sarkar et al., 2017; Sarker et al., 2018), and by problems during DNA replication involving micronuclei formation (McCarrick et al., 2019). S. cucullata collected off the west coast of India were found to contain DNA strand breaks seemingly proportional to the amount of PAH pollution at each site (Sarkar et al., 2017). The follow-up study by Sarker et al. (2018) expanded the previous study by including multiple abiotic parameters and heavy metal concentrations to rule out confounding variables and found that PAHs contributed to at least 87% of the variation in DNA integrity. Lab results confirm that the effects of BaP on the loss of DNA integrity is dose-dependent (Sarker et al., 2018) and support the hypothesis that PAHs as mutagens in oysters.

Left unchecked, mutagens may cause cancerous tumors and lesions in several different tissues in oysters over chronic exposure. 13.6% of C. virginica exposed to contaminated sediment off the coast of New York at a suspended concentration of 20 mg/L for 30–60 days developed tissue neoplasms including renal cell tumors, water tube and gill filament tumors, gastrointestinal adenocarcinoma, neuroblastoma, circulatory system tumors, and gonadal papillary lesions (Gardner et al., 1991). Although, the sediments contained heavy metals, pesticides, and PCBs in addition to PAHs, the concentration of accumulated non-PAHs in oysters never exceeded 8× the pre-treatment control levels, whereas PAHs accumulated between 6 and 60× the pre-treatment control levels with most being over 20× pre-treatment levels. Due to a lack of available literature on PAH-induced neoplasia in mollusks and the difficulty of attributing etiology in field studies by the aforementioned confounding variables, the reliability of cancerous lesions as a biomarker for PAHs is uncertain thus far. Although neoplasia has been observed in fish from contaminated habitats in many studies (reviewed by Le Goff, 2017), many of the confounding variables remain in the pathogenesis of the neoplasia, such as viruses which are known to cause a wide variety of neoplasia including hemic neoplasia. Longer-term laboratory-controlled experiments in zebrafish (Danio rerio) have revealed a link between petroleum compounds and carcinogenic effects especially on the liver (Larcher et al., 2014), which could equate to similar results if tested on mollusks.



Diseases

Should the prevalence of neoplasia be due to increased viral infection, alteration of immune function by PAH exposure may be a possible cause. There is evidence to suggest that PAHs are toxic to hemocytes. For example, M. gigas exposed to dietary PAHs on spiked diatoms displayed increases and decreases in different types of hemocytes (Croxton et al., 2012). More specifically, Pyr and BaP exposure increased the proportion of agranular hemocytes while reducing the granular hemocyte proportion in part due to mortality. Hemocyte apoptosis was also observed in C. virginica juveniles that were exposed to a HEWAF of crude oil (Vignier et al., 2018). This could be the cause of reduced phagocytic capacity, which was reported to occur in M. gigas collected in areas affected by oil spill (Auffret et al., 2004). Without distinguishing between the types of hemocytes, Xie et al. (2017) recorded a net decrease in hemocyte count, and the proportion of mobile hemocytes, those involved in phagocytosis, in the pearl oyster Pinctada imbricata (formerly Pinctada martensii) from Pyr exposure. On the other hand, apparent increase in immune system activity was found in M. gigas, that exhibited decreased hemocyte mortality, increased phenoloxidase activity, lysosome count, and the% of non-specific esterase cells upon exposure to a wide variety of PAHs (Bado-Nilles et al., 2008). S. glomerata, having been exposed to Pyr and Flu for 7 days, differentially expressed many unique pattern recognition receptor proteins (Ertl et al., 2016) involved in detecting and neutralizing pathogens, including peptidoglycan recognition proteins, C1q domain-containing proteins, toll-like receptors, c-type lectins, c-type mannose receptors/macrophase mannose receptors, galectin, gram-negative bacteria binding protein, scavenger receptor, 2′–5′-oligoadenylate synthase 1, and fibrinogen-related proteins. In the field, exposure to an oil spill off the coast of Korea was associated with a possible reduction (not statistically significant) in granulocyte population and phagocytic capacity in M. gigas (Donaghy et al., 2010), while chronically exposed M. gigas measured to have elevated PAH tissue concentrations expressed immunotoxicity in the form of hemocytes with impaired mitochondrial function and a 50% reduction in phagocytic function (Auffret et al., 2004).

It follows then, that lab experiments show an increase in both disease transmission and susceptibility with increasing concentration of a combination of PAHs and heterocyclic compounds (Chu and Hale, 1994; Chu et al., 2002). The prevalence of Perkinsus marinus increased both in oysters inoculated with the parasite and in oysters placed nearby without direct inoculation when treated with a less-diluted water-soluble fraction of contaminated sediments from the Elizabeth River near the Chesapeake Bay in the United States (Chu and Hale, 1994). Due to the use of only the water-soluble fraction, this result was achieved using the more soluble low molecular weight PAHs and heterocyclic compounds. In practice, however, this result is much more ambiguous. The prevalence and intensity of P. marinus were not found to significantly correlate with total PAH body-burden but associated with urban land use instead (Wilson et al., 1990). Many other factors were suggested to confound this relationship. For example, high latitude lower temperatures, and low salinities were all associated with reduced infection load. It was proposed that colder conditions reduce reproductive seasons, which in turn reduce efflux of PAHs resulting in greater body burden while being less susceptible to P. marinus (Wilson et al., 1990). Little could be said about the connection between PAHs and infection with P. marinus, and its correlation thus far seems to be coincidental.



Histology and Physiology

Besides changes in immune function, additional physiological consequences arise in oysters exposed to PAHs. The algae clearance rates of both M. gigas adults and C. virginica spat algae clearance rates were found to be reduced in individuals exposed to a PAH mixture and HEWAF of Deepwater Horizon slick oil, respectively (Jeong and Cho, 2007; Vignier et al., 2018). Shell closure, a physiological defense against unfavorable water conditions, was blamed for the reduced feeding among the contaminated oysters (Vignier et al., 2018). Once the valves shut, feeding ceases and the oyster begins to decline in health and experience symptoms reminiscent to that of starvation, especially due to the lack of partially-digested food particles in the alimentary tract (Vignier et al., 2018). Degradation of the alimentary canal was observed, with HEWAF-treated juvenile C. virginica exhibiting digestive tubule atrophy and necrosis, luminal dilation, ulcers, inflammation of the stomach and labial palps, hypertrophic and overrepresented mucous cells in the lumen along with a truncation in the height of luminal epithelial cells (Vignier et al., 2018). Similar digestive tubule atrophy was also observed in C. tulipa and M. gigas exposed to Pyr or crude oil HEWAF, while an increase in mantle mucosal cells was seen in C. tulipa exposed to Pyr and M. gigas exposed to Flu (Luna-Acosta et al., 2017; Zacchi et al., 2019; dos Reis et al., 2020). The increase in mucous cells in the lumen was accompanied by excess mucus as well as hemocyte diapedesis in the alimentary tract as a possible strategy to expel xenobiotics (Luna-Acosta et al., 2017; Vignier et al., 2018). Digestive gland edema was also found in wild C. rhizophorae from a contaminated site in Colombia (Aguirre-Rubí et al., 2018b). Yet, despite the inflammation and erosion of the digestive tract, mortality rates among spat remained low and insignificantly changed due to exposure to the HEWAF of crude oil.

Lysosomal health has been traced in response to PAH-related stress as well. Lysosomes are organelles filled with hydrolytic enzymes and helpful to the detention of xenobiotics (reviewed by Hwang et al., 2008; Wang et al., 2018). Lysosomal enlargement in digestive cells occurred in crude oil HEWAF-exposed M. gigas (Luna-Acosta et al., 2017), potentially indicating storage of accumulated oil or PAHs. The lysosomes in hemocytes, however, were not only observed to increase in number in M. gigas exposed to DiBenzo[a,h]Anthracene (DBahA) (Bado-Nilles et al., 2008), but also experience membrane permeability in a process known as lysosomal destabilization in C. virginica exposed to a mixture of 24 PAHs and C. brasiliana exposed to a variety of chemicals including PAHs in coal tar-based paint (Hwang et al., 2008; Chiovatto et al., 2021). This membrane breach may result in the release of cathepsins into the cytoplasm (reviewed by Wang et al., 2018) that ultimately could be responsible for the hemocyte apoptosis recorded by Vignier et al. (2018) in juvenile C. virginica exposed to crude oil HEWAF. Lastly, since the exposure of M. gigas to the chemical dispersant FINASOL® caused only lysosomal biomarkers to be affected, and did not cause the additional symptoms such as antioxidant activity and digestive tubule atrophy associated with Brut Arabian Light oil HEWAF and CEWAF exposure (Luna-Acosta et al., 2017), changes to lysosomal activity may be very sensitive endpoints to consider for PAH-exposure.



Gametic and Larval Health

Due to rapid turnover time, high quantities, and high sensitivity to contaminants, the early life stage developmental milestones (embryo, larvae) are useful biomarkers for PAH toxicity assessment. Millions of larvae could be produced rapidly, only taking roughly 24–48 h from zygote to D-shaped larva. Abnormal larval shape is the most common endpoint, described by His et al. (1997) for M. gigas larvae as possessing morphological aberrations in the form of a convex hinge, indented shell margin, incomplete shell, and/or a protruding mantle. Such abnormalities are potentially the result of rapid shell closure that occurs so quickly that, like juvenile oysters, the larvae are left with a protruding mantle or velum (Vignier et al., 2016). The subsequent starvation of the larval oyster could then explain the reduced shell length, larval abnormality, stunted growth, and mortality observed in larval C. virginica exposed to the HEWAF of oil from the Deepwater Horizon spill (Vignier et al., 2015, 2016, 2019). Later-term pediveliger larvae of settlement age exposed to the same HEWAF also experienced a drastic reduction in spatfall or settlement success across all concentrations with no dose-dependency (Vignier et al., 2016). The chemically-enhanced water accommodated fraction (CEWAF) of the oil using the dispersant Corexit exhibited a clear, almost linear, dose-dependency of settlement success, despite potentially greater access to the PAHs (Vignier et al., 2016). Therefore, the dramatic drop in settlement success in the HEWAF assays were either due to a PAH-exclusive effect on physiology or the coating of settlement surfaces with PAHs. The former seems not to be the case, since the presence of the dispersant alone usually resulted in extreme toxicity, often far greater than the HEWAF alone (Vignier et al., 2016, 2019; Volety et al., 2016).

When exposed to PAH-contaminated sediment elutriate during pre-fertilization, M. gigas sperm showed no significant changes in health and fertilization success (Geffard et al., 2001). These findings were corroborated by Volety et al. (2016), who found that neither the survivorship, viability, nor acrosomes of the C. virginica sperm cells were negatively affected by exposure to the HEWAF of crude oil. In fact, it was found that ROS activities had unexpectedly dropped, which was explained by greater metabolic activity occurring and the active detoxification of the ROS. However, exposure of both sperm and oocyte of C. virginica to a HEWAF of crude oil or sediment elutriate resulted in a significant reduction in fertilization success (Vignier et al., 2015; Volety et al., 2016; Boulais et al., 2018). This may suggest that the eggs are susceptible to the toxicity of PAHs. Post-fertilization exposure to unfiltered elutriates produced from contaminated sediment for 24 h resulted in a totality of abnormal larvae (Geffard et al., 2001). The larvae accumulate PAHs so quickly that elongated exposure time did not significantly change the number of abnormal larvae (Geffard et al., 2004). Having contact with the sediment was many times more potent than being in contact with only the unfiltered elutriate (Geffard et al., 2001, 2003, 2004), corroborating the notion that sediments provide a powerful vehicle for the accumulation of contaminants. Other modes of entry, such as ingestion of algae reared in contaminated elutriate, exhibited similar results to non-filtered elutriate (Geffard et al., 2002). Based on the Effective Concentration for 50% abnormality (EC50) values for gametes (267 μg/L, Vignier et al., 2015) and embryos (342 μg/L reported by Vignier et al., 2015; 22.4 g/L reported by Boulais et al., 2018), the gamete is more sensitive than the embryo, and the embryo is more sensitive than the larval stage is to environmental contaminants (Boulais et al., 2018).




ABIOTIC CONDITIONS

Oysters of the order Ostreida are a group of hardy bivalves globally distributed in intertidal and shallow subtidal regions within sheltered bays, mangroves, or estuaries with freshwater input (Gosling, 2003). This subjects them routinely to wide temperature and salinity fluctuations through which the oysters survive. Temperature and salinity ranges may be at least as wide as 3–35°C and 5–40 ppt for M. gigas (Bayne, 2017), and 5–25°C and 16–34 ppt for O. edulis (Hutchinson and Hawkins, 1992; Bayne, 2017). However, optimal ranges for growth and reproduction are much narrower, with ranges constricted to approximately 11–34°C and 22–35 ppt for M. gigas, and 15–20°C and 30–32 ppt for O. edulis (Shatkin et al., 1997; Wiltshire, 2007; Bayne, 2017), beyond which stress response systems activate to maintain homeostasis. Such responses are critical for the survival of oysters and other bivalves under extreme and/or prolonged environmental change.

The environment is also not a static system, especially under the human influence by which rising pCO2 levels are expected to reach 538 ppm by 2,100 under the Relative Concentration Pathway of 4.5 W/m2 of radiative forcing (RCP4.5), the current most conservative climate change scenario predicted by IPCC (2013). At this rate, the global mean surface temperature is expected to increase by at least 1°C with global ocean surface pH dropping below 8 (IPCC, 2013). Under the worst-case scenario RCP8.5, the global mean surface temperature may increase by up to 3°C or more with global ocean surface pH falling below 7.8. These projections imply that organisms will potentially be subject to chronically elevated temperatures in addition to ocean acidification. Increasing frequency of heavy precipitation events and tropical cyclones, deemed to occur more likely than not in the late 21st century (IPCC, 2013), will cause drastic short-term changes in salinity in estuarine and bay systems whether it be massive dilutions due to extreme precipitation and flooding (Edmiston et al., 2008; Munroe et al., 2013) or salinity rises due to storm surge (Huang et al., 2014). Mass die-offs of 55–90% of oysters have already been recorded within the Gulf of Mexico due to prolonged periods of reduced salinity as low as 0 for several weeks (Edmiston et al., 2008; Munroe et al., 2013), so it is clear that additional abiotic factors affect oyster health, and may compound onto concurrent PAH-burden.


Salinity and PAHs

The solubility and bioavailability of PAHs, especially that of LMW PAHs, increases with decreasing salinity (Shukla et al., 2007), which may result in the increased uptake of PAHs as demonstrated in fish including tilapia (Oreochromis mossambica, formerly Tilapia mossambica), rainbow trout (Oncorhynchus mykiss), and mummichog or Gulf killifish (Fundulus heteroclitus) at lower salinities (Ramachandran et al., 2006; Shukla et al., 2007). However, such straightforward effects are not always observed, especially if other abiotic factors are involved, as evidenced by the complete lack of correlation between salinity and tissue-concentration of PAHs in oysters collected from different sites (Bebianno et al., 2007). When bivalve mollusks experience osmotic shock, they often close their valves (Kurihara, 2016) to limit water movement, and then attempt to osmoregulate by deamination of free amino acids (reduce internal concentration) or decomposition of proteins (increase internal concentration) (reviewed in Pourmozaffar et al., 2020). Withdrawal and shell closure has also been associated with starvation since the oyster is no longer feeding (Vignier et al., 2018), which may further complicate additional burdens by placing tighter limits on energy reserves for more prolonged exposure times. Furthermore, lower salinities have been associated with a host of negative effects on bivalves such as lipid peroxidation in the Mediterranean mussel (Mytilus galloprovincialis) and littleneck clam (Ruditapes philippinarum) (Velez et al., 2016; Freitas et al., 2017), reduced shell length and thickness of the blue mussel (Mytilus edulis) (Maar et al., 2015), reduction in the body cavity index (ratio of the flesh mass to the internal cavity volume) of C. virginica (Heilmayer et al., 2008), reduced growth rate and size of both O. edulis and O. lurida larvae (Robert et al., 1988; Lawlor and Arellano, 2020), and decreased phagocytosis activity coupled with increased hemocyte mortality in several bivalves (reviewed by Pourmozaffar et al., 2020). This could mean that hypoosmotically-weakened oysters are highly susceptible to PAH-compounded health consequences resulting from the increased accumulation of more-soluble PAHs.

In a thus far rare experiment testing the effects of salinity on Phe exposure on C. brasiliana, strictly increasing bioaccumulation was not observed with decreasing salinity (Zacchi et al., 2017). Instead, the intermediate salinity (25) accumulated the highest amount of Phe (88.4 μg/g dry weight) followed by low salinity (10, 81.5 μg/g dry weight) and then high salinity (35, 72.0 μg/g dry weight) (Zacchi et al., 2017). It may be possible that non-optimal salinities (low and high) have inhibitory effects on the bioaccumulation of PAHs, which would almost serve as a protective measure. However, low salinities still carry the burden of hypoosmotic stress or other mechanisms that negatively affect the health of oysters. The intermediate amount of Phe accumulated at the lowest salinity was associated with elevated CYP isoforms (CYP2AU1 and CYP2-like1) after 24 h of exposure with high levels of CYP2-like1 remaining after 96 h when compared to the control (Zacchi et al., 2017). As CYP proteins are involved in stage I metabolism of PAHs, this shows an increased effort to detoxify Phe at low salinities, possibly due to increased toxicity. As a result, the antioxidant enzymes CAT-like, SOD-like, and two GST proteins GSTm-like and GSTΩ-like were upregulated in the low salinity treatment compared to the two higher salinity treatments as expected. Other than oxidative stress; however, Phe did not seem to inhibit osmoregulation activities and gene expression since amino acid-metabolizing proteins were upregulated with no impact from Phe (Zacchi et al., 2017).

Animals other than oysters have showed increased sensitivity to PAHs at lower salinities as well. The LC50 of the HEWAF of crude oil was found to be significantly reduced, reflecting increased mortalities, at the lower salinities in all three animals tested, grass shrimp (Palaemon pugio, formerly Palaemonetes pugio), sheepshead (Cyprinodon variegatus), and mud snail (Ilyanassa obsoleta, formerly Tritia obsoleta) (DeLorenzo et al., 2021). In fact, there was a clear positive relationship between salinity and LC50. Mussels (Mytilus galloprovincialis) collected at different sites along the south coast of Portugal where salinity varied from 4–34.9 psu exhibited cytochrome P450 levels consistent with what levels would be expected based on the tissue-concentration of PAHs (Bebianno et al., 2007). GST levels from PAH metabolism were found to vary inversely with salinity, which reflects the increased amount of stress at lower salinities. The pattern of GST levels occurred regardless of the tissue-concentration of PAHs, which possibly indicated that the detoxification activity responded to the compounding of low salinity on PAH burden rather than the increasing PAH accumulation at lower salinities. Such apparent changes in toxicity due to reduced salinity were not observed in a number of studies that varied abiotic factors during the exposure of fish to a water attenuated fraction of weathered oil (Serafin et al., 2019; Simning et al., 2019; Allmon et al., 2021). Additionally, Schrandt et al. (2018) found that oil (MC252)-exposed juvenile C. virginica showed a clear interaction between oil exposure and salinity on the survivorship and shell growth. Both survivorship and shell growth diminished with oil exposure. Surprisingly, however, the effects of oil appeared to be exacerbated by the moderate salinity level (18) vs. the low salinity level (8) (Schrandt et al., 2018), despite the moderate salinity level (15–18) being recommended as the optimal salinity for C. virginica (Wallace, 2001). It was suggested that short-term exposure to oil is mitigated by salinity changes due to the shell closure reflex, thus preventing further exposure to oil as well. A discrepancy between short-term and long-term exposures alongside abiotic conditions must then be accounted for in the results from lab experiments, especially in this case in which salinity changes confound rather than compound the effects of contaminant exposure.



Temperature and PAHs

Temperature plays a huge role in controlling biological events in oysters such as reproduction and spawning (Bayne, 2017) and subsequent larval swarming (Maathuis et al., 2020). Over small ranges, the temperature has little effect (Matoo et al., 2013), in part due to the wide thermal tolerances of most oysters. But where temperature fluctuations are greater, physiological effects often scale monotonically with temperature, and to a greater degree in contrast to the relationship with salinity. Increasing temperature is not only significantly correlated with growth rate and calcification (Robert et al., 1988; Harney et al., 2016), but also heat duress, during which heat shock proteins (hsp) are upregulated (Yang et al., 2016; Nash and Rahman, 2019; Nash et al., 2019), oxidative stress in both juvenile and adult oysters (Moreira et al., 2017), and reproductive problems marked by cell apoptosis in the gonads (Nash and Rahman, 2019; Nash et al., 2019). Considering the negative effects associated with exposure to high temperatures, the effects could compound with additional PAH exposure. Sampling oysters during the wet and dry season in areas contaminated with PAHs offers a glimpse into how temperature may alter the effects of PAHs. The prevalence of digestive gland oedemas in C. rhizophorae from Colombia was only observed in significantly high numbers in oysters taken from one contaminated site during the wet season, but became ubiquitous across all sites during the dry season (Aguirre-Rubí et al., 2018b). In addition, the number of reproductive anomalies and presence of Nematopsis spp. parasites was elevated in oysters sampled during the wet season from what was considered to be one of the more contaminated sites in Colombia, and even more exaggerated during the dry season (Aguirre-Rubí et al., 2018b). These examples of the effects of pollution becoming more visible or only visible during the dry season provide evidence toward compounding effects of temperature and PAH toxicity. Since it has been found that the pearl oyster Pinctada imbricata (also formerly Pinctada radiata) accumulated a significantly greater amount of Phe at 28 vs 24°C (Jafari et al., 2021—in review), it is very possible that the greater PAH-burden would also cause more deleterious effects.

Dolphin fish (Coryphaena hippurus) larvae exposed to weathered oil HEWAF exhibited very clear dose-dependent effects on the abnormal fluid accumulation in the heart and cardiac output (Perrichon et al., 2018). Edema size, sinus venosus-yolk mass gap, and incidence of intrapericardial hematomas increased with increasing total PAH concentration, whereas heart rate and stroke volume both decreased. Increasing temperature caused a greater sensitivity in stroke volume to total PAH concentration, or in other words, an accelerated effect of the total PAH concentration on the reduction of blood flow. However, the effect of total PAH concentration on the sinus venosus-yolk mass gap was reduced by the increase in temperature (Perrichon et al., 2018), meaning that greater concentrations of PAHs lost some of their potency in ability to cause abnormal swelling. This could be due to a compounded effect of heat stress and oxidative stress from PAH-body burden that caused toxicity to approach its peak lethality, but at the same time, elevated temperature failed to cause more damage. In the aforementioned trio of grass shrimp (Palaemon pugio), sheepshead (Cyprinodon variegatus), and mud snail (Ilyanassa obsoleta), exposure to the HEWAF of Louisiana Sweet crude oil significantly reduced the LC50 of each species when treated at 32°C rather than 25°C (DeLorenzo et al., 2021), apparently lending support to increased toxicity of PAHs at higher temperatures. Unfortunately, available literature on this topic is sparse at the time so there is little else that can be said about the synergistic effects of PAHs and temperature change on a marine organism’s health.

However, heavy metal toxicity is very well-studied and often causes similar effects such as oxidative stress and oxidative damage on oysters (Jo et al., 2008; Shenai-Tirodkar et al., 2017; Alexander et al., 2019). Arsenic (As) exposure in M. gigas larvae contracted the optimal ranges of both temperature and salinity (Moreira et al., 2018). This could be interpreted as either the heavy metals causing non-optimal abiotic conditions such as increased temperature to be even more damaging than before or that those oyster larvae outside their optimal temperature and salinity ranges are more susceptible to As poisoning. The former case seems to be more supported, as it was also shown that cadmium (Cd) exposure in C. virginica caused a sharp increase in mortality at the high temperature of 28°C when individuals not subject to Cd exposure seemed to tolerate the high temperature quite well showing no difference in mortality at any of the different temperature treatments (20, 24, and 28°C) (Lannig et al., 2006). Complementarily, lead (Pb) exposure in mussels (Mytilus galloprovincialis) at higher temperatures appeared to cause a significant inhibition of the release of the antioxidant enzymes SOD, CAT, and GPx (Freitas et al., 2019). Thus, it may be possible to infer that exposure to certain PAHs may also reduce an oyster’s ability to tolerate a wide temperature range by causing more oxidative damage than expected outside the optimal range.

Indeed, such reductions in tolerance could be the case, as the release of hsp70 and fatty acid-binding proteins (FABP) seemed to be somewhat inhibited (although not statistically significant) in the oyster C. brasiliana with Phe exposure at all temperatures tested (18, 24, and 32°C) (Lima et al., 2018). However, even though the accumulation of Phe increased at 32°C compared to at 24 and 18°C, the effect of temperature itself was so great that any consequence of Phe exposure was largely overshadowed. Virtually no differences in both detoxification enzyme and antioxidant enzyme transcript levels and activities were observed between Phe-exposed oysters and uncontaminated oysters at each temperature (Lima et al., 2018). In addition, greater oxidative damage was not observed by Freitas et al. (2019) in the aforementioned Pb-exposed mussels despite the apparent inhibition of release of antioxidant enzymes. It seems that the effects of temperature on PAH toxicity have no obvious pattern. It also may be the case that when interactive effects are observed, it is more likely that the PAH exposure adds to the negative effects of temperature, rather than the temperature changing the toxicity of PAHs. It is clear that although some evidence of the potential for compounding effects between temperature and contaminant exist, the system is dynamic, the synergistic effects are difficult to capture, and that further study is extremely necessary.



PAHs During Ocean Acidification

There is little doubt that ocean acidification due to rising atmospheric pCO2 levels will have a negative effect on bivalves such as oysters. Mussels and likely other bivalves calcify their shells by controlling the pH directly underneath the shell, creating a region of elevated pH and CO32– concentration that promotes CaCO3 precipitation (Ramesh et al., 2017). This vital activity causes bivalves to be sensitive and often negatively affected by changes in external pH. A CO2-mediated drop in seawater pH has been shown to reduce larval shell growth, cause abnormalities in the larval shell, and ultimately result in a significantly reduced survivorship in many different bivalves including scallops (Pecten maximus) and oysters (M. gigas) (Andersen et al., 2013; Barros et al., 2013; Timmins-Schiffman et al., 2013; Frieder et al., 2017). Due the potentially increased energetic demands of maintaining homeostasis under acidification, the Dynamic Energy Budget model predicts reductions in shell length, flesh weight, and reproductive capacity in adult mussels (Ren et al., 2020). Consistent with this model, stunted growth rate was observed in both juvenile clams (Mya arenaria) and oysters (M. gigas) (Beniash et al., 2010; Zhao et al., 2018), featuring reduced shell mass, soft-tissue mass, and shell strength. Under such an energy-draining abiotic factor, the ability to detoxify contaminants and prevent or repair any oxidative damage is likely to be greatly challenged.

In one of the only currently available pieces of literature on the effects of PAHs on oysters under acidification conditions, Lima et al. (2019) demonstrates that C. tulipa upregulates SOD, CAT, and GST activities despite a reduction in glutathione reductase (GR) activity due to Phe exposure. While reducing the pH to 7.0 and 6.5 and did not cause any change in antioxidant activity besides a slight drop in GR activity in the oysters not subject to Phe contamination, the same drastic pH change resulted in a downregulation of all three enzyme activities down to levels no longer significantly different from that of the uncontaminated oysters. Therefore, low pH may have inhibitory effects on the ability of oysters to detoxify xenobiotics and break down ROS.

There is some evidence that lower pH levels may also have inhibitory effects on the immune response of mollusks. While BaP exposure appears to have reduced granulocyte count and phagocytosis rates in the blood clam Tegillarca granosa, the low pH treatments (7.8 and 7.4) appear to compound the effects of BaP and further reduce granulocyte activity (Su et al., 2017). Furthermore, the immune system signaling pathways were negatively affected by the downregulation of toll-like receptors (TLR1, TLR4, TLR6), myeloid differentiation primary response protein (MyD88), TNF receptor-associated factor 6 (TRAF6), transforming growth factor beta-activated kinase 1 (TAK1), inhibitory κB kinase α (IKKα), and nuclear factor kappa B (NF-κB). Together, these immunomodulating proteins recognize pathogens and signal various immune system pathways that initiate an inflammatory response (Kawasaki and Kawai, 2014). Although the toll-like receptor protein 2 (TLR2) and TAK1-binding protein 2 (TAB2) were upregulated, all other immunomodulatory proteins were downregulated significantly not only by BaP exposure, but also by reduced pH. In fact, reduced pH compounded the effects of BaP and caused a significant and even further downregulation in the oysters exposed to BaP at low pH (7.4) compared to either expression level due to BaP exposure or low pH alone.

Again, the well-studied, toxic effects of heavy metals may be considered to make predictions about the effects of PAHs under acidified conditions. M. gigas oysters exposed to Cd at a the low pH of 7.6 suffered the most oxidative stress in the digestive gland, with elevated SOD, GST, GPx, and lipid peroxidation even though the slightly more modest acidified condition (pH 7.8) saw slightly greater accumulation of Cd (Cao et al., 2018). In a follow-up study, Cao et al. (2019) found that M. gigas individuals exposed to both Cu and low pH (7.6) exhibited several toxic effects in addition to greater oxidative stress and lipid peroxidation than in individuals subject only to Cu contamination. Those oysters suffered gill damage in the form of increased prevalence of vacuolization, cilia erosion, and gill lamina hypertrophy, which could partially be attributed to the increase in accumulation of Cu at the lowest pH tested (7.6). At the same time, the oysters within the low pH, Cu-exposure treatment group had reduced algae clearance rates, respiration rates, and flesh condition beyond that of the oysters receiving only Cu-exposure. This inevitably would result in reduced energy reserves with consequences related to the dynamic energy budget. Evidence for that scenario was found in S. glomerata exposed to Cu at elevated levels of pCO2 (1,000 μatm). This group of oyster individuals maintained physiological activities at levels not significantly different from unexposed individuals; however, the eggs produced by the females were smaller with less lipid content (Scanes et al., 2018). This was hypothesized to be due to a shift in energy allocation from maternal investment to homeostatic maintenance. Surprisingly, the embryos fertilized from the more poorly-developed eggs developed normally; however, such larvae may be at a much greater disadvantage if they were to grow in nature away from the protective laboratory conditions. In summary, increased acidity of the water generally compounds the negative effects of the existing contaminants. With new findings that Phe accumulates in greater quantities in Pinctada imbricata at reduced pH levels (Jafari et al., 2021—in review), it is highly likely that acidification would cause even greater stress in oysters burdened by chronic exposure to PAHs.



PAH Photo-Toxicity

One interesting property of PAHs is their potential to be photo-toxic. Not unlike the bioactivation of PAH toxicity during its metabolism, photo-oxidation of PAHs in natural sunlight not only creates ROS immediately, but also breaks them down into toxic quinones (Lee, 2003), which are not only capable of producing ROS but are also more soluble (Ertl et al., 2016) and likely more bioavailable. Lee (2003) reviews what is considered the primary mechanism underlying PAH photo-toxicity: PAHs release a free radical upon sunlight exposure that reacts with oxygen thereby creating ROS. The photo-products such as anthraquinone, benzo[a]anthraquinone, phenanthrenequinone are often significantly more toxic than their parent PAHs were (Lee, 2003). The water-attenuated fractions of weathered oil treated with UV light were shown to be significantly more toxic than untreated oil WAFs (Finch et al., 2016; DeLorenzo et al., 2021). In particular, Finch et al. (2016) demonstrated and isolated UV-light as the effective component of sunlight that induces phototoxicity. The effective concentration at which 10% of the C. virginica larvae or sperm were found to be abnormal (EC10) dropped drastically with increasing intensity of UV light exposure on the water-attenuated fraction. Different oils gave different values of EC10 (Finch et al., 2016), which suggests that oil composition and the presence of compounds that are more likely to be photo-toxic play an important role in the potential photo-toxicity of a given oil film. This discrepancy between oils was observed by Pelletier et al. (1997), in which one of the fuel oils with lower PAH composition, did not display photo-toxicity in contrast to the other three oils tested. The lethal concentrations (LC50) of the oils to brine shrimp (Americamysis bahia) translated to the UV-treated oil as being drastically more toxic than the fluorescent light-treated oil (control), ranging from 4× to upward of 80× more toxic, with similar jumps in toxicity being recorded for the survival and development of the dwarf surf clam (Mulinia lateralis) (Pelletier et al., 1997).

UV-treatment of individual PAHs boasted an exaggerated 10 s of 1,000 s of times more toxic than fluorescently-treated PAHs (control) were tested to be (Pelletier et al., 1997) and is graphically represented in Figure 1. The toxicity of Pyr and BaP reached similar levels after UV-exposure, needing only 5 μg/L of either PAH to cause complete failure in the larval cohort, whereas doses of 1 μg/L of either PAH saw UV-exposure as the difference between having approximately 80% abnormal (UV-exposure) or 80% (no UV-exposure) normal D-shaped larvae (Lyons et al., 2002). In the mussel (Mytilus galloprovincialis), four PAHs: Pyr, Phe, Fla, and chrysene (Chr) were tested (Okay and Karacik, 2008). Phe and Chr were found to be especially photo-toxic as UV exposure yielded an approximately 60–80% drop in filtration rate (Phe only) and neutral red retention (measure of lipid membrane integrity) in the hemocytes. In contrast, neither the feeding rate nor the neutral red retention dropped significantly after UV exposure in both Pyr and Flu (Okay and Karacik, 2008), but it is clear that PAH-accumulation under UV exposure has massive potential for harm compared to simply accumulating PAHs by themselves.
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FIGURE 1. The PAH-induced stress hierarchy. PAHs induce bodily stress above that of normal uncontaminated conditions. Salinity and Temperature may add to or mitigate the stress of PAH-burden. Photo-oxidized PAHs are far more toxic than their parent PAHs, and their increased potential to cause harm is represented by the break in the vertical bar.





CONCLUSION

The oysters of the genera Crassostrea, Magallana, Ostrea, and Saccostrea play a vital role in our understanding of the distribution and potency of pollutants that result from anthropogenic activities. Oysters are a model bioindicator organism capable of accumulating large concentrations of contaminants while being easy to collect data from, and providing data that is easy to conceptualize. They provide valuable insight into how PAHs affect marine ecosystems. The negative consequences of the bioaccumulation of PAHs are likely to be felt by all species, but it is our choice of bioindicator that reveals this information. Oysters have revealed that PAHs cause oxidative damage, DNA strand breaks, dampened immune systems, reduced fertilization rates, larval abnormalities, changes in body mass, and fierce metabolic and antioxidant responses, while abiotic conditions such as temperature, salinity, pH, and especially UV-light could increase these effects. Across the many studies, some biomarkers such as disease prevalence or antioxidant and detoxification response have some ambiguity in the results, and caution should be applied during their interpretation. All possibilities of exposure duration, stage of response, and confounding factors should be considered carefully. Due to this caveat, it is important to realize that the health problems observed in wild oysters may not necessarily reflect the stressor of interest due to the existence of a myriad of other contaminants and abiotic conditions and their synergistic effects, and the chronic nature of the exposure. The environment is extremely complex and wrought with confounding factors. This makes it nearly impossible to pinpoint the exact cause without a controlled lab test. However, wild oysters will never be exposed to controlled conditions in the wild, and thus, more synergistic effects must be studied. At this time, most synergistic effects of coexposure to changes in abiotic conditions and PAHs are thus far poorly explored, especially with more ambiguous interactions such as between temperature changes and PAH exposure. Further study should take more synergistic effects involving abiotic conditions into consideration, and may consider using less common biomarkers involving histology to observe tissue damage and neoplasia. Alternatively, novel biomarkers could be explored as well, such as the heart rate of oyster cardiac muscle cells and the gene expression of stress-related proteins pioneered by Xu et al. (2018).
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The adverse effects of microplastics (MPs) in aquatic environments have attracted increasing attention and posed health risks along with nanomaterials. Therefore, the toxic effects of polystyrene microplastics (PS-MPs) with different particle sizes (0.07, 0.7 and 7 μm) on zebrafish in the presence and absence of copper nanoparticles (Cu-NPs) were evaluated. The acute toxicity of MPs on zebrafish was 7 μm > 0.07 μm > 0.7 μm. Both 0.07 and 7 μm MPs acted on chromosomes and significantly affected cell cycle process by affecting palmitoyl hydrolase activity; while 0.7 μm MPs acted on extracellular space and significantly affected the activity of endopeptidase inhibitor to affect the cholesterol transport. And 0.07 and 7 μm MPs dominantly affected “cell cycle” pathway by inhibiting DNA replication, delaying the progression of S phase and G2/M phase, and affecting the accurate arrangement and separation of chromosomes; while the 0.7 μm MPs activated numerous platelets to aggregate and adhere in damaged parts, enhanced the coagulation function of platelets, and promoted the formation of fibrin clots, thus abnormally activating the “hemostasis” pathway. The presence of Cu-NPs significantly changed the toxicity-related pathways induced by 7 μm MPs from “cell cycle” into “hemostasis,” but not for the smaller-sized MPs (0.07 and 0.7 μm). The combined exposure of Cu-NPs and 7 μm MPs acted on the extracellular region and significantly affected cholesterol transport by affecting the activity of cholesterol transporters. This study provides theoretical insights for the health risks of MPs to aquatic species and even humans in the actual ecosystem.
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INTRODUCTION

Microplastics (MPs), generally defined as plastic fragments, fibers and particles smaller than 5 mm in size, have attracted widespread attention due to their ubiquity and persistence (Machado et al., 2018; Hartmann et al., 2019). It is of great concern that aquatic organisms with low feeding selectivity are likely to ingest these plastic particles because of their small size (Geyer et al., 2017), accompanying with adverse effects (Wright et al., 2013; Lehner et al., 2019). It has been demonstrated that MPs can be ingested by various aquatic species, including zooplankton (Cole et al., 2019), crustaceans (Yu et al., 2018), bivalves (Zhang et al., 2020), fish (Foley et al., 2018), mammals (Sanganyado et al., 2018), etc.; previous reports also have confirmed that MPs uptake can cause a series of adverse effects on aquatic organisms, such as reduced survival rate (Lee et al., 2013), intestinal damage (Gu et al., 2020), loss of energy reserves (Watts et al., 2015), oxidative stress (Choi et al., 2018; Ding et al., 2020), reduced food intake (Cole et al., 2019; Lehner et al., 2019), and growth retardation (Xia et al., 2020). More serious is the transfer of MPs at different trophic levels and that may pose higher associated risks (Bouwmeester et al., 2015). Therefore, it is necessary to effectively identify the behavior of MPs in aquatic environments and their adverse effects on organisms.

It should be mentioned that the aquatic environment in natural state is a complex system containing different types of microparticles (or other pollutants), and thus, the toxicity study of only one type of pollutant may not accurately report its environmental impact. Therefore, more studies have taken into account that MPs can absorb many hazardous contaminants due to their hydrophobic surface and large specific surface area, resulting in combined toxicity (Brennecke et al., 2016; Batel et al., 2018). It has been currently demonstrated that MPs have high adsorption capacity to heavy metals (Brennecke et al., 2016), persistent organic pollutants (POPs) (Batel et al., 2018), antibiotics (Prata et al., 2018) and engineered nanomaterials (NMs) (Schirinzi et al., 2017), and may increase their bioavailability after desorption in organisms (Bakir et al., 2014). Much of the recent concern has concentrated upon the combined effects resulting from MPs and organic pollutants or heavy metals. Yet, little is known about the impact of MPs in the presence of NMs. Both MPs and NMs have accumulated in rivers and coastal areas as many similar processes in the migration and transformation exist like sewage treatment and landfill, thereby providing them with the opportunity to co-exist in aquatic systems (Bouwmeester et al., 2015; Lebreton et al., 2017; Pico et al., 2018). Current studies also have provided evidence that MPs can be used as carriers of silver, TiO2 and other nanoparticles (NPs) in aquatic environments, which are partly attributed to the monolayer adsorption process driven by electrostatic interaction (Fries et al., 2013; Li et al., 2020). Additionally, the particle toxicity effect of MPs on organisms is similar to that of some NMs, so concern is raised that the combined effects of MPs and NMs (Hueffer et al., 2017). Prior work exhibited that when two or more kinds of microparticles were mixed exposed, the effect of interaction may be synergistic, additive or antagonistic. For example, it was revealed that combined exposure of Au-NPs and MPs at a high concentration was more toxic to Tetraselmis chuii than single exposures (Davarpanah and Guilhermino, 2019). In another study, it has already reported that polystyrene microplastics (PS-MPs) could enhance the accumulation of Cu in zebrafish tissues and exacerbate Cu-toxicity as they acted as carriers for Cu ions (Qiao et al., 2019; Bernardes Roda et al., 2020). On the contrary, microsized polyvinyl chloride (mPVC) particles reduced the toxicity of Cu-NPs to the microalgae Skeletonema costatum by adsorption of Cu ions and mutual agglomeration with Cu-NPs (Zhu et al., 2020). However, conflicting results have been found for the combined toxicity of MPs and NMs, and the mechanism of toxicity has not been clearly explained at the molecular level. Hence, it warrants further study the potential toxicity mechanism of MPs and speculate related ecological impacts.

In the present research, PS-MPs and Cu-NPs have been selected because of their extensive commercial and industrial use and high accumulation in aquatic environments (Qiao et al., 2019; Wu et al., 2020). The purposes of this study were (1) to verify the impact of PS-MPs with different particle sizes (0.07, 0.7, and 7 μm) on zebrafish (Danio rerio) in the presence and absence of Cu-NPs; (2) to reveal their molecular toxicity mechanisms. In general, this study investigated the combined toxicity mechanism of MPs and NPs to aquatic vertebrates at the transcriptome level, which can better understand the health risks of MPs to aquatic ecosystems.



MATERIALS AND METHODS


Zebrafish Husbandry and Acclimation

The zebrafish (0.19 ± 0.03 g in weight, 27 ± 2 mm in body length) were maintained in tap water with ultraviolet (UV) sterilized and fully aerated (culture water) under the following conditions: temperature 24 ± 1°C, photoperiod 14: 10 h (light: dark), pH 7.3 ± 0.5, dissolved oxygen 6.7 ± 0.4 mg/L, electrical conductivity 0.287 ± 0.004 mS/cm, water hardness 188 ± 5 mg/L CaCO3, and acclimated for 2 weeks before the exposure experiment. The fish were fed twice a day and dead fish were removed in time. All experiments were performed in accordance with the laboratory animal guidelines.



Preparation of PS-MPs and Cu-NPs

The non-functionalized PS microbeads (2.5% w/v, 10 mL) with three different sizes (0.07, 0.7, 7 μm) were purchased from Tianjin BaseLine ChromTech Research Centre (Tianjin, China). The 50 nm Cu-NPs was obtained from Beijing Deke Daojin Science and Technology Co., Ltd. (Beijing, China). The dispersion solutions of PS-MPs (0.07 μm MPs, 0.7 μm MPs, 7 μm MPs) and Cu-NPs were diluted with deionized water and sonicated for 30 min as the stock solutions. The specific experimental solutions were obtained by diluting the stock solutions with culture water. The morphology and size of PS-MPs and Cu-NPs were characterized by transmission electron microscope (TEM) (Hitachi, H-7500, Japan) at an accelerating voltage of 80 kV. Dynamic light scattering (DLS; Zetasizer nano series, Malvern Instruments Ltd., United Kingdom) was used to determine the hydrodynamic diameters and zeta potentials of PS-MPs and Cu-NPs in culture water after 0 and 96 h. The composition of PS-MPs was determined by Fourier transform infrared (FTIR) spectroscopy with a Nicolet 330 spectrophotometer (Thermo Electron Corp., United States).



Acute Toxicity Tests

Acute toxicity tests were subjected in accordance with the Organization for Economic Cooperation and Development (OECD) guidelines 203 (OECD., 2019). The control group only contained culture water. Exposure solutions were prepared by adding deionized water to the four stock solutions to obtain the final exposure concentration gradients: 0.07 μm MPs (70, 80, 90, 95, 100 mg/L), 0.7 μm MPs (80, 90, 100, 105, 110 mg/L), 7 μm MPs (70, 80, 90, 100, 110 mg/L), Cu-NPs (1.0, 1.5, 2.0, 2.5, 3.0, 4.0 mg/L). Ten acclimated zebrafish were randomly placed in each concentration group, which was performed in triplicates. The mortality of zebrafish and the physicochemical parameters of the exposure solutions were recorded daily during the experiment. The median lethal concentration (LC50) of each pollutant on zebrafish was calculated by probit method. In addition, subsequent exposure tests for transcriptomics analysis were performed using 1/2 LC50 of each pollutant, and seven groups were set up: (1) control group (culture water alone); (2) 0.07 μm MPs; (3) 0.7 μm MPs; (4) 7 μm MPs; (5) Cu-NPs + 0.07 μm MPs; (6) Cu-NPs + 0.7 μm MPs; (7) Cu-NPs + 7 μm MPs. After 96 h, zebrafish samples from the above seven groups were rapidly frozen in liquid nitrogen and stored at –80° for transcriptome sequencing.



RNA-Sequencing

Total RNA was extracted from each zebrafish sample by TRIzol® Reagent (Invitrogen, California, United States) according to the manufacturer’s instructions, including the following operations: homogenizing samples, phase separation, RNA precipitation, RNA wash and RNA resuspension. Qualified Total RNA was quantified with Qubit RNA Assay Kit (Invitrogen, California, United States) and tested with Agilent 2100 Bioanaylzer (Agilent Technologies, California, United States). The mRNA was enriched using beads with oligod (T) and then mixed with the fragment buffer to fragment the mRNA. Two strands of cDNA were then synthesized successively using random primers and a series of substrates and polymerases. After purifying the second strand with AMPure XP Beads, the ds cDNA repair reaction was performed. Then, the sequencing adapter was ligated to the cDNA fragment for PCR amplification on S1000TM Thermal Cycler (Bio-Rad Laboratories, California, United States). And the Agilent 2100 Bioanaylzer and Qubit DNA HS Assay Kit (Invitrogen, California, United States) were used for quality control and quantification of the constructed library. The flowcell and the prepared library were cluster generated (bridge PCR amplification) on the cBot system and subsequently sequenced on the Illumina Novaseq 6000. After the results pass the quality control, the differentially expression genes (DEGs) were compared and analyzed according to the following standards by DESeq2 method: fold change =2 or =0.5 and a false discovery rate (FDR) adjusted p-value < 0.05.



Gene Ontology Enrichment Analysis

The functional significance enrichment analysis of DEGs was performed. All DEGs and background genes were mapped to each term in Gene Ontology (GO) database,1 and the number of genes in each term was calculated. The significantly enriched GO terms were selected according to the p-value < 0.05 (hypergeometric test).



Pathway Annotation and Enrichment Analysis

The KEGG database,2 Reactome database3 and Panther database4 were used to conduct pathway enrichment analysis on the selected DEGs. The significantly enriched pathways were selected adjusting for p-value < 0.05 via hypergeometric test.



Statistical Analysis

Data were expressed as means ± standard deviations (SD). One-way analysis of variance (ANOVA) test was used to evaluate the statistical differences of physical and chemical parameters and experimental results. The statistical analysis of all experimental data was based on SPSS 21.0 software, and the LC50 values of PS-MPs and Cu-NPs on zebrafish were obtained by the probit analysis. The level of statistical significance was set at p-value < 0.05. The experimental data were mapped using Origin 2019 software.



RESULTS AND DISCUSSION


Microbead Characterization

FT-IR analysis demonstrated the same chemical composition of the three MPs powders (i.e., polystyrene) (Figure 1A). The representative TEM images exhibited that the three sizes of virgin MPs (0.07, 0.7, and 7 μm) were spherical in shape and uniform in size (Figure 1B). Supplementary Table 1 showed that there was no significant change in hydrodynamic sizes and zeta potentials of the three MPs in culture water at 0 h and 96 h, suggesting that no agglomeration of MPs occurred over time. These results revealed that the three MPs have similar morphology, same chemical composition and little difference in zeta potentials. Taking into consideration all aforementioned, it is reasonable to analyze the impact of particle size on the acute toxicity of PS-MPs.
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FIGURE 1. (A) The FTIR spectra showed that three MPs powders (0.07, 0.7, and 7 μm) were polystyrene. (B) The TEM images reveal the primary size and morphology of PS-MPs in culture solution.




Acute Toxicity

The physical and chemical parameters of the exposure solution recorded daily during the experiment were shown in Supplementary File 1. As shown in Figure 2, the toxicity of Cu-NPs to zebrafish was significantly concentration-dependent, and the survival rate was negatively correlated with the concentration. The survival rate of PS-MPs decreased sharply with the increase of concentration at higher concentrations. The 96 h LC50 values for Cu-NPs, 0.07 μm MPs, 0.7 μm MPs, and 7 μm MPs were 1.951, 93.971, 104.352, 91.379 mg/L, respectively. On the basis of available literature, the impact of MPs on organisms is size-dependent. Generally, in contrast to micron-sized particles, nano-sized particles exhibit the increased toxic effect since nanoplastics have larger specific surface area, stronger ability to penetrate cells, and higher bioavailability (Bouwmeester et al., 2015; Trevisan et al., 2019). For instance, it has been reported that the 0.05 μm MPs showed a more deleterious impact on the survival and reproduction of Tigriopus japonicus and Brachionus koreanus than 0.5 μm and 6 μm MPs (Lee et al., 2013; Jeong et al., 2016). The analogous size-dependent toxicity of 0.1 μm and 2 μm MPs was noted by Rist et al. (2017), that is, 0.1 μm MPs posed greater potential threats like decreasing feeding rate and digestibility, and increasing teratogenicity. Nevertheless, our results indicated that the toxicity of MPs to zebrafish was not monotonously negatively correlated with size. Specifically, the acute toxicity of MPs with three sizes was 7 μm MPs > 0.07 μm MPs > 0.7 μm MPs. Previous studies have also suggested that micro-sized particles can travel into organisms through ingestion or other means to cause biochemical perturbations, and are large enough to induce mechanical damage accompanied by inflammatory responses (Ding et al., 2020). Consistent with our findings, it was found that 5 μm MPs provoked higher SOD and CAT activities than 0.07 μm MPs in Lu et al. (2016)’s oxidative stress analysis on zebrafish. Additionally, in another study, the 5 μm MPs caused more pronounced changes in the expression of metabolism-related genes in the mice offspring with respect to 0.5 μm MPs (Luo et al., 2019). Compared with 0.05 and 0.1 μm MPs, 1 μm MPs induced higher immune responses of hemocyte subpopulations in Mytilus galloprovincialis (Sendra et al., 2020). Perhaps it may be attributed to that organism has a species-specific selection mechanism for micro-sized particles, just as in terms of Sussarellu et al. (2016), oysters preferentially ingested 6 μm MPs rather than smaller MPs, and the selection efficiency for uptake of 5 to 6 μm MPs could reach 100%. These studies demonstrated that the size and feeding selection of test organisms need to be considered when evaluating the adverse effects of MPs with different sizes, which was approved to be the reason for the greater toxicity triggered by microparticles (Le et al., 2018). Accordingly, the toxicity of 0.07 μm MPs may be due to their larger specific surface area and ability to penetrate cells, while the toxicity of 7 μm MPs may contribute to the traumatic inflammatory response triggered by feeding selection of zebrafish. In view of this, more researches are needed to enrich and verify the size-dependent toxicity of MPs.
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FIGURE 2. Survival rate curve of zebrafish exposed to Cu-NPs, 0.07 μm MPs, 0.7 μm MPs and 7 μm MPs for 96 h.




Differentially Expressed Genes Identification

We chose 1/2 LC50 as the experimental concentration for transcriptome sequencing since this concentration can be used as the concentration causing the expected genotoxic response (Hansen et al., 2010). A total of 408, 915 and 530 DEGs were responsive to 0.07 μm MPs, 0.7 μm MPs and 7 μm MPs exposures in the absence of Cu-NPs, while 419, 863, and 934 DEGs were identified in the presence of Cu-NPs (versus the control group), respectively (Figures 3A–F and Supplementary File 2). The majority of the DEGs in 0.07 μm MPs and 7 μm MPs were down-regulated, whereas most of the DEGs were up-regulated in 0.7 μm MPs treatment. Interestingly, the addition of Cu-NPs had little effect on the gene expression profiles (including the number and proportion of up-regulated and down-regulated DEGs) induced by 0.07 and 0.7 μm MPs treatments, but significantly changed the gene expression profile induced by 7 μm MPs treatment, making it dominated by up-regulated DEGs instead of down-regulated DEGs. Furthermore, clustering of each treatment group indicated that the transcription profiles of six treatment groups were roughly two patterns. 0.07 μm MPs, 7 μm MPs and Cu-NPs + 0.07 μm MPs treatments clustered closely, demonstrating that they cause similar forms of toxicity; however, 0.7 μm MPs, Cu-NPs + 0.7 μm MPs and Cu-NPs + 7 μm MPs treatments shared a cluster and were close to control group, which suggested the effects of the three treatments did not differ much (Supplementary Figure 1).
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FIGURE 3. Volcano plots (A–F) were used to illustrate the characteristic of differentially expressed genes (DEGs) in six treatments. (A) 0.07 μm MPs. (B) Cu-NPs + 0.07 μm MPs. (C) 0.7 μm MPs. (D) Cu-NPs + 0.7 μm MPs. (E) 7 μm MPs. (F) Cu-NPs + 7 μm MPs. The x-axis represents the fold change of each gene on a log2 scale (fold change < 0.5 or fold change > 2). The y-axis represents the significance level of each gene on a –log10 scale (p-value < 0.05). Each dot represents a gene. Red dots represent up-regulated genes. Green dots represent down-regulated genes.




Gene Ontology Enrichment Analysis of Differentially Expression Genes

In order to further understand the potential functional relevance affected by exposures of PS-MPs with and without Cu-NPs, GO enrichment analysis was performed on DEGs of each treatment. The results were assigned to three categories: biological process, cellular component, and molecular function, and the top 10 most significant terms of each category were shown in Supplementary Figure 2 and Supplementary File 3. 0.07 and 7 μm MPs acted on the chromosome and significantly affected the cell cycle process by affecting palmitoyl hydrolase activity, and the normal progress of cell cycle was considered to be closely related to of palmitoyl hydrolase activity (Xu et al., 2012); while 0.7 μm MPs acted on the extracellular space and significantly affected the activity of endopeptidase inhibitors to affect the cholesterol transport process, which is determined the directional movement of sterols through or between cells (Clay et al., 2015). Interestingly, the presence of Cu-NPs only changed the GO enrichment results of 7 μm MPs exposure, but did not significantly change the GO enrichment results affected by 0.07 μm MPs and 0.7 μm MPs. That is, the combined exposure of Cu-NPs and 7 μm MPs acted on the extracellular region, and significantly affected the cholesterol transport process by affecting the activity of cholesterol transporters. Worthy to note, the activation of cholesterol transport in three treatments (0.7 μm MPs, Cu-NPs + 0.7 μm MPs, and Cu-NPs + 7 μm MPs) were consistent with those in the juvenile redclaw crayfish exposed to PS-MPs, where the level of total cholesterol in hemolymph increased significantly (Chen et al., 2020).



Pathway-Based Analysis of Differentially Expression Genes

By profiling the functional involvement of DEGs of each group in the KEGG, Reactome and Panther pathways, we can further gain insights into the association between DEGs and biological pathways. Based on p-value, gene number and rich factor, we screened the top 15 pathways that significantly enriched in each treatment (Figure 4 and Supplementary File 4). Interestingly, the results of pathway enrichment analysis have similar size-dependent effects to those of acute toxicity. Specifically, most of the DEGs induced by 0.07 μm MPs and 7 μm MPs exposures were both involved in cell cycle (p = 6.06 × 10–7 for 0.07 μm MPs, p = 1.37 × 10–9 for 7 μm MPs) and cell cycle, mitotic (p = 6.83 × 10–6 for 0.07 μm MPs, p = 4.82 × 10–9 for 7 μm MPs), while the DEGs induced by 0.7 μm MPs exposure were enriched in common pathway of fibrin clot formation (p = 1.01 × 10–7) and platelet degranulation (p = 1.88 × 10–7), which are both crucial sub-processes of hemostasis. The presence of Cu-NPs only significantly changed the enriched biological pathways of 7 μm MPs exposure, i.e., from cell cycle-related pathways to hemostasis-related pathways, while there was no significant change in the enriched pathways of 0.07 μm MPs and 0.7 μm MPs. This is because the addition of Cu-NPs significantly changed the gene expression profile induced by 7 μm MPs, and changed the cellular components, molecular functions and biological processes associated with DEGs. Therefore, we predicted the molecular toxicity mechanisms caused by PS-MPs exposure in the presence or absence of Cu-NPs by explaining the two most significant enrichment pathways “hemostasis” and “cell cycle” screened from six exposure treatments.


[image: image]

FIGURE 4. Pathway enrichment analysis of DEGs via the KEGG, Reactome and Panther databases. The pathways were sorted by taking p-value < 0.05 as the threshold. The x-axis represents the rich factor, and the y-axis represents the pathway terms. The size of bubbles represents the number of enriched genes, and the color shows p-value. (A) 0.07 μm MPs. (B) Cu-NPs + 0.07 μm MPs. (C) 0.7 μm MPs. (D) Cu-NPs + 0.7 μm MPs. (E) 7 μm MPs. (F) Cu-NPs + 7 μm MPs.




Hemostasis

In our study, the activation of cholesterol transport in three treatments (0.7 μm MPs, Cu-NPs + 0.7 μm MPs, and Cu-NPs + 7 μm MPs) based on GO analysis may affect hemostasis as cholesterol plays a crucial role in the activation and adhesion of platelets and the interaction of cells on the vascular walls (Kannel, 2005). Hemostasis is an intricate and effective physiological defense mechanism initiated in response to injured blood vessels (Figure 5) (Jagadeeswaran et al., 2005; Lasne et al., 2006). It is mainly composed of platelet adhesion, coagulation, and fibrinolysis, wherein coagulation and fibrinolysis are two interconnected reaction networks, modulating the formation and dissolution of fibrin clots, respectively (Jagadeeswaran et al., 2005; Medvedev et al., 2010). When acute vascular injury occurs, the vasoconstriction mechanism predominates, and activated platelets adhere to the exposed collagen to promote coagulation (Austin et al., 2011; Berna-Erro et al., 2013). At first, circulating platelets can identify endothelial lesion areas and adhere to the components of the subendothelium (Kannel, 2005). Here they combine with a variety of thrombogenic substrates and interact with the excitatory platelet agonists to ultimately activate themselves (van der Poll and Parker, 2020). Subsequently, a series of signaling reactions will further enhance the adhesion and procoagulant properties of tethered platelets or nearby circulating platelets. Adhered platelets will degranulate and secrete large amounts of stored effector molecules at the injured site in the form of exocytosis, such as dense granules and alpha granules, to regulate the platelet aggregation process through cell signal transduction (Ge et al., 2010; Golebiewska and Poole, 2014; Zhang et al., 2018). Our results showed that the abundance of components in platelet dense granules and alpha granules will increase significantly under three exposure conditions (0.7 μm MPs, Cu-NPs + 0.7 μm MPs and Cu-NPs + 7 μm MPs) due to up-regulated expression of genes encoding them (f5, serpina1, hgfa, serping1, aldoaa, igf2b, ahsg2, tor4aa, tfa, etc.), which could activate numerous platelets, aggregate and adhere to the damaged part, greatly enhance the coagulation function of platelets, and provide a positive role for the formation of fibrin clots. Previous research has confirmed our results and shown that MPs and pollutants could cause plasma membrane damage in different organs of fish typified by significant changes in cholesterol, platelets and other biochemical parameters (Hamed et al., 2019); and it was reported that physical stress caused by direct contact of PS-MPs with fibroblasts and red blood cells would lead to cell membrane damage and hemolysis (Choi et al., 2020). Similarly, exposure to NPs such as mesoporous silica NPs could damage the adhesion of platelets to endothelial cells, significantly increase the platelet adhesion events, lead to uncontrolled platelet aggregation actions, and ultimately promote the formation of blood clots in vivo (Kim et al., 2014).
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FIGURE 5. Hemostasis. The platelet degranulation and formation of fibrin clot are the two most representative sub-processes in hemostasis pathway.


It is currently believed that the products of each reaction in the formation of fibrin clots are enzymes or cofactors, capable of catalyzing or guiding the subsequent reactions, and consequently the entire process is a cascade reaction (Figure 5). Hence, it is reasonable to infer that the changes in the expression levels of some intermediate products have a great impact on clot formation. The common pathway, as a crucial portion of fibrin clot formation, includes a series of activation events from the formation of activated factors X, V, and XIII to the generation of activated thrombin, and finally fibrinogen is cleaved to form a stable cross-linked complex (Johari and Loke, 2012). Factor Xa catalyzes the conversion of prothrombin into activated thrombin, which in turn activates factor V into factor Va. Then factors Va and Xa combine on the membrane surface to form a complex that can rapidly activate a large multitude of thrombin to facilitate the conversion of fibrinogen to fibrin (Krupiczojc et al., 2008). Prior work has documented that fga, fgb, and fgg encoding fibrinogen alpha, beta and gamma chains in zebrafish, respectively, are homologous to human fibrinogen gene sequences (Vo et al., 2013). Moreover, protein C inhibitor (SERPINA5) is also a vital factor during hemostasis that can inhibit some coagulation factors, such as prothrombin and factor Xa (Wagenaar et al., 2010). The three treatments (0.7 μm MPs, Cu-NPs + 0.7 μm MPs and Cu-NPs + 7 μm MPs) resulted in the down-regulation of serpina7, an important component of SERPINA5, which weakened inhibitory effect on coagulation factors and reduced the feedback regulation of the coagulation process, indicating that the coagulation function of the organism has been activated. And the overexpression of regulatory factors X, V, and fibrinogen induced by 0.7 μm MPs significantly increased the abundance of substrates and cofactors in the process of fibrin clot formation, and activated the formation of clots in the blood. In the presence of Cu-NPs, both 0.7 and 7 μm MPs caused the up-regulation of fibrinogen and facilitated the formation of fibrin, suggesting that the blood vessels of zebrafish may be damaged and in self-healing. To be exact, the overexpression of fibrinogen in the above three treatments is the manifestation of zebrafish’s acute stress response because fibrinogen is considered as an acute reactant, whose level increases under inflammation and stress to directly affect blood coagulation and platelet aggregation (Khokhlova et al., 2017). And it was reported that the interaction between NPs and fibrinogen could induce blood coagulation under in vitro conditions (Chen et al., 2011). In addition, the treatment of some NPs such as amorphous silica NPs caused acute lethality and abnormal activation of the formation of fibrin clots in mice; the presence of silica NPs could also accelerate the production of fibrin and facilitate the coagulation system (Kudela et al., 2015; Yoshida et al., 2015). It is therefore plausible that zebrafish were likely to suffer injury after exposure to MPs and Cu-NPs, which would promote the activation and aggregation of numerous platelets due to up-regulated expression of platelet dense particles and α particles; and also lead to up-regulation of fibrinogen and important factors in the process of coagulation, promote the formation of fibrin clots, and ultimately enhance the hemostasis pathway to cope with external stimuli.



Cell Cycle

The DEGs under the three conditions (0.07 μm MPs, 7 μm MPs, and Cu-NPs + 0.07 μm MPs) were classified as cell cycle regulatory genes, checkpoint signal genes and DNA replication genes, which are indispensable for the inspection, regulation and driving of cell cycle. Cell cycle process is mainly composed of DNA replication (S phase) and mitosis (M phase), which are separated by G1 and G2 phases (Figure 6). The minichromosome maintenance protein (MCM) complex is a six-membered replication helicase that controls DNA replication once in each cell cycle of eukaryotic cells. In the process of DNA replication licensing reaction, it is assembled on chromatin before replication to obtain replication capability (Maiorano, 2000; Tanaka and Araki, 2013). After being activated by S-phase protein kinases, the bound MCM complexes unwind double-stranded DNA at the starting point, recruit DNA polymerases and start DNA synthesis. Due to their crucial roles in the genome replication of proliferating cells, the down-regulation of the expressions of mcm3l, mcm6l, and mcm5 induced by the three treatments would prevent DNA replication by inhibiting the initiation and extension of DNA replication, thereby blocking the cell cycle in S phase. This has also been demonstrated in another study that the decrease of MCM proteins could reduce cell viability by inhibiting DNA replication (Lei, 2005). Furthermore, the timing of mitosis entry and the process of mitosis determine the fate of cells during development. Cyclins drive cell cycle progression by modulating the activity of cyclin-dependent kinases (CDKs). Cyclin A activates CDK2 and CDK1, promoting the transition from S phase to M phase and the initiation of mitosis, respectively (Malumbres and Barbacid, 2009). And cyclin B combines with CDK1 after the degradation of cyclin A in the prophase of mitosis, then continues to drive cells into mitosis in the form of complexes (Gurunathan et al., 2018). In the present study, the lower expression of components of cyclin A (ccna1 and ccna2) may consequently hinder the normal function of CDK2 and CDK1, and delay the progression of S and G2/M phases. The suppressed expression of cyclin B (ccnb2) in three treatments would block the cell cycle progression in the G2 phase and eventually lead to apoptosis or inhibition of cell proliferation. Kim et al. (2013) further confirmed our results and reported that after exposure to PS-NPs, the cyclin levels were strongly disturbed, and DNA synthesis and cell proliferation were inhibited. By combining numerical simulation and experiment, it was found that the inhibition of cell cycle was due to the combined arrest of G1/S phase and G2/M phase transition. Similarly, it was suggested that Cu-NPs could increase cell death and decrease cell proliferation, and lead to cell cycle arrest by acting on G2 phase; another research has also shown that PS-NPs exerted cytotoxicity by affecting the expression of cell cycle regulators (Thit et al., 2013; Maity et al., 2020).
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FIGURE 6. Cell cycle. Blue, red and yellow boxes represent the DEGs of zebrafish under 0.07 μm MPs, 7 μm MPs and Cu-NPs + 0.07 μm MPs treatments, respectively.


Additionally, mitotic catastrophe is a type of cell death represented by abnormal mitotic, which is usually associated with spindle formation damage. Polo-like kinase 1 (Plk1) is essential for chromosome homeostasis and bipolar spindle assembly during mitosis. Previous studies have shown that decreased Plk1 activity in cells can induce apoptosis after delayed mitosis; it was also found that inhibition of Plk1 in zebrafish embryos resulted in dysregulation of chromosomes, failure of chromosome separation, formation of unipolar spindles, complete cessation of mitosis, and ultimately widespread cell death (Steegmaier et al., 2007; Jeong et al., 2010). Our results indicated that the down-regulated expression of plk1 induced by 0.07 μm MPs and 7 μm MPs could cause abnormal spindle assembly in the cell and affect the accurate arrangement and division of chromosomes. Besides, BUB1, BubR1, and Mad2 are the main components of the spindle assembly checkpoint (SAC), and they form mitotic checkpoint complex (MCC) targeting cell division cycle 20 homolog (Cdc20), which can control the transition from metaphase to anaphase of mitosis to ensure accurate separation of sister chromatids (Tang et al., 2004; Yang et al., 2012). The down-regulated expression of bub1, mad2l1, and cdc20 in three treatments would weaken the function of SAC and inhibit the SAC signaling pathway, thereby increasing the error rate of chromosome separation and causing the failure of the cell mitosis process and mitotic catastrophe. Our results were corroborated by another study that exposure to MPs could cause cytogenetic abnormalities, manifested by a significant increase in mitotic aberrations (Trifuoggi et al., 2019). Bellingeri et al. (2019) also found that exposure to Cu and PS-MPs resulted in the formation of multinucleated cells and abnormalities in the mitotic process by observing cell morphology. Additionally, the exposure of other NPs (TiO2) inhibited the oogenesis of zebrafish and led to cell death, which was manifested by chromatin condensation, mitochondrial swelling and mitotic catastrophe (Akbulut et al., 2017). Therefore, we believe that the exposure of PS-MPs and Cu-NPs would hinder the transition of different phases in the cell cycle by inhibiting the expression of MCM complex and cyclins, thereby affecting the normal operation of the cell cycle and the failure of cell proliferation; it also inhibited the normal formation of spindles and spindle assembly checkpoints, which would lead to abnormal chromosome arrangement and inaccurate separation of genetic materials, and induce mitotic catastrophe.



CONCLUSION

The toxic effects of PS-MPs varied with particle size and the presence of Cu-NPs. 7 μm MPs showed slightly greater acute toxicity on zebrafish than 0.07 and 0.7 μm MPs. We profiled the gene expression of zebrafish exposed to MPs (in the presence and absence of Cu-NPs), and provided evidence that there were two different toxic modes of exposure to MPs and Cu-NPs on zebrafish. Both 0.07 and 7 μm MPs acted on chromosomes and significantly affected the cell cycle process by affecting palmitoyl hydrolase activity; while 0.7 μm MPs acted on extracellular space and significantly affected the activity of endopeptidase inhibitor to affect the cholesterol transport. And 0.07 and 7 μm MPs dominantly affected the “cell cycle” pathway by inhibiting DNA replication, delaying the progression of S phase and G2/M phase, and affecting the accurate arrangement and separation of chromosomes; while the 0.7 μm MPs activated numerous platelets to aggregate and adhere in damaged parts, enhanced the coagulation function of platelets, and promoted the formation of fibrin clots, thus abnormally activating the “hemostasis” pathway. The presence of Cu-NPs only changed the GO enrichment results of 7 μm MPs exposure, but did not significantly change the GO enrichment results affected by 0.07 μm MPs and 0.7 μm MPs, i.e., the combined exposure of Cu-NPs and 7 μm MPs acted on the extracellular region and significantly affected cholesterol transport by affecting the activity of cholesterol transporters, but did not significantly change the GO enrichment results affected by 0.07 μm MPs and 0.7 μm MPs. And the presence of Cu-NPs significantly changed the toxicity-related pathway induced by 7 μm MPs into “hemostasis,” but not for 0.07 and 0.7 μm MPs. These findings help us to better understand the potential toxicity of the MPs and NPs on aquatic organisms at the transcriptome level, and provide inspiration for the combined effects of MPs and other contaminants.
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As ocean acidification (OA) is gradually increasing, concerns regarding its ecological impacts on marine organisms are growing. Our previous studies have shown that seawater acidification exerted adverse effects on physiological processes of the blue mussel Mytilus edulis, and the aim of the present study was to obtain energy-related evidence to verify and explain our previous findings. Thus, the same acidification system (pH: 7.7 or 7.1; acidification method: HCl addition or CO2 enrichment; experimental period: 21d) was set up, and the energy-related changes were assessed. The results showed that the energy charge (EC) and the gene expressions of cytochrome C oxidase (COX) reflecting the ATP synthesis rate increased significantly after acidification treatments. What’s more, the mussels exposed to acidification allocated more energy to gills and hemocytes. However, the total adenylate pool (TAP) and the final adenosine triphosphate (ATP) in M. edulis decreased significantly, especially in CO2 treatment group at pH 7.1. It was interesting to note that, TAP, ATP, and COXs gene expressions in CO2 treatment groups were all significantly lower than that in HCl treatment groups at the same pH, verifying that CO2-induced acidification exhibited more deleterious impacts on M. edulis, and ions besides H+ produced by CO2 dissolution were possible causes. In conclusion, energy-related changes in M. edulis responded actively to seawater acidification and varied with different acidification conditions, while the constraints they had at higher acidification levels suggest that M. edulis will have a limited tolerance to increasing OA in the future.

Keywords: energy allocation, total adenylate pool, energy charge, adenosine triphosphate, cytochrome C oxidase, Mytilus edulis, seawater acidification


INTRODUCTION

Oceans have absorbed a large amount of anthropogenic carbon dioxide (CO2) since the industrial revolution, leading to ocean acidification (OA; Caldeira and Wickett, 2003; Doney et al., 2009). The average seawater surface pH has declined by approximately 0.1units compared with pre-industrial levels, and it is predicted to decline by an additional 0.3–0.4units by the end of this century (Fabry et al., 2008; Gattuso et al., 2015). OA has been reported to exerted adverse effects on marine organisms, including fertilization (Shi et al., 2017; Han et al., 2021), physiological responses (Peng et al., 2017; Zhao et al., 2017a,b, 2020), immune responses (Liu et al., 2016; Su et al., 2018), behavioral responses (Peng et al., 2017; Rong et al., 2018, 2020), and so on (Liu, 2021). Kroeker et al. (2011) findings indicated that OA decreased the diversity, biomass, and trophic complexity of benthic marine communities in reduced pH zones, with the highest reduction seen in the key calcifying species. In fact, natural CO2 vents in the Mediterranean Sea and Indo-Pacific are virtually devoid of calcifying organisms at pH 7.7 and below (Hall-Spencer et al., 2008). Owing to relatively low metabolic rates, poor acid-base regulation capacities and calcareous skeletal structures or shells, a large fraction of mollusk species presented a high vulnerability to OA (Thomsen et al., 2010; Wittmann and Pörtner, 2013; Wang and Wang, 2020). Bivalve mollusks, particularly in the early stages of their life, can react with decreased rates of growth and calcification, as well as a decreased shell strength toward elevated seawater pCO2 (Beniash et al., 2010; Gazeau et al., 2010; Talmage and Gobler, 2010; Gaylord et al., 2011; Stevens and Gobler, 2018). The slowness of growth and calcification seen in bivalve mollusks under acidic conditions was attributed to a higher energy consumption for the maintenance of physiological homeostasis (Lannig et al., 2010; Thomsen and Melzner, 2010; Melzner et al., 2020). For example, the total energy loss of Mytilus edulis in the treatments at pH 7.7 and pH 7.4 increased by 42 and 59%, respectively, compared with that of the control at pH 8.0 (Thomsen and Melzner, 2010). Similarly, Beniash et al. (2010) found that Crassostrea virginica greatly increased its energy consumption and standard metabolic rate to maintain its internal stability when it was exposed to an acidic environment at pH 7.5.

It is well documented that the organisms adopt different energy strategies when facing different acidic conditions. Organisms may compensate for the elevated energy demand during moderate acidification stress by increasing their energy intake, assimilation, and/or metabolic flux to cover the excessive demand for adenosine triphosphate (ATP). However, such compensation might be incomplete or impossible during extreme stress, and organisms would enter a metabolically depressed state to conserve energy and extend their survival time (Guppy and Withers, 1999). Melzner et al. (2011) found that strong pCO2 stress (pH < 7.4) coupled with food limitation caused M. edulis to prefer allocating its resources toward the conservation of somatic mass, and the nacre was partially sacrificed because it required an extra energy input to maintain an intact nacre surface in the corrosive fluid. A recent study demonstrated that oysters Crassostrea gigas exhibited energy modulations with slight inhibition of aerobic metabolism, stimulation of anaerobic metabolism, and an increase in the glycolytic enzyme activity after exposure to seawater acidification (Cao et al., 2018). However, another earlier report declared that the long-term acclimation of M. edulis to elevated seawater pCO2 in the Western Baltic Sea resulted in an increase in aerobic metabolic rates rather than metabolic depression during moderate hypercapnia (pH > 7.4; Thomsen and Melzner, 2010). It seemed that the energy responses of bivalves to seawater acidification were species-specific and varied under different acidic conditions.

Our previous studies showed that seawater acidification had adverse effects on M. edulis (Sun et al., 2016, 2017; Xu et al., 2020). The mortality rate of mussels increased significantly, while the rates of growth and calcification decreased considerably after acidification treatments. Ultrastructural impairments in gills, digestive glands, and hemocytes occurred, and the corresponding key physiological processes of ingestion, digestion, and immune functions were obviously influenced. What interested us most were the specific energy responses of M. edulis to acidified seawater and the consequent influences on M. edulis to cope with seawater acidification. Therefore, the present study focused on evaluating the energy responses of M. edulis to different acidification conditions. Understanding the energy strategies that M. edulis employs to address acidification stress and their biological limitations can serve as a quantitative basis for assessing the sublethal effects of seawater acidification on M. edulis and contribute to the prediction of the mussel population fate under future OA.



MATERIALS AND METHODS


Organism Collection and Acclimation

Adult individuals of M. edulis (shell length 48.88±0.72mm and wet weight 7.20±0.58g) were collected in Laoshan Bay (36°15ʹN, 120°40ʹE), Qingdao, China, and directly transferred to the experimental aquaria. The individuals were cleaned carefully and then acclimated in the experimental tanks (Vol.=8l; 30 mussels per tank) for a week before the experiments under the controlled conditions:temperature 15±1°C; salinity 31±1; pH 8.1±0.1 (Sun et al., 2016, 2017). Natural seawater was filtered on a 0.45μm pore size membrane and completely renewed every day. Food algae, green microalgae Chlorella sp., was supplied daily to the holding tanks by natural gravity (approximately 1mlmin−1), and the final density in each tank was 1.5×105cellsml−1.



Experimental Design and Acidification System Setup

The acidification system consisted of two acidification levels, one representing the near-future OA (pH 7.7, pCO2≈1,500ppm; Orr et al., 2005) and the other mimicking the CO2 sequestration leak scenarios (pH 7.1, pCO2≈5,000ppm; Berge et al., 2006). Each acidification level was simulated by two different acidification methods of HCl addition (seawater was acidified by adding 1M HCl) and CO2 enrichment (seawater was bubbled with pure CO2 gas) according to our previous study (Sun et al., 2017). Seawater pHNBS was measured and adjusted by using a pH controller (pH/ORP-101, HOTEC, Taiwan), and the pH fluctuations were controlled within 0.08units. The pH of the control was equal to the current average ocean surface value (pH 8.1, pCO2≈390ppm). The pHNBS and salinity were monitored daily, while the total alkalinity (AT) was measured weekly. All the other carbonate system variables were calculated using CO2SYS software according to Pierrot et al. (2006). The chemical parameters of the seawater acidified by CO2 were as follows (Table 1). The acclimated mussels were randomly divided into 5 groups, including 1 control group (pH 8.1) and 4 acidifying treatment groups (2 CO2-treated groups: pH 7.7 and pH 7.1; 2 HCl-treated groups: pH 7.7 and pH 7.1). Each group had three parallel groups with 15 individuals in. The experiments lasted for 21days. During the experimental period, the temperature was kept at 15±1°C and the salinity of the experimental seawater was 31±1. The green microalgae Chlorella sp. was provided once a day at a final density of 1.5×105cellsml−1.



TABLE 1. Key parameters (means±SD, n=3) of carbonate chemistry in CO2 enriched seawater of different pH levels, including setting seawater pH, measured pH, total alkalinity (TA), concentrations of bicarbonate (HCO3−), carbonate ion (CO32−), carbonic acid (H2CO3), and partial CO2 pressure (pCO2), calculated saturation states of aragonite (ΩAg), and calcite (ΩCal).
[image: Table1]



Assessments of Energy Changes


Sample Preparation

Six mussels in each parallel group were randomly collected on the 21st day of the experiment. The gills and soft tissue (the whole tissues except shell) were sampled and then ground with phosphate-buffered saline (PBS, 0.14M sodium chloride, 3mm potassium chloride, 8mm disodium hydrogen phosphate dodecahydrate, and 1.5mm potassium phosphate monobasic; pH 7.4), and the hemocytes were sampled according to Sun et al. (2017). The collected samples were sonicated on ice bath, and the homogenates were mixed with 20% (v/v) perchloric acid at 1:1 (v/v) and then centrifuged at 4000g, 4°C for 10min. The supernatant was adjusted to pH 6.5 with 1M KOH and added to 10ml with 10% (v/v) perchloric acid, of which the pH was preset to 6.5 with 1M KOH, and then filtered with a 0.22μm microporous membrane. A portion of the filtrate (200μl) was used for reversed-phase high-performance liquid chromatography analysis, and the remains were used for the quantitative analysis of the total proteins.



Measurements of the Energy Changes in Gills, Soft Tissue and Hemocytes

The total adenylate pool (TAP) is generally stable in mitochondria, and its content reflects not only the cell ability to produce high-energy phosphate compounds but also the cell energy reserve status (Xu et al., 2005). The energy charge (EC) was defined as the number of high-energy phosphate groups loaded in the total adenylate system, and it was proposed as a metabolic regulatory parameter reflecting the states of ATP regeneration and ATP utilization (Atkinson, 1968). TAP and EC could be calculated according to the following equations (Atkinson, 1968):

[image: image]
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The adenylate (ATP, ADP, and AMP) contents of the samples were measured according to the methods of Zhang et al. (2016) and Zhu et al. (2017) with some minor adjustments. We used ultrapure water instead of phosphate buffer as the solvent and 10% (v/v) perchloric acid at pH 6.5 for the preparation of the adenylate standards, adjusted the flow rate to 0.7mlmin−1 and maintained the column temperature at 20°C during the analysis. The total proteins of the samples were determined by the Bradford (1976) method, and the ATP, ADP, and AMP contents were normalized to their corresponding total proteins.




qRT-PCR Analysis of COXs Gene Expressions in Gills

Cytochrome C oxidase (COX) is the last and rate-limiting enzyme in the respiratory electron transport chain in cells and can cause the transmembrane proton electrochemical potential difference that ATP synthase then uses to synthesize ATP, so its activity directly affects the ATP synthesis rate (Keilin and Hartree, 1938). We used “Mytilus” and “Cytochrome C oxidase” as key words to search the gene bank and found 3 common gene sequences, COX I, COX II, and COX III, and 1 particular gene sequence, COX IV. Thus, 4 COX I-IV structural subunits of M. edulis were selected as target genes, and their expression profiles were determined by qRT-PCR analysis.

The extraction of total RNA and the synthesis of cDNA were performed according to Wang et al. (2011). The obtained cDNA mix was stored at −80°C and diluted 8-fold for subsequent qRT-PCR analysis.

qRT-PCR analysis was carried out according to Zhang et al. (2008) with the M. edulis actin gene as the endogenous control. The mRNA expressions of COXs were analyzed by the 2−ΔΔCt method (Livak and Schmittgen, 2001), and data were expressed in terms of the relative mRNA expressions. All the primers used for qRT-PCR were listed in Table 2.



TABLE 2. Sequences of the primers used in the experiment.
[image: Table2]



Statistical Analysis

Data were expressed as means±standard deviation (SD) and analyzed by SPSS 26.0. The data were first tested for normal distribution and homogeneity of variance by Shapiro-Wilk’s test and Levene’s test, respectively. The significance of each difference between groups was assessed by one-way ANOVA followed by a multiple comparison test (S-N-K). Any difference with a value of p < 0.05 was considered significant.




RESULTS


Energy Changes of M. edulis After Acidification Treatments

In gills (Figure 1), TAP changed little in either HCl treatment group (p > 0.05) compared with the control group; TAP decreased significantly (p < 0.05) in both CO2 treatment groups compared with the control group, significantly lower at pH 7.1 than pH 7.7. Similarly, ATP remained unchanged in both HCl treatment groups while declined significantly in the CO2 treatment group at pH 7.1 (p < 0.05). Significant increases of EC (p < 0.05) were observed in the HCl treatment group at pH 7.1 and the two CO2 treatment groups, significantly higher at pH 7.1 than pH 7.7.

[image: Figure 1]

FIGURE 1. Effects of seawater acidification induced by HCl addition and CO2 enrichment on TAP content (A), EC (B) and ATP content (C) in gills of Mytilus edulis. Data were expressed as means±SD (n=6). Different letters represent significant differences among experimental groups (p < 0.05).


The energy changes in soft tissue were similar to those in gills with some exceptions (Figure 2). For instance, both TAP and ATP in the HCl treatment group at pH 7.1 decreased significantly in soft tissue (p < 0.05), while neither changed in gills.

[image: Figure 2]

FIGURE 2. Effects of seawater acidification induced by HCl addition and CO2 enrichment on TAP content (A), EC (B) and ATP content (C) in soft tissue of M. edulis. Data were expressed as means±SD (n=6). Different letters represent significant differences among experimental groups (p < 0.05).


TAP in hemocytes presented similar change trends to those seen in gills (Figure 3). ATP declined significantly in both CO2 treatment groups compared with the control group (p < 0.05), significantly lower at pH 7.1 than pH 7.7, while it only decreased significantly in the HCl treatment group at pH 7.1 (p < 0.05). EC showed no significant change in any treatment group compared with the control group, which partly accounted for the greater decrease in hemocytes ATP after acidification treatments.

[image: Figure 3]

FIGURE 3. Effects of seawater acidification induced by HCl addition and CO2 enrichment on TAP content (A), EC (B) and ATP content (C) in hemocytes of M. edulis. Data were expressed as means±SD (n=6). Different letters represent significant differences among experimental groups (p < 0.05).


In general, the energy changes in the CO2 treatment groups were more substantial than those in the HCl treatment groups at the same pH (p < 0.05).

The ratios of the TAP in gills and hemocytes to that in soft tissue were calculated to evaluate the alterations of energy allocation after acidification treatments (Figure 4). At pH 7.7, the TAP ratios of gills and hemocytes changed little in either CO2 treatment groups or HCl treatment groups. At pH 7.1, the TAP ratios of gills changed little (p > 0.05), while the TAP ratios of hemocytes increased significantly (p < 0.05) in the CO2 treatment groups; the TAP ratios of both the gills and hemocytes increased significantly (p < 0.05) in the HCl treatment groups.
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FIGURE 4. Changes of energy allocation in gills (A) and hemocytes (B) of M. edulis under seawater acidification induced by HCl addition and CO2 enrichment. Data were expressed as means±SD (n=6). Different letters represent significant differences among experimental groups (p < 0.05).




Expression Profiles of COXs in Gills of M. edulis After Acidification Treatments

The 4 COXs in gills analyzed in the present study all responded actively to seawater acidification, but the specific expression profiles varied with different COXs isoforms and acidification methods. The gene expression of COX I was significantly upregulated in each treatment group compared with the control (p < 0.05), with the highest upregulation (1.7-fold) observed in the HCl treatment at pH 7.1, but there was no significant difference among the 4 treatment groups (Figure 5A). The gene expression of COX II increased more than 10-fold in each treatment group compared with the control (p < 0.05), with the highest upregulation (32.7-fold) observed in the HCl treatment group at pH 7.1; the COX II gene levels were significantly higher at pH 7.1 than pH 7.7 under HCl-induced acidification as well as CO2-induced acidification (Figure 5B); moreover, the COX II gene level was significantly higher in the HCl treatment group than the CO2 treatment group at the same pH (p < 0.05). COX III presented quite different response patterns to CO2-induced seawater acidification compared with the other three COXs (Figure 5C). The gene expression of COX III changed little in either treatment group at pH 7.7 (p > 0.05); at pH 7.1, it increased significantly in the HCl treatment group (1.97-fold, p < 0.05) but decreased significantly (0.39-fold, p < 0.05) in the CO2 treatment group. The gene expression of COX IV remained unchanged at pH 7.7 (p > 0.05) while increased significantly in both treatment groups at pH 7.1 (p < 0.05), and the upregulation level (7.5-fold) in the HCl treatment group was significantly higher than that (2.4-fold) in the CO2 treatment group (p < 0.05; Figure 5D). Of the 4 COXs, COX II was most sensitive to the increase in the seawater acidity, and COX III presented the most different response patterns to the different acidification methods.
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FIGURE 5. The expression profiles of four cytochrome C oxidases (COXs) [(A): COX I; (B): COX II; (C): COX III; (D): COX IV] in gills of M. edulis under seawater acidification induced by HCl addition and CO2 enrichment. Data were expressed as means±SD (n=6). Different letters represent significant differences among experimental groups (p < 0.05).





DISCUSSION

Organisms have been reported to adopt a variety of energy strategies to deal with stresses (Lannig et al., 2010; Thomsen and Melzner, 2010; Pan et al., 2015; Liu et al., 2020), and similar observations were obtained in the present study. Energy-related changes were found in M. edulis exposed to acidified seawater, including energy reserve (TAP), energy flux (ATP), ATP synthesis rate (EC), energy allocation (TAP ratios), and COXs gene expressions. However, the specific energy changes varied with different pH levels and acidification methods.

The TAP content directly reflects the energy storage status and the ability to generate ATP (Xu et al., 2005). Generally, the TAP content is stable under normal conditions, although the ratios of ATP, ADP, and AMP fluctuate to some extent with different oxidative phosphorylation levels. In the present study, we observed that the TAP contents all decreased significantly (p < 0.05) in the three sampled tissues of M. edulis exposed to CO2-acidified seawater (both pH 7.7 and 7.1 treatments), so was the TAP content in soft tissue of M. edulis exposed to HCl-acidified seawater at pH 7.1, which meant that the potential stocks for ATP synthesis decreased. Our previous study reported that seawater acidification damaged the ultrastructure of the gills and digestive glands and prohibited digestive enzyme activities, which ultimately resulted in a decline in feeding and digestion abilities (Xu et al., 2020). We believed that there might be a correlation between the decrease in TAP and the weakening of the assimilation ability.

EC is an effective index indicating the ATP synthesis rate. We observed an elevation of EC in soft tissue but a decrease in ATP content in both HCl and CO2 treatment groups at pH 7.1, and similar situation was found in gills in CO2 treatment group at pH 7.1. There seemed to be a paradox between the ATP synthesis rate and ATP availability. A reasonable explanation might be that the excessive energy consumption induced by the enhanced acidification was beyond the energy compensation ability and that the equilibrium point between ATP production and consumption could not be reached. Moreover, higher EC values and lower final ATP contents were obtained simultaneously in CO2-treated groups than in HCl-treated groups, indicating that more energy expenditure existed in CO2-treated groups, which implied that CO2 enrichment exerted greater pressure to M. edulis than HCl addition (Lannig et al., 2010; Thomsen and Melzner, 2010; Melzner et al., 2020). As gills mainly perform the functions of feeding and breathing, the vitality of the gills is important for the energy-generating processes of M. edulis (Doeller et al., 2001). The failure to compensate for the excessive energy consumption of the gills weakened their feeding and repair capabilities, as observed in our previous study (Xu et al., 2020). Hemocytes primarily perform immune functions in mussels (Loker et al., 2004). We found that EC in hemocytes changed little, while the ATP contents in hemocytes decreased significantly in both pH 7.7 (CO2) and 7.1 (CO2 and HCl) treatment groups compared with the control, which further supported the assumption that seawater acidification, especially induced by CO2, resulted in the overconsumption of ATP. We tried to link the ATP content with the filtering rate, ROS production, and phagocytosis, which indicated energy intake, defensive behaviors, and immune function, respectively, and Pearson’s correlation coefficients were thus calculated to present their possible linkages (Sun et al., 2017). The results demonstrated a clear negative correlation between the ATP content and ROS production (p=−0.771) and a positive relationship between the ATP content and phagocytosis (p=0.732) in the CO2-treated groups, but no significant correlation was found in the HCl-treated groups, which suggested that more energy was allocated to resistance to CO2 enrichment, and this was a possible explanation for why CO2 enrichment presented more detrimental impacts than HCl addition.

Here raised another question, namely, was the alteration of energy allocation necessary for the sustainability of M. edulis when facing the stress-induced decrease in energy availability? We attempted to answer this question by calculating the TAP ratios of gills and hemocytes to soft tissue. The results demonstrated that obvious energy reallocation appeared in both CO2 and HCl treatments at pH 7.1, but it was more effective in the HCl treatment group than in the CO2 treatment group. This result was demonstrated by the fact that the TAP ratios of gills and hemocytes both increased significantly in the HCl group, while only the TAP ratio of hemocytes increased significantly in the CO2 group. Several pieces of evidence, including the lower mortality rates and higher growth indexes in HCl groups (Sun et al., 2016, 2017; Xu et al., 2020), have proven the necessity of energy reallocation.

The gene expressions of COXs part in gills generally increased significantly after acidification treatment, meaning a greater potential to accelerate the synthesis rate of ATP, which was consistent with the increasing trend of EC in gills. In fact, as the main rate-limiting enzyme of the mitochondrial respiratory chain, the increase in COXs gene expressions improved the efficiency of the entire respiratory chain, thus providing more energy to the cell (Achard-Joris et al., 2006), which was necessary for gills in a state of high-energy consumption. Liu and Lin (2012) also found that Pinctada martensii Dunker upregulated the expression of energy metabolism-related genes to mitigate OA damage. Achard-Joris et al. (2006) suggested that the increased expression of the COX I gene in shellfish exposed to heavy metal pollution contributed to the compensation for the decline in mitochondrial activity and coping with inner oxidative stress. In the present study, the significantly higher gene expressions of the 4 COXs in gills in HCl treatment groups partly accounted for the better maintenance of the ciliary vitality and ingestion capability of its gills (Xu et al., 2020). In summary, the upregulations of the COXs gene expressions were believed to be an active response to seawater acidification at the genetic level.

We attempted to propose a hypothesis from the energy perspective, named the “cut and cover hypothesis,” to intuitively explain the growth index differences between the CO2 enrichment and HCl addition reported in our previous studies (Figure 6). Specifically, the obtained energy was first used to meet the requirement for the survival “pit” when the organism was exposed to a stressful condition and only the remaining energy was possible for growth, which could be roughly described as “energy availability - energy for survival=energy for growth.” In the present study, the energy availability in the CO2-treated group was lower, while the consumed energy for resistance was higher, that is to say, the remaining energy for growth was lower than that in the HCl-treated group. The lower dry weights of the soft tissue and the shell in CO2-treated group found in our previous study (Sun et al., 2016) provided favorable evidence for our conjecture.

[image: Figure 6]

FIGURE 6. Diagram for “cut and cover hypothesis.” EA, energy availability; ES, energy for survival; EG, energy for growth.


In the present study, we demonstrated that acidification induced by CO2 enrichment was more deleterious than that by HCl addition from the perspective of energy changes. In fact, the mechanisms involved in CO2-induced acidification were much more complex than HCl-induced acidification because dissolved CO2 affected the biological functions from the molecule to the whole organism not only through H+ but also through CO2-related changes in the bicarbonate system (Pörtner et al., 2005). In the present study, we found that with increasing H+ concentration in CO2-treated seawater, the partial CO2 pressure (pCO2), carbonic acid (H2CO3), and bicarbonate (HCO3−) concentrations increased, while the carbonate ion concentrations (CO32−) and calculated saturation states of aragonite (ΩAg) and calcite (ΩCal) decreased (Table 1), confirming the occurrence of more complex chemical changes in CO2-acidified seawater.

M. edulis adapted a series of energy strategies, such as increasing the ATP synthesis rate and reallocating more energy to its gills and hemocytes, to cope with seawater acidification and thus had a certain tolerance to moderate seawater acidification. In the present study, by increasing EC and the expressions of COX I/II, the final ATP contents were successfully restored in gills and soft tissues in CO2 treatment groups at pH 7.7. However, with the enhancement of acidification, the failure to compensate for the excessive energy consumption was fatal for the survival of M. edulis. Meanwhile, CO2-induced acidification caused more complex chemical changes in seawater and thus exhibited more deleterious impacts on M. edulis. Moreover, owing to the presence of multiple stressors in addition to elevated pCO2, the challenges are greater for M. edulis living under natural OA (Shang et al., 2018, 2020; Gu et al., 2019). If OA continues to intensify, the survival of M. edulis will be less likely.
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Ascidians, particularly those highly invasive ones, are typical fouling organisms to cause significantly negative ecological and economic influence in coastal ecosystems. Stolon, which is the unique structure of some solitary ascidians to complete the essential process of adhesion, possesses extremely high tolerance to environmental stresses during biofouling and invasions. However, the mechanisms underlying environmental tolerance remain largely unknown. Here, we used the quantitative proteomics technology, isobaric tags for relative and absolute quantitation (iTRAQ), to investigate the molecular response to environmental challenges (temperature and salinity) in the stolon of a highly invasive fouling ascidian, Ciona robusta. When compared with the control, a total of 75, 86, 123, and 83 differential abundance proteins were identified under low salinity, high salinity, low temperature, and high temperature stress, respectively. Bioinformatic analyses uncovered the key pathways under both temperature and salinity stresses, including “cytoskeleton,” “signal transduction,” and “posttranslational modification,” which were involved in stolon structure stability, protein synthesis, and stress response activation. Under the low salinity stress, the “extracellular matrix” pathway was identified to play a crucial role by regulating cell signal transduction and protein synthesis. To deal with the high salinity stress, stolon could store more energy by activating “carbohydrate/lipid transport” and “catabolism” pathways. The energy generated by “lipid metabolism” pathway might be beneficial to resist the low temperature stress. The upregulation of “cell cycle” pathway could inhibit cell growth, thus helping stolon conserve more energy against the high temperature stress. Our results here provide valuable references of candidate pathways and associated genes for studying mechanisms of harsh environmental adaptation and developing antifouling strategies in marine and coastal ecosystems.

Keywords: ascidian, biofouling, invasive species, proteomics, salinity, temperature, environmental stress 


INTRODUCTION

Biofouling, the undesired adherence of fouling organisms on various submerged surfaces, is one of the most concerned environmental issues in global aquatic ecosystems (Bellard et al., 2013; Ricciardi et al., 2017; Briski et al., 2018). More than 4000 species have been recorded as biofoulers in both marine and freshwater ecosystems (Nakano and Strayer, 2014). Among these diverse organisms, mussels, barnacles, ascidians, sea stars, and tube worms are the most representative taxa (Flammang et al., 2015; Li X. et al., 2021). These taxa usually use their specialized organs/structures, such as mussel byssus (Andrade et al., 2015), sea star and sea urchin tube feet (Santos et al., 2013), ascidian stolon (Li et al., 2019), and barnacle base plate (von Byern and Grunwald, 2010), to firmly adhere to the surfaces of underwater substrates to achieve their successful biofouling. In order to solve the biofouling problem, it is a prerequisite to understanding the adhesive processes of these organs/structures and the associated mechanisms, as well as environment-organism interactions that can affect the adhesive abilities of fouling taxa (Li et al., 2019). In the last decade, numerous studies have confirmed that the underwater adhesion is largely biomacromolecule-mediated, and remarkable adhesive proteins, such as mussel foot proteins (Mfps), barnacle cement proteins, sea star footprint proteins, and sea urchin tube feet cement secreted by the adhesive organs/structures of these fouling organisms, have been identified as the crucial elements for marine biofouling (von Byern and Grunwald, 2010; Hennebert et al., 2012; Santos et al., 2013; Zhang et al., 2017b). Despite the fact that environmental changes also largely determine the successful biofouling (Chen et al., 2021), limited information is available on their influential mechanisms, particularly on the complex interaction mechanisms between environmental factors and adhesion-related proteins.

Studies have illustrated that environmental changes can affect biofouling by altering the expression and functions of adhesion-related proteins. For example, the fouling ability of the barnacle Balanus amphitrite decreased with temperature increased from 15 to 25°C, and such decreased ability of biofouling was owing to the expression changes of cement proteins (Johnston, 2010). The expression of some Mfps reduced significantly in the foot of Mytilus coruscus exposed to higher temperature, thus affecting the byssus production and further weakening biofouling (Li Y. F. et al., 2020). Other environmental stressors, such as pH (ocean acidification), nanoparticles, and microplastics, can also weaken the fouling strength by influencing adhesion-related protein expression (Hu et al., 2015; Scott et al., 2019; Khan et al., 2020; Shi et al., 2020). In addition, studies found that several metabolic pathways associated with adhesion were also involved in the response of the fouling organs/structures of marine organisms to environmental changes. “Osmoregulation” and “cell cycle” were identified as crucial common pathways in the feet of Mytilus galloprovincialis and Mytilus trossulus under salinity stresses (Lockwood and Somero, 2011). The pathways of “metabolic pathway,” “focal adhesion,” and “cytoskeleton” participated in the response to cadmium challenges in the foot of Perna viridis (Zhang et al., 2017c). Available evidence from these studies suggests that anti-stress strategies and associated adhesion-related protein responses should be taxa- or even organ/structure-specific in marine biofoulers, and more efforts are needed to comprehensively investigate common and specific mechanisms underlying environmental challenges.

Ascidians such as Ciona, Styela, Botrylus, and Didemnum are fouling taxa in coastal ecosystems (Dijkstra and Simkanin, 2016). Even worse, many species of these taxa are highly invasive, largely spreading the negative effects of biofouling and further threatening local biological communities and global industries including underwater facilities, shipping, and aquaculture (Cahill et al., 2012; Zhan et al., 2015; Yan et al., 2017; Kim et al., 2019). Among ascidians, C. robusta is a notorious invader for its extremely high biofouling capacity mainly derived from the rootlike fouling structure, the stolon (Li et al., 2019). Stolon can enlarge the binding area between the ascidian body and substrate surface by releasing adhesive proteins to enhance the interfacial adhesion (Pennati and Rothbächer, 2014; Ueki et al., 2018). The stolon can still maintain its structural stability and underwater adhesive ability under various challenges including temperature and salinity stresses, which has been used repeatedly when studying the response mechanisms of ascidians to environmental stresses (Renborg et al., 2014; Hawes et al., 2018; Huang et al., 2019; Li et al., 2019). Former studies have demonstrated that C. robusta body displayed high tolerance to temperature and salinity stresses, which were related to multiple layers of mechanisms such as rapid microevolution and adaptation, phenotypic plasticity, and metabolism trade-off (Renborg et al., 2014; Dijkstra and Simkanin, 2016; Hawes et al., 2018; Huang and Zhan, 2020; Chen et al., 2021). As a special adhesive structure, it remains unknown how C. robusta stolon, particularly the adhesion-related proteins in stolon, actively respond to environmental stressors. Recently, several adhesion-related proteins have been identified from C. robusta stolon using mass spectrometry technologies (Ueki et al., 2018; Li et al., 2019), bringing us an opportunity to reveal the molecular response mechanisms of C. robusta stolon to environmental challenges.

Isobaric tags for relative and absolute quantitation (iTRAQ) has been widely applied in analyzing the effects of environmental changes on fouling organisms at the proteomics level, mainly because such technique has outstanding accuracy, high-throughput, strong sensitivity, and dynamic detection ability (Han et al., 2013; Ji et al., 2014; Zhang et al., 2015; Tang et al., 2020). With this technique, this study aimed to reveal the proteomic response of C. robusta stolon to temperature and salinity challenges. We detected the changes in protein expression in the C. robusta stolon exposed to different temperature and salinity stresses. Subsequently, the functional annotation and network analyses on these stress-related proteins were conducted to reveal the common and differential response mechanisms of this adhesive structure to environmental changes.



MATERIALS AND METHODS


Animal Collection and Experimental Design

Ciona robusta adults (average length of 6 cm) adhered on scallop cages were collected from the Longwangtang Aquaculture Farm, Dalian, Liaoning Province, China (38°49′′N, 121°24′′E) in September 2019. Collected ascidians were acclimatized in the filtered (the size of the filter membrane is 0.45 μm) and aerated seawater at 22 ± 1°C, 30 ± 1 psu, and pH 8.1 ± 0.1 (natural conditions at the collection site) for 1 week. They were fed with the dried algae powder mixture of Spirulina sp. and Chlorella sp. daily. After acclimation, we conducted a preliminary experiment to select suitable exposure time and level for temperature and salinity stresses. The temperature gradient were designed as 5, 10, 30, and 40°C, while the salinity gradient were designed as 12, 20, 40, and 50 psu according to the results obtained from previous investigations (Carver et al., 2006; Bouchemousse et al., 2016; Chen et al., 2018). Ascidian individuals were exposed to the different gradients of environmental stresses for 1 week. The analysis results showed that exposing C. robusta to the levels of 12 psu, 40 psu, 10°C, 30°C for 120 h could represent the low salinity, high salinity, low temperature and high temperature stresses on this species. After preliminary experiment, the healthy ascidians with obvious stimuli responses were randomly assigned to five groups: control (C, 22°C/30 psu), high salinity (HS, 22°C/40 psu), low salinity (LS, 22°C/12 psu), high temperature (HT, 30°C/30 psu), and low temperature (LT, 10°C/30 psu). Each exposure group contained three separate 20 L tanks as replicates and 40 individuals in each replicate tank (Figure 1). After exposure for 120 h, the stolon that was still attached to the substrate surface was dissected from 18 individuals in each tank and pooled together as a mixed biological replicate. A total of 270 stolon tissues (18 individuals × 3 replicates × 5 groups) were collected, and the residual seawater on the sampled stolon surface was removed with the sterilized absorbent paper. The stolon samples were then rapidly frozen with liquid nitrogen and preserved at −80°C until proteomics analysis.
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FIGURE 1. Schematic diagram of temperature and salinity challenges. HS, high salinity; LS, low salinity; HT, high temperature; LT, low temperature; control, natural seawater.




Protein Preparation and Isobaric Tags for Relative and Absolute Quantitation Labeling

To extract the total proteins, the collected samples were ground into powder with liquid nitrogen. A total of 3 mL radio-immunoprecipitation assay buffer was added to the powder and homogenized with a glass homogenizer. After centrifugation at 16,000 g for 30 min, the supernatant was deposited by adding fourfold volume of cold acetone containing 10 mM DTT at 20°C for about 3 h. Another centrifugation at 20,000 g for 30 min was performed at 4°C and the supernatant was then discarded. The collected precipitate was resuspended with 800 μL of cold lysate containing a solution of 8 M urea, 30 mM 2-[4-(2-Hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES), 1 mM PMSF, 2 mM EDTA, and 10 mM DTT, and then incubated at 56°C for 1 h (Lopez et al., 2017). The iodoacetamide was rapidly added into the resuspended sample to obtain the solution with the final concentration of 55 mM by incubating it at room temperature for 1 h in the dark. Following a second round of centrifugation at 20,000 g for 30 min at 4°C, the protein-containing supernatant was collected and stored at −80°C for subsequent analyses.

The purity of extracted stolon proteins was analyzed using the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) method (Li et al., 2019), while the protein concentration was determined using the Bradford method (Bradford, 1976). Subsequently, the filter-aided sample preparation method was used for protein digestion. In brief, a total of 100 μg of stolon proteins was added into the 10 K tube for ultrafiltration. A total of 200 μL of 50% triethylammonium bicarbonate (TEAB) buffer was added to the obtained solution and then centrifuged at 14,000 g for 40 min at 4°C, and this step was repeated once. The protein mixture was then treated with 1 μg/μL of Sequencing Grade Modified trypsin (Promega, Madison, WI, United States) at 37°C for 24 h. The target peptides were lyophilized with a lyophilizer and collected into a new centrifuge tube. Finally, the peptide samples were redissolved in 50% TEAB buffer. Sample labeling was performed using an iTRAQ 8-plex reagent kit (AB Sciex, Framingham, MA, United States) following the manufacturer’s instructions. The isotopes 116, 117, 118, 119, and 121 were selected to label the stolon proteins in the control, LS, HS, LT, and HT groups, respectively.



Mass Spectrometry Analysis

A set of iTRAQ-labeled samples were combined, desalted, and vacuum-dried. The labeled peptide mixture was dissolved with buffer A (10 mM ammonium formate, pH = 10) and separated with a reversed phase C18 column (75 μm × 10 cm, 5 μm, 300 Å, Agela Technologies) mounted on an ultimate 3000 nano LC system (Dionex, Sunnyvale, CA, United States). Finally, a total of 16 fractions were harvested and freeze-dried. Each fraction was re-dissolved with 5 μL 0.1% formic acid and passed through a Nano LC-MS/MS system at a flow rate of 300 nL/min. The separated compounds were then eluted into an Electrospray Ionization Orbitrap of the Q-Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA, United States), setting in positive ion mode and data-dependent manner with full MS scan at 350–2,000 m/z, full scan resolution at 70,000, and MS/MS scan resolution at 17,500. The minimum signal threshold for MS/MS scan was set at 1E + 5 and the isolation width was set at 2 Da.



Differential Abundance Proteins Identification

The raw data of MS analysis was converted into files with mgf format using the Proteome Discoverer 1.4 software (Thermo Fisher Scientific Inc., Bremen, Germany). The obtained clean data was searched using MASCOT software (Matrix Science, London, United Kingdom; version 2.3.0) to identify proteins. The protein database for C. robusta in UniProt1 was used as the reference database for protein identification as described by a previously published protocol (Li et al., 2019). The summed intensities of the matched spectrum were used for quantizing the relative expression ratios of proteins, and one protein was quantified using at least two spectra. Subsequently, these ratios were transformed to log2 intensities (Kuplik et al., 2019). The protein abundance differences between the exposed groups (LS, HS, LT, and HT) and the control group were evaluated by using t-test method combined with the Benjamini–Hochberg correction (Ji et al., 2014). The DAPs, including the up-regulated and the down-regulated proteins, were identified using p-value < 0.05 and fold change ≥ 1.2 or ≤0.83, respectively. The raw data obtained from LC-MS/MS have been uploaded to the public repository iProX (ID: IPX0002919000).



Bioinformation Analysis

The functional annotation of the obtained DAPs was performed using OmicsBean online program2, which includes the enrichment functions of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG, Gene and Consortium, 2000; Kanehisa et al., 2008). After removing the invalid values and antilibrary data, a total of 75, 86, 123, and 83 DAPs in the four groups were identified. The hypergeometric test was used to find the significantly enriched GO terms and KEGG pathways with the criterion of p-value < 0.01. Clusters of Orthologous Groups (COG) enrichment was also employed to functionally classify the DAPs based on the orthology concept (Tatusov et al., 2000). The Venn diagram online tool3 was used to analyze the overlapped DAPs among different exposure groups. According to the Venn results, the coexisting DAPs of salinity and temperature stresses were evaluated by protein--protein interactions (PPI). The PPI network analysis was conducted to further clarify the inter-relationships and expression patterns of the DAPs related to salinity/temperature challenges by using the Search Tool for the Retrieval of Interacting Genes4 (version 11.0) and Cytoscape software5 (version 3.7.2) with default parameters.




RESULTS


Stolon Protein Analysis

A total of 33,068 MS/MS counts were generated from the stolon across all five groups (control included). By searching against the UniProt database, 3,930 unique peptides and 1,083 proteins were identified (Supplementary Table 1). A total of 597 (approximately 55.12%) of the identified proteins had at least two unique peptides. Our results illustrated that most of the proteins (approximately 75%) were composed of 100–700 amino acids (Supplementary Figure 1), while 87.63% of the identified proteins contained less than seven peptides (Supplementary Figure 2). The molecular weight of most of the identified proteins was less than100 kDa, accounting for 80% of the total proteins. Moreover, 15 proteins with low molecular weight (<10 kDa) and 135 proteins with high molecular weight (>100 kDa) were identified (Supplementary Figure 3). The distribution of protein coverage illustrated that the coverage with less than 5, 5–15, 15–30, and 30–100%, accounting for 37.65, 36.93, 18.12, and 7.30% of the total proteins in stolon, respectively (Supplementary Figure 4).



Differential Abundance Proteins Identification

For salinity stresses, a total of 75 DAPs including 49 up-regulated and 26 down-regulated proteins were identified from the stolon exposed to LS, while a total of 86 DAPs including 54 up-regulated and 32 down-regulated proteins were identified from the stolon exposed to HS. For temperature stresses, a total of 123 DAPs containing 79 up-regulated and 44 down-regulated proteins were identified from the stolon exposed to LT, while a total of 83 DAPs containing 51 up-regulated and 32 down-regulated proteins were identified from the stolon exposed to HT (Figure 2). Venn analysis showed that a total of 27 DAPs were overlapped in both HS and LS groups, while 48 DAPs were overlapped in both HT and LT groups (Figure 3). The detailed information on these DAPs is shown in Supplementary Table 2.
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FIGURE 2. Analysis of the differential abundance proteins in the stolon of Ciona robusta exposed to temperature and salinity stresses. HS, high salinity; LS, low salinity; HT, high temperature; LT, low temperature; C, natural seawater control.
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FIGURE 3. Venn diagrams showing the common differential abundance proteins identified from the stolon of Ciona robusta exposed to salinity and temperature stresses. (A) Salinity stresses and (B) temperature stresses. HS, high salinity; LS, low salinity; HT, high temperature; LT, low temperature; C, natural seawater control.




Enrichment Analysis for the Differential Abundance Proteins

Gene Ontology enrichment analysis on the DAPs showed that these proteins were enriched into three categories (Figure 3 and Supplementary Tables 3–6): biological process (BP), cell component (CC), and molecular function (MF). The “Cytoskeleton” term was significantly enriched in both HS and LS groups. The terms “extracellular region,” “cellular ion homeostasis,” “cellular cation homeostasis,” and “extracellular matrix structural constituent” were only enriched in the LS group (Figure 4A). The terms “cytoskeletal part,” “cytoskeleton organization,” and “proteolysis” were only enriched in the HS group (Figure 4B). Meanwhile, the terms “cytoskeleton,” “polymeric cytoskeletal fiber,” and “carbohydrate binding” were enriched in both HT and LT groups. The terms “extracellular space,” “calcium ion binding,” and “enzyme inhibitor activity” were enriched in the LT group (Figure 4C). The significantly enriched terms in the HT group were “microtubule,” “cell cycle,” and “nucleoside-triphosphatase activity” (Figure 4D).
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FIGURE 4. Gene ontology enrichment of differential abundance proteins in the stolon of C. robusta exposed to salinity and temperature stresses. (A) Low salinity, (B) high salinity, (C) low temperature, and (D) high temperature.


By performing KEGG pathway enrichment analyses, the “extracellular matrix (ECM)” pathway was specifically enriched in the stolon exposed to LS (Figure 5A), whereas the “transport and catabolism” and “signal transduction” were the most significant pathways enriched in the stolon exposed to HS (Figure 5B). Furthermore, two pathways, including “signal transduction” and “lipid metabolism,” were significantly enriched in the stolon exposed to LT (Figure 5C), whereas the pathways were “signal transduction” and “cell growth and death” in the HT group (Figure 5D).
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FIGURE 5. Kyoto encyclopedia of genes and genomes enrichment analysis of the differential abundance proteins in the stolon of C. robusta exposed to salinity and temperature stresses. (A) Low salinity, (B) high salinity, (C) low temperature, and (D) high temperature. The number represents the number of proteins enriched to the pathways.


The DAPs identified from the stolon exposed to LS, HS, LT, and HT were enriched into 16, 18, 19, and 17 COG categories, respectively (Figure 6). Among these, the most significant categories in the LS group were “signal transduction mechanisms,” “cytoskeleton,” “extracellular structures,” and “posttranslational modification, protein turnover, chaperones” (Figure 6A), whereas the most significant ones in the HS group were “cytoskeleton,” “signal transduction mechanisms,” and “posttranslational modification, protein turnover, chaperones” (Figure 6B). Meanwhile, the most significant categories in the LT group were “posttranslational modification, protein turnover, chaperones,” “signal transduction mechanisms,” and “cytoskeleton” (Figure 6C), whereas they were “cytoskeleton,” “posttranslational modification, protein turnover, chaperones,” “cell cycle control, cell division, chromosome partitioning,” “inorganic ion transport and metabolism,” and “signal transduction mechanisms” in the HT group (Figure 6D).
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FIGURE 6. Clusters of orthologous analysis of differential abundance proteins in the stolon of C. robusta exposed to salinity and temperature stresses. (A) Low salinity, (B) high salinity, (C) low temperature, and (D) high temperature. The number represents the number of proteins enriched to the terms.




Protein Interaction Analysis

A total of 27 and 48 DAPs were identified by using the PPI method from the stolon exposed to salinity and temperature stresses, respectively (Figure 7). After hiding the disconnected nodes, only 22 and 29 proteins were correlated to each other in the salinity and temperature networks, respectively. Among these DAPs, one KEGG pathway “ribosome” was significantly enriched under high and low salinity stresses, while two KEGG pathways, “ribosome” and “phagosome,” were significantly enriched under high and low temperature stresses, respectively.
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FIGURE 7. Protein–protein interaction analysis of differential abundance proteins in the stolon of C. robusta exposed to salinity and temperature stresses. (A) Salinity stresses. (B) Temperature stresses. The circles represent differentially abundant proteins (DAPs). Red circle: the DAPs enriched in the stolon exposed to high salt/temperature stresses. Blue circle: the DAPs enriched in the stolon exposed to low salt/temperature stresses. Green circle: the DAPs enriched in the stolon exposed to both high and low salt/temperature stresses. The thickness of the line indicates the strength of data support.





DISCUSSION


Proteomic Response to Salinity Stress

In aquatic species, salinity is a common environmental stressor that can remarkably affect metabolism and osmotic regulation of various organisms (Vargas-Chacoff et al., 2015). Marine animals can maintain their most critical physiological functions through multiple molecular mechanisms when exposed to salinity stresses, despite that there are alterations in osmotic pressure and cytoplasmic composition in their cells (Rautsaw et al., 2020). In our study, the identified DAPs in C. robusta exposed to both low and high salinity stresses were significantly enriched in the pathways “posttranslational modifications (PTMs),” “cytoskeleton,” and “signal transduction,” suggesting the involvements of these pathways in the responses of stolon to salinity stress.

During their synthesis, package, and release, proteins are successively modified. The PTMs, such as phosphorylation, glycosylation, and hydroxylation, are crucial for controlling protein conformation and increasing proteome complexity in organisms (Cloutier and Coulombe, 2013). PTM is indeed a common characteristic of numerous adhesive proteins of marine organisms (Flammang et al., 2015). In these PTMs, protein glycosylation has emerged as an important biochemical process in marine bioadhesion. An example is the marine mussel adhesive protein Pvfp-1, which has extensive threonine O-glycosylation (Zhao et al., 2009). Protein hydroxylation was found in all the plaque proteins (Mfp-1 to Mfp-6) of mussels and cement proteins (Pc-1 and Pc-2) of tubeworms (Waite et al., 2005; Lee et al., 2011). In addition, phosphoproteins have also been detected from the mussel foot proteins such as Mcfp-5 and Mcfp-6 and tubeworm cement proteins such as Pc-3A and Pc-B (Zhao et al., 2005; Zhao and Waite, 2006). Our results here indicated that the response of the C. robusta stolon to salinity stresses might be regulated by PTMs (Figure 6). Such a finding provides new evidence of PTMs to implicate in stolon attachment processes of C. robusta, although the PTMs have not been detected in the adhesive proteins of this species so far.

We found that several DAPs associated with salinity stresses were significantly enriched in the “cytoskeleton” term (Figure 4). Cytoskeletal proteins provide structural organization to cells in eukaryotic organisms (Bogatcheva and Machado, 2020). They are involved in transmitting important regulatory signals during cell activation, keeping the cellular structure stable, and maintaining signal communication between different cells (Bogatcheva and Machado, 2020). Furthermore, the cytoskeletal proteins may have major roles in adjusting biological rhythms by sensing environmental parameters (Artigaud et al., 2014). Therefore, C. robusta may adjust its cytoskeleton management strategy when exposed to salinity stresses, thereby consolidating the cell growth efficiency and further maintaining the structural stability of the stolon. This may be a fact that the stolon can secret some adhesive proteins that permanently glue the tunicate to the substrate under harsh salinity stresses.

Signal transduction pathway is a vital biochemical process in which cells convert extracellular signals from the surrounding environments into intracellular specific reactions (Kling, 1998). The signal transduction is initiated as one of the classic strategies to deal with environmental salinity changes in most aquatic animals (Buckley et al., 2006; Zhang et al., 2015; Dou et al., 2018; Li Y. et al., 2021). In our study, the identified DAPs were significantly enriched in “signal transduction” pathway, indicating the importance of signal transduction in coping with salinity stresses (Figure 5). Indeed, previous studies have confirmed that signal transduction could help aquatic organisms perceive their environmental changes (van der Geer, 2013). Moreover, a study showed that signal transduction-related pathways, such as G protein-coupled receptor, Ras GTPase, and P13K/Akt/mTOR pathways, could regulate the response of the oyster Crassostrea gigas to salinity stimulation (Zhang et al., 2015). Li Y. et al. (2021) reported that the MAPK signaling pathway was activated in the gills of the razor clam Sinonovacula constricta after exposure to salinity stresses (Li Y. et al., 2021). All these findings suggest that signal transduction-related pathways were activated under salinity challenges. Our results here provide one more layer of evidence to support this conclusion, further confirming that the C. robusta stolon could respond to salinity stresses by activating various signal transduction pathways.

The “extracellular matrix (ECM)” term was significantly enriched in the stolon exposed to low salinity. ECM is a complex and dynamic structure that provides the scaffold wherein cells are located. Apart from its function as the principal scaffold of cells, ECM provides the signals regulating cell behaviors and triggers multiple biological activities that are essential for tissue morphological homeostasis (Theocharis et al., 2016). A previous study revealed that Botrylloides nigrum and Botryllus planus ascidians exhibited dramatic morphological response to low salinity stresses, including the expansions of cloacal cavities and distensions of pharyngeal baskets and neural glands (Dijkstra and Simkanin, 2016). Similarly, the changes in the ECM of C. robusta stolon might enhance its defense ability to low salinity stresses by regulating morphological homeostasis of stolon. In addition, the ECM in stolon might not only provide physical scaffolds but also regulate many cellular processes by inducing growth, migration, differentiation, and morphogenesis to respond to salinity changes, and this has been reported in the rough skin sculpin Trachidermus fasciatus and the mud crab Scylla paramamosain (Theocharis et al., 2016; Ma et al., 2018; Zhang et al., 2020).

We also observed the significant enrichment of the DAPs associated with the “transport and catabolism” in the stolon exposed to high salinity stress. An earlier study on the sea cucumber Holothuria leucospilota showed that the protein-dominated catabolism was significantly enhanced under low salinity stresses, whereas the carbohydrate- or lipid-dominated catabolism was significantly enhanced under high salinity stresses (Yu et al., 2013). The proteomic response of C. robusta stolon to higher salinity might be consistent with that of sea cucumber, and the response mechanisms of stolon to hypersaline stresses likely rely on the activation of carbohydrate/lipid transport and catabolism that can produce energy.



Proteomic Response to Temperature Stress

Temperature is known to significantly affect marine organisms’ physiology (Pineda et al., 2012; Dong et al., 2019; Irvine et al., 2019). Indeed, temperature changes can affect the adhesive organs/structures of marine organisms. A typical case is byssus adhesion reduction in mussels caused by heat treatment, which has been considered an antifouling strategy for mussels (Perepelizin and Boltovskoy, 2011). Our results here illustrate that the stolon of C. robusta was also influenced by temperature changes at the molecular level. We found the significant enrichment of the term “cytoskeletal proteins” in C. robusta stolon exposed to temperature challenges (Figure 4). Similarly, earlier analyses showed that the changes in the abundance of cytoskeletal proteins in the ascidians Ciona intestinalis and Ciona savignyi were closely associated with thermal stresses (Serafini et al., 2011). Studies on marine teleosts and invertebrates also documented the recombination of the temperature-induced cytoskeletal structure (Vornanen et al., 2005; Buckley et al., 2006; Lockwood et al., 2010; Tomanek and Zuzow, 2010; Jayasundara et al., 2015). Such available evidence suggests that the cytoskeletal proteins in the C. robusta stolon might be involved in temperature stress response through two mechanisms: the alterations in cytoskeletal protein abundance and recombination of the cytoskeletal structure.

Molecular chaperones are involved in the folding or unfolding of proteins and the assembly or disassembly of larger macromolecular complexes (Cloutier and Coulombe, 2013). They are found in all cell types in animals, and their activities are tightly regulated to maintain normal cell functions. Previous studies showed that the higher steady-state levels of molecular chaperones might underlie the capacity of C. intestinalis to out-compete C. savignyi in warm habitats (Serafini et al., 2011). Meanwhile, many molecular chaperones, including heat shock proteins 24, heat shock proteins 90, and calcium-binding protein, were likely to act as chaperones for maintaining the cytoskeletal structure under temperature stresses, preventing the aggregation of the denatured proteins (Lockwood et al., 2010; Lopez et al., 2017). The significant enrichment of chaperoning molecules in our study demonstrates that homeostasis regulation is a crucial mechanism for the C. robusta stolon to respond to temperature stresses. These molecular chaperones likely help the C. robusta stolon achieve stable cytoskeletal structure.

Besides cytoskeleton and molecular chaperones, the term of “calcium-binding proteins” was also significantly enriched in the C. robusta stolon under both low and high temperature stresses. Ca2+ is a highly universal intracellular signal regulating several molecular pathways and cellular processes, including cell proliferation, excitability, exocytosis, and transcription (Berridge et al., 2003; Clapham, 2007). Intracellular calcium-binding proteins can be divided into two categories. One category consists of proteins with Ca2+-binding function, which can transport Ca2+ across cell membranes and thus irreversibly regulate the concentration of Ca2+ in the surrounding environments. Another category can decode Ca2+ signals into functionally specific signals (Carafoli et al., 2001). An investigation showed that the signaling triggered via regulating the intracellular Ca2+ concentration may be involved in the thermal response of the oyster C. gigas (Zhang et al., 2015). We cannot determine the specific functions of calcium-binding proteins in C. robusta stolon, but the enrichment of these proteins in our study suggests that calcium signaling in the stolon should be one of the important molecular mechanisms in response to temperature stresses.

The “phagosome” pathway was enriched in the stolon exposed to both low and high temperature stresses in our study (Figure 7). Phagocytosis is an important congenital defense mechanism for macrophages against bacterial infections (Pradhan et al., 2018). In eukaryotes, phagosomes can engulf potential pathogenic microorganisms and apoptotic cells through binding to the lysosome (Kinchen and Ravichandran, 2008). The enrichment of DAPs in the “phagosome” pathway under temperature stresses implies that temperature might be a remarkable environmental factor leading to the apoptosis of stolon cells in C. robusta. The phagosome is a highly dynamic organelle, even in healthy individuals, and it can phagocytose billions of dead cells per day. However, under stress conditions, they were more inclined to eliminate apoptotic cells (Dean et al., 2019). Therefore, the phagosome may assist in maintaining the homeostasis of stolon cells and the structural stability via phagocytizing apoptotic cells in the C. robusta stolon.

For most organisms, the dynamic equilibrium of lipid metabolism is the fundamental physiological status in maintaining vital activities (Gu et al., 2017). This means that some lipids are constantly oxidized to meet metabolic needs, whereas others are synthesized and stored (Zhang et al., 2017a; Gyamfi et al., 2018). Chilling stress is a common challenge to many aquatic organisms, and responding to chilling stress requires lipid metabolic reprogramming. Eventually, animals usually generate more energy by degrading some lipids to resist cold stresses (Brodte et al., 2008). The enrichment of the “lipid metabolism” pathway has been found in many marine organisms such as Eleginops maclovinus, M. galloprovincialis, and Pelteobagrus vachelli in response to low temperature stresses (Brodte et al., 2008). Our study illustrated that “lipid metabolism” was the only pathway enriched in the C. robusta stolon exposed to low temperature. Mechanistically, lipid metabolism may provide more energy for the C. robusta stolon by suppressing the lipogenesis capacity and enhancing the lipolysis capacity during chilling stresses. Unlike the mechanism by which the stolon responded to low temperature, the “cell cycle” term exhibited a significant enrichment in the stolon in response to high temperature stress. Heat is a common stress during ascidian invasions and failure to adapt to this stressor can result in programmed cell demise and decreased viability (Carafoli et al., 2001). Previous studies found that marine organisms could respond to heat stress via the arrested cell cycle progression. For example, the marine teleost Gillichthys mirabilis could conserve energy through inhibiting body cell growth and proliferation to cope with thermal challenges (Buckley et al., 2006). C. robusta may follow this mechanism and its stolon can inhibit cell growth and eliminate the damaged cells, assisting stolon in preserving energy to defend against high temperature stresses.



Common Response to Both Types of Environmental Stresses

Despite the stress-specific pathways observed in this study, the response to both temperature and salinity stresses was not completely independent. Venn diagram analysis revealed that “cytoskeleton,” “signal transduction,” and “posttranslational modification” were the overlapping pathways in both salinity and temperature stresses. The common response was also detected by several studies, showing that ascidians mitigated adverse environmental challenges through similar mechanisms (Serafini et al., 2011; Huang et al., 2019; Li H. et al., 2020; Wei et al., 2020; Chen et al., 2021).

Based on PPI analysis, the DAPs enriched in “ribosome” pathway were changed significantly under both salinity and temperature stresses, indicating that these stresses may affect protein synthesis and metabolism in C. robusta stolon (Figure 7). Marine organisms usually rely on the regulation of proteins related to stress response, such as cytoskeletal proteins and adhesive proteins, to maintain cellular homeostasis and limit the adverse effects of harmful environmental stimuli (Vind et al., 2020). Cytoskeletal proteins, which are used to sustain the stable state of cellular/organ structure and communication, are synthesized by ribosomes (Bashline et al., 2014; Bogatcheva and Machado, 2020). Additionally, the proteins related to adhesive functions in marine fouling organisms are also synthesized by ribosomes (Lafontaine and Tollervey, 2001; Jimenez et al., 2019). Previous studies have indicated the presence of adhesive proteins synthesized by ribosomes in the stolon of C. robusta (Li et al., 2019). The enrichment of “ribosome” pathway in C. robusta may be helpful for the stolon to synthesize some proteins associated with the defense against salinity and temperature stresses.




CONCLUSION

By using iTRAQ technique, our study revealed the dynamic proteomic response to salinity and temperature stresses in the stolon of the highly fouling ascidian C. robusta. Functional enrichment analysis recovered common and challenge-specific response pathways (Figure 8). In addition to the common pathways such as “cytoskeleton,” “signal transduction,” and “posttranslational modification,” “extracellular matrix,” “carbohydrate/lipid transport and catabolism,” “lipid metabolism,” and “cell cycle” play crucial roles in dealing with the stresses of low salinity, high salinity, low temperature, and high temperature, respectively. The findings here illustrate that C. robusta stolon could respond to environmental challenges by developing complex and diverse molecular mechanisms. The pathways and associated proteins obtained in this study provide candidate references for further studies of molecular mechanisms of marine biofouling, local environmental adaptation during invasions, and formulating antifouling strategies in marine and coastal ecosystems.
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FIGURE 8. The molecular mechanisms associated with the response of C. robusta stolon to salinity and temperature stresses. Red: temperature stresses. Blue: salinity stresses. Green: interaction of temperature and salinity stresses. The shades of red and blue colors indicate the stress degree of temperature and salinity, respectively. Light color: low salt/temperature stresses. Dark color: high salt/temperature stresses.
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Hypoxia is common in marine environments and a major stressor for marine organisms inhabiting benthic and intertidal zones. Several studies have explored the responses of these organisms to hypoxic stress at the whole organism level with a focus on energy metabolism and mitochondrial response, but the instrinsic mitochondrial responses that support the organelle’s function under hypoxia and reoxygenation (H/R) stress are not well understood. We studied the effects of acute H/R stress (10 min anoxia followed by 15 min reoxygenation) on mitochondrial respiration, production of reactive oxygen species (ROS) and posttranslational modifications (PTM) of the proteome in a marine facultative anaerobe, the blue mussel Mytilus edulis. The mussels’ mitochondria showed increased OXPHOS respiration and suppressed proton leak resulting in a higher coupling efficiency after H/R stress. ROS production decreased in both the resting (LEAK) and phosphorylating (OXPHOS) state indicating that M. edulis was able to prevent oxidative stress and mitochondrial damage during reoxygenation. Hypoxia did not lead to rearrangement of the mitochondrial supercomplexes but impacted the mitochondrial phosphoproteome including the proteins involved in OXPHOS, amino acid- and fatty acid catabolism, and protein quality control. This study indicates that mussels’ mitochondria possess intrinsic mechanisms (including regulation via reversible protein phosphorylation) that ensure high respiratory flux and mitigate oxidative damage during H/R stress and contribute to the hypoxia-tolerant mitochondrial phenotype of this metabolically plastic species.
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INTRODUCTION

Oxygen deficiency (hypoxia) is a major stressor for aerobic eukaryotes that depend on oxygen to drive mitochondrial ATP synthesis. For these organisms, oxygen fluctuations are stressful due to the limitations of energy supply during hypoxia, as well as the oxidative stress and high costs of recovery during reoxygenation (Garbarino et al., 2015; Lesnefsky et al., 2017; Sokolova et al., 2019). Oxygen is rarely limiting in terrestrial habitats (except underground burrows and high altitudes) but in aquatic environments oxygen fluctuations are common. Many benthic marine organisms – particularly sessile species from the habitats where oxygen availability varies regularly and predictably such as the intertidal zone – have adapted to survive under the fluctuating oxygen conditions. The ecological success of these species is often linked with their ability to transition to anaerobiosis and enter the metabolically depressed state during hypoxia (Hochachka and Mustafa, 1972; Guppy et al., 1994; Hochachka and Somero, 2002). The metabolic rate depression in facultative anaerobes involves complex regulatory mechanisms that ensure a concomitant decrease in ATP consumption and production, onset of anaerobic glycolysis, and changes in membrane properties to maintain ion homeostasis with minimum energy input (Hochachka and Mustafa, 1972; Hochachka and Mommsen, 1983; Hochachka and Guppy, 1987; Buck and Hochachka, 1993; Guppy et al., 1994; Storey and Storey, 2004; Storey, 2015). However, the metabolically arrested state allows only time-limited survival, and to continue the life cycle, the organisms depend on the return of oxygen. Therefore, tolerance to frequent oxygen fluctuations requires maintenance of the mitochondrial integrity and rapid restoration of the energetic and redox homeostasis during reoxygenation (Honda et al., 2005; Pamenter, 2014; Pell et al., 2016; Sokolova et al., 2019).

Recent studies indicate that mitochondria of hypoxia-tolerant organisms are capable of preserving the mitochondrial integrity and function during hypoxia-reoxygenation (H/R) stress via rapid suppression and restoration of oxidative phosphorylation (OXPHOS) subject to oxygen availability, mitochondrial proteome reorganization to limit production of reactive oxygen species (ROS), and upregulation of mitochondrial quality control pathways (Buck and Pamenter, 2006; Pamenter, 2014; Pamenter et al., 2016; Bundgaard et al., 2019; Sokolov et al., 2019; Steffen et al., 2020). These changes are observed during long-term (hours to days) exposures of the organisms to hypoxia and subsequent reoxygenation in vivo (Kurochkin et al., 2008; Ivanina et al., 2010, 2011, 2012, 2016; Pamenter et al., 2016; Steffen et al., 2020; Ouillon et al., 2021) and likely reflect a complex integrated response encompassing the direct impact of the oxygen fluctuations on the mitochondria, indirect effects of the changes in intracellular milieu, responses driven by retrograde signaling to the nucleus, as well as endocrine and/or neural regulation (Lee et al., 2020; Du et al., 2021). This complexity, while physiologically relevant and important, makes it difficult to disentangle the contributions of different mechanisms to the functional changes of the mitochondria during H/R stress. Therefore, a reductionist approach using a simplified and thus more tractable system (such as the isolated mitochondria) could provide useful insights. Mitochondria are semi-autonomous organelles that possess their own DNA and protein translation machinery, as well as a dedicated system of quality control and post-translational regulatory mechanisms (McBride et al., 2006) making them capable of direct responses to H/R transitions independently of the rest of the cell. The functional changes during acute H/R exposures of isolated mitochondria provide evidence for such intrinsic mitochondrial regulation (Onukwufor et al., 2014, 2016, 2017; Sappal et al., 2015), but the molecular mechanisms of this regulation have not yet been investigated.

The intrinsic mitochondrial responses to H/R transitions must rely on post-translational regulatory mechanisms such as the changing levels of the metabolic intermediates, shifts in the state of the electron carriers of the ETS, and post-translational modifications (PTM) of mitochondrial proteins. Among the PTM mechanisms, assembly of the respiratory supercomplexes and reversible protein phosphorylation (catalyzed by mitochondrial phosphatases and kinases) are proposed to play a key role in the modulation of mitochondrial metabolism (Pagliarini and Dixon, 2006; Lapuente-Brun et al., 2013; Chaban et al., 2014; Mathers and Staples, 2019). Mitochondrial supercomplexes (SC) involve a close association between complexes CI, CIII, and CIV as a potential mechanism to channel electron flux, increase the efficiency of OXPHOS and mitigate ROS generation (Guerra-Castellano et al., 2018). The functional consequences of SC rearrangement are debated, but recent studies showed links between SC stability and plasticity and metabolic responses to stress in animals (Bundgaard et al., 2018, 2020a; Falfushynska et al., 2020). Furthermore, reversible phosphorylation of the proteins of the mitochondrial complexes CI and CIV can contribute to the regulation of the mitochondrial function during H/R stress by modulating ETS activity, protein-protein and protein-lipid interactions, and ROS production (Helling et al., 2012; Gowthami et al., 2019; Kalpage et al., 2019; Mathers and Staples, 2019). Stress-induced shifts in phosphoproteome and modulation of the activity of protein phosphatases and kinases have been shown in marine mollusks exposed to H/R stress (Sokolov et al., 2019; Falfushynska et al., 2020); however, these studies have been conducted during the whole-organism exposures to H/R stress, which does not allow discerning the intrinsic mitochondrial mechanisms of the observed changes. Overall, the potential contribution of the supercomplex rearrangement and reversible protein phosphorylation to hypoxia-tolerant mitochondrial phenotype has not been well studied in facultative anaerobes and warrants further investigation.

The mussels of the genus Mytilus are widespread facultative anaerobes with ecological and economical importance (Astorga, 2014). Their habitats (including the intertidal zone, eutrophicated estuaries, and coastal habitats) are characterized by recurrent oxygen fluctuations, hence they are highly adapted to these conditions (Gosling, 1992). The energy metabolism pathways of Mytilus spp. are well characterized (Gosling, 1992; Babarro et al., 2007; Connor and Gracey, 2011), and the genomes and transcriptomes of several Mytilus species have been recently published (Martino et al., 2019; Paterno et al., 2019; Li et al., 2020) making these organisms an excellent model to study the molecular and physiological mechanisms of mitochondrial responses to H/R stress. Our present study aimed to elucidate the potential autonomous regulatory mechanisms (i.e., those independent of the cellular metabolic context and regulatory mechanisms) of mitochondrial responses to H/R stress in the blue mussels Mytilus edulis. We hypothesized that isolated mitochondria of a hypoxia-tolerant facultative anaerobe, M. edulis, possess intrinsic mechanisms that permit maintaining the respiratory flux and ATP synthesis and minimize ROS production during acute H/R stress. We also hypothesized that posttranslational mechanisms such as the rearrangement of supercomplexes and reversible protein phosphorylation would be involved in the intrinsic mitochondrial response to H/R transitions. To test these hypotheses, we investigated the direct effects of hypoxia and reoxygenation on the respiration rate under phosphorylating conditions (measured as the OXPHOS activity), proton leak and ROS generation in the isolated mitochondria from the digestive gland of M. edulis. Furthermore, we determined the abundance of the supercomplexes (formed by associations between CI, CIII, and CIV) and shifts in the mitochondrial phosphoproteome in the isolated mitochondria of M. edulis exposed to H/R stress in vitro. The results of this study shed light on the metabolic plasticity of mitochondrial function and demonstrate autonomous mitochondrial mechanisms involved in adaptive metabolic responses to oxygen fluctuations in the hypoxia-tolerant facultative anaerobe M. edulis.



MATERIALS AND METHODS


Animal Collection and Maintenance

Experimental blue mussels Mytilus edulis were collected in Warnemünde harbor in the Baltic Sea near Rostock, Germany. The animals were acclimated at salinity 15 and 15°C for a week before the experiment. The acclimation temperature and salinity were close to the habitat conditions at the time of collection. During the acclimation, the mussels were continuously fed ad libitum with Premium Reef Blend (CoralSands, Wiesbaden, Germany).



Mitochondrial ṀO2 and ROS Production

Mitochondria were isolated from the mussels’ digestive gland as described elsewhere (Haider et al., 2018; Sokolov et al., 2019). The digestive gland was chosen as one of the most metabolically active organs and a main site of energy storage in mussels (Gosling, 1992). The osmolarity of isolation and assay buffers were optimized in pilot experiments to achieve high quality of mitochondrial isolations (assessed by the respiratory control ratio and cytochrome c test of mitochondrial integrity) for the studied M. edulis population (data not shown). Briefly, 0.5–1.2 g tissue was homogenized on ice in a glass-Teflon homogenizer containing 10 ml of isolation buffer (∼630 mOsm) containing 100 mM sucrose, 200 mM KCl, 50 mM NaCl, 30 mM HEPES pH 7.5, and 8 mM EGTA supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride (PMSF) and 2 μg/ml aprotinin). Homogenate was centrifuged at 4°C and 2000 × g for 5 min, the supernatant was collected and centrifuged at 8000 × g for 8 min. The resulting mitochondrial pellet was resuspended in isolation buffer and kept on ice. All assays commenced within 5 min of mitochondrial isolation.

Mitochondrial respiration rate (ṀO2) and ROS production were measured simultaneously in the high-resolution respirometer Oxygraph 2 k (Oroboros, Innsbruck, Austria) at 15 and 25°C using the DatLab6 software. The assay temperatures were chosen to reflect the acclimation temperature (15°C) typical for early summer at the study site (June average monthly surface water temperature ∼14.8°C), and the elevated temperature close to the summer maximum (25°C). Mitochondrial suspension was added to the instrument’s chamber filled with 2 ml of assay buffer (∼525 mOsm) containing 30 mM HEPES pH 7.2, 185 mM sucrose, 130 mM KCl, 10 mM NaCl, buffer, 10 mM glucose, 1 mM MgCl2, 10 mM KH2PO4, and 1% fatty acid-free bovine serum albumin (BSA). The final mitochondrial protein concentrations in the assay chamber were ∼1–1.5 mg ml–1. Because earlier studies in bivalves (Sokolov and Sokolova, 2019; Haider et al., 2020) and mammals (Hansen et al., 2010; Wang et al., 2016) showed that a common intracellular osmolyte, taurine, might improve mitochondrial function, we tested the potential mitoprotective effect of taurine in the mussel mitochondria. For this, assay buffer was supplemented either with 50 mM taurine or 50 mM glycine. Glycine is the most abundant free amino acid in oyster tissues (Haider et al., 2020) and was used to distinguish taurine-specific effects on mitochondria (if any) from non-specific effects of amino acid addition. After addition of mitochondrial suspension and stabilization of the polarographic oxygen sensor, the following substrate–uncoupler–inhibitor titration (SUIT) protocol was used: 1) 5 mM pyruvate, 0.5 mM malate to spark Complex I-driven respiration (LEAK I); 2) 10 mM succinate to stimulate Complex II (LEAK I + II); 3) 2.5 mM ADP to stimulate OXPHOS; 4) 2.5 μM oligomycin to inhibit mitochondrial FO,F1-ATPase followed by titration (in 0.5 μM steps) with the uncoupler carbonyl cyanide-chlorophenyl hydrazine (CCCP) to measure maximum ETS activity. ROS production was measured in parallel with ṀO2 using the Oxygraph-2K LED2 module with Fluorescent Sensor Green (525 nm) and Amplex Red (Thermo Fisher Scientific, Waltham, MA, United States) as described elsewhere (Ouillon et al., 2021). Addition of cytochrome C (0.8 μM) in the OXPHOS state (Gnaiger, 2012) increased mitochondrial respiration by <10% indicating integrity of isolated mitochondria (data not shown). The LEAK state ṀO2 indicates the proton leak rate of resting (non-phosphorylating) mitochondria, ṀO2 of ADP-stimulated mitochondria corresponds to the OXPHOS capacity, and CCCP-uncoupled ṀO2 reflects the maximum ETS capacity. Respiratory control ratio was calculated by dividing OXPHOS by LEAKI + II respiration (Estabrook, 1967).

To test for the effects of H/R stress on mitochondrial respiration and ROS production, steps 1–3 (up to and including ADP addition) of the above-described SUIT protocol were carried out to measure the pre-hypoxic (baseline) LEAK I + II and OXPHOS oxygen consumption and ROS production rates. The OXPHOS respiration continued until all oxygen in the chamber was consumed, and mitochondria were held in anoxia for 10 min. The chamber was then opened for reoxygenation (2.5–5 min to achieve >80% of air saturation), closed and the post-reoxygenation OXPHOS oxygen consumption rate was measured. Next, 2.5 μM of oligomycin was added to record oxygen consumption in the post-reoxygenation LEAK state (LEAK I + II). At the end of the assay, 0.5 μM of rotenone and 2.5 μM of antimycin A were added to assess non-mitochondrial respiration (<10% of the total oxygen consumption rate, data not shown). The effects of H/R stress on the oxygen consumption rates were tested at 15 and 25°C, and ROS production at 25°C due to low ROS generation rates at 15°C.

The impact of H/R stress on mitochondrial ETS activity was measured in CCCP-uncoupled mitochondria at 15°C using pyruvate (5 mM), succinate (10 mM), or the mixture of pyruvate and succinate as substrates. Malate (0.5 mM) was added to spark the respiration. Mitochondria were allowed to respire until all oxygen was consumed in the chamber, kept in anoxia for 10 min, and re-oxygenated to measure the post-hypoxic ETS activity.

After completion of the assays, an aliquot of each mitochondrial suspension was lysed in hypoosmotic solution using three freezing-thawing cycles followed by sonication, and mitochondrial protein content was measured according to Bradford using a commercial kit (Merck KGaA, Darmstadt, Germany) with BSA as a standard. Respiration rates were expressed in μmol O2 min–1 g–1 protein and ROS production in μmol H2O2 min–1 g–1 protein.



Isolation of Phosphoproteins for LC/MS Analysis

Isolation of mitochondrial phosphoproteins was done using a chromatography approach with the Pro-Q® Diamond Phosphoprotein Enrichment Kit (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s recommendations. Briefly, 40–60 mg of mitochondrial suspension was lysed with a proprietary Invitrogen’s buffer, diluted to 0.1–0.2 mg ml–1 protein and applied to a prewashed chromatographic column. After the lysate passed through the column, the column was intensively washed to remove unbound proteins, followed by elution of an enriched fraction of phosphoproteins. The phosphoproteins were concentrated using several rounds of centrifugation with Vivaspin concentrators (Sartorius, Göttingen, Germany). Samples were stored at −80°C in 25 mM Tris, pH 7.5, 0.25% CHAPS until further analyses.



LC/MS Analysis

Sample preparation for mass spectrometric analysis of enriched M. edulis mitochondrial phosphoproteins was performed as described in detail previously (Sokolov et al., 2019). Five biological replicates per condition including normoxic controls (i.e., isolated mitochondria prior to H/R stress) and mitochondria exposed to reoxygenation following 10 min of experimental anoxia in vitro were prepared for MS analysis. In short, protein extracts were concentrated to 15 μl, mixed with sample buffer [200 mM Tris–HCl pH 6.8, 50 mM EDTA pH 8.0, 40% glycerol, 8% SDS, 0.08% bromophenol blue, 1 mM dithiothreitol (DTT)], denatured at 90°C for 10 min, and briefly separated in 10% SDS mini gels. After Coomassie staining, the protein-containing gel areas (upper 10 mm of each gel band) were excised, dried in a vacuum centrifuge, reduced (20 mM DTT, 30 min, 55°C, 800 rpm), alkylated (40 mM iodoacetamide, 30 min, room temperature in the dark), and dehydrated (100% acetonitrile HPLC grade, 2 min, room temperature). Proteins were then digested (4 μg/μl trypsin solution, 37°C, 16 h), and peptides were purified by Stage Tipping, adjusted to 2 μg/μl and frozen at −80°C until analysis. Purified peptides were analyzed by reversed phase liquid chromatography (LC) electrospray ionization (ESI) MS/MS. Thus, an EASY nLC 1000 (Thermo Fischer Scientific, Bremen, Germany) was coupled to a QExactive mass spectrometer (Thermo Fischer Scientific, Bremen, Germany). Peptides were loaded onto in-house self-packed fused silica columns (100 μm × 20 cm) containing reverse-phase C18 material (ReproSil-Pur 120-AQ 3.0 μm, Dr. Maisch GmbH, Ammerbuch, Germany). Peptides were eluted using a non-linear binary gradient of 166 min from 2 to 99% solvent B [0.1% (v/v) acetic acid in acetonitrile] in solvent A [0.1% (v/v) acetic acid] at a constant flow rate of 300 nl/min. The full scan was recorded with a mass range from 300 - 1650 m/z and a resolution of 70,000 at 200 m/z. The 15 most abundant ions were isolated with an isolation width of 2 Th and fragmented by higher-energy collisional dissociation (HCD) at a normalized collision energy (NCE) of 27.5. Fragment ion spectra were recorded with a resolution of 17,500 at 200 m/z. Ions with unassigned charge states as well as charge 1 and higher than 6 were excluded from fragmentation. Fragmented ions were excluded from fragmentation for 30 s. Lock mass correction was enabled.



MS Data Analysis

MS/MS spectra were extracted and analyzed using the Sorcerer Sequest software (v5.1.1, Sage-N Research) and a combined target-decoy database. As a dedicated complete M. edulis genome sequence was not yet available at the time, we constructed the database from all available related Mytilus species. To this end, all NCBI protein entries listed for the taxon “Mytilus” (77,824 proteins on 09/08/2020; Supplementary Table 1) were retrieved and clustered at 97% identity with Cd-Hit (Li and Godzik, 2006) to remove redundant proteins. A set of common laboratory contaminants was added and all sequence entries were reversed and appended to the database as decoy sequences (to allow for false discovery rate (FDR) calculation), resulting in a total of 127,890 sequences in the database. MS/MS-based peptide and protein identifications of all 10 samples were merged and evaluated with Scaffold version 4.8.41, with the clustering feature enabled. Protein level FDR and peptide level FDR were set to 1%. A minimum of 2 peptides was required for protein identification. For semi-quantitative analysis and comparison of relative protein abundances between samples, normalized spectral abundance factors (NSAF) were calculated using total spectrum counts (Zybailov et al., 2006). The mass spectrometry proteomics data were deposited to the ProteomeXchange Consortium via the PRIDE partner repository (Vizcaíno et al., 2016) with the dataset identifier PXD027955 and 10.6019/PXD027955.



Blue Native PAGE

Mitochondrial membrane proteins from isolated M. edulis mitochondria were separated by Blue Native PAGE (BN-PAGE) as previously described (Bundgaard et al., 2018, 2020a). Membrane proteins were extracted with 1% dodecyl maltoside (DDM) or 3 g g–1 protein digitonin on ice for 15 or 5 min, respectively. Mouse mitochondrial membrane proteins extracted with 1% DDM were used as a size marker to identify the M. edulis bands. In-gel complex I activity was assessed as a purple stain after incubation for 30 min at room temperature with 1 mg/mL nitroblue tetrazolium with 0.1 μM NADH (Greggio et al., 2017; Bundgaard et al., 2020a). The gels were scanned using a Bio-Rad ChemiDoc MP imager and analyzed using the Bio-Rad Image Lab band detection software (Bio-Rad, Hercules, CA, United States). The intensity of the supercomplex band was expressed relative to the intensity of the strong complex V (ATP synthase) band to control for loading differences.



Statistics

The significance of the effects of amino acid addition or H/R stress on the studied mitochondrial traits was tested using paired Student’s t-test. The effects of H/R stress on the abundance of mitochondrial supercomplexes were assessed using unpaired t-test. Statistical analyses were conducted using GraphPad Prism v. 7.02 (GraphPad Software Inc., La Jolla, CA, United States) software. All differences were considered significant if the probability of Type II error was <0.05. Testing for statistically significant differences in protein abundance between hypoxia and control samples in the phosphoproteome NSAF data set was performed with Perseus (Tyanova and Cox, 2018) using a p-value-based Welch’s t-test (p-value threshold 0.05) after imputation of missing values.



RESULTS


Effects of Amino Acids and Temperature on Mitochondrial Functions

Addition of 50 mM taurine or glycine had no significant effect on mitochondrial oxygen consumption or ROS production regardless of the temperature (Table 1). Therefore, amino acid addition has not been considered in the further analyses of the effects of temperature and H/R stress on the studied mitochondrial traits.


TABLE 1. Effect of amino acid addition (50 mM taurine or glycine) on oxygen consumption (ṀO2) and ROS efflux of isolated mitochondria of M. edulis.

[image: Table 1]Elevated temperature (25°C) led to an increase in mitochondrial respiration and ROS emission in the LEAK and OXPHOS states (Figure 1). Likewise, ETS activity was higher at 25°C than at 15°C (Figure 1). Q10 for the mitochondrial oxygen consumption was 2.2–2.5 regardless of the mitochondrial activity state. Q10 for ROS emission was 2.4–2.5 in the LEAK state and 1.6 in the OXPHOS state.
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FIGURE 1. Oxygen consumption rates (ṀO2) and ROS efflux of isolated mitochondria respiring at low (15°C) and high temperatures (25°C) under control conditions. Significant differences between mitochondrial traits measured at different temperatures are denoted by asterisks (*P < 0.05). PL I indicates proton LEAK I, PLI+II - LEAK I+II, ETS - activity of ETS. ROS/MO2 ratio indicates the ratio of H2O2 produced to O2 consumed in the respective states.


The rate of the ROS emission was higher in the LEAK state compared with the OXPHOS state regardless of the temperature (Table 1 and Figure 1). At both 15 and 25°C, mitochondria in the LEAK state converted ∼5.4–5.9% of consumed oxygen into H2O2 when respiring on pyruvate. When a mixture of pyruvate and succinate was used, the fraction of consumed O2 converted to H2O2 in the LEAK state decreased to ∼3.6–3.8%. Mitochondria in the OXPHOS state respiring on pyruvate and succinate converted ∼1.3–1.9% of consumed O2 into H2O2.



Effects of H/R Stress on Mitochondria Functional Traits and Supercomplex Formation

Effects of H/R stress on mitochondrial oxygen consumption were similar at 15 and 25°C showing suppression of LEAK respiration, elevated OXPHOS activity and increased RCR after H/R stress (Figure 2). ETS activity was elevated after H/R stress in mitochondria respiring on succinate but not in those using pyruvate or pyruvate-succinate mixture (Figure 3).
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FIGURE 2. Effects of hypoxia and reoxygenation (H/R) on respiration of isolated digestive gland mitochondria of M. edulis at different temperatures (15 or 25°C). (A) LEAK respiration, (B) OXPHOS respiration, and (C) respiratory control ratios. The percentage change following H/R stress was calculated by standardizing the control values at the respective temperatures to 100%. Significant differences in each mitochondrial trait between normoxia (C) and reoxygenation (R) are denoted by asterisks (*P < 0.05, ***P < 0.001). n.s. indicates differences that were not statistically significant (P > 0.05).
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FIGURE 3. Effect of hypoxia and reoxygenation (H/R) on the ETS activity of isolated digestive gland mitochondria of M. edulis respiring on different substrates. The percentage change following H/R stress was calculated by standardizing the control values at the respective temperatures to 100%. Significant differences in each mitochondrial trait between normoxia and reoxygenation are denoted by asterisks (*P < 0.05). CI - ETS activity with Complex I substrates (pyruvate and malate), CII - ETS activity with Complex II substrate (succinate), CI+II - ETS activity with pyruvate, malate and succinate. CI, CII, CI+II indicate control values before H/R stress, CI-R, CII-R and CI+II-R - the corresponding values after H/R stress.


To improve the assay sensitivity and decrease the time for aerobic-anaerobic transition, all subsequent analyses (including ROS emission, supercomplex formation and phosphoproteomics) were conducted in mitochondria respiring at 25°C where the mitochondrial activity was higher. At 25°C, ROS emission in the LEAK state was strongly (by 56%) suppressed after the H/R exposure, whereas ROS emission in the OXPHOS state was not significantly affected by the H/R stress (Figure 4). The rate of the electron leak (measured as a ratio of H2O2 production to O2 consumption) decreased by 49 and 28% in the LEAK and OXPHOS state mitochondria, respectively, after the H/R stress (Figure 4C). The LEAK state mitochondria converted ∼3.6% of consumed O2 to H2O2 under the control conditions, but only ∼1.9% after the H/R stress (Figure 2C). In the OXPHOS state, the mussels’ mitochondria converted ∼1.3% and <1% of consumed O2 to H2O2 under before and after the H/R stress, respectively (Figure 4C).
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FIGURE 4. Effects of hypoxia and reoxygenation (H/R) on oxygen consumption rates (ṀO2) and ROS efflux of isolated digestive gland mitochondria of M. edulis. (A) oxygen consumption rates during LEAK I+II (PLI+II) and OXPHOS respiration, (B) ROS efflux during LEAK I+II (PLI+II) and OXPHOS respiration, (C) Electron leak rate during LEAK I+II (PLI+II) and OXPHOS respiration. All activities were assessed at 25°C. The percentage change following H/R stress was calculated by standardizing the control values at the respective temperatures to 100%. Significant differences in each mitochondrial trait between normoxia (C) and reoxygenation (R) are denoted by asterisks (**P < 0.01).


Supercomplex (CI-CIII) formation was detected in mussels but it was not affected by exposure of isolated mussel mitochondria to H/R stress (Figure 5). The SC abundance relative to that of complex V was instead dependent on the use of detergent, as found previously in several species (Bundgaard et al., 2020a,b).
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FIGURE 5. Resolution of mitochondrial ETS complexes of M. edulis. BN-PAGE of ETS complexes (CI-CV) along with supercomplexes (SC) from M. edulis mitochondria solubilized with DDM or digitonin, with mouse mitochondria (left) used for comparison to identify bands. (A) image of the gel with DDM-treated samples, (B) image of the gel with digitonin-treated samples, and (C) – quantification of the SC band intensity relative to CV band C - control, R - reoxygenation. The gels were stained for protein (blue) and Complex I activity (purple) of three biological replicates (C1-3, controls and H1-3, after H/R stress).




Mitochondrial Phosphoproteome Shifts During the H/R Stress

Proteomic analysis identified 169 mitochondrial phosphorylated proteins in the isolated mitochondria of M. edulis (Supplementary Table 2) out of which 25 (15%) significantly changed in abundance in response to the H/R stress (Welch’s t-test, P < 0.05; Table 2; Supplementary Table 2). Of these, 16 phosphorylated proteins showed an increase in abundance, whereas abundance of 9 phosphorylated proteins decreased.


TABLE 2. List of the mitochondrial phosphoproteins that significantly changed in abundance in response to the exposure of the isolated mitochondria of M. edulis to H/R stress in vitro according to a p-value-based Welch’s t-test (p-value threshold 0.05) performed in Perseus.

[image: Table 2]Among the phosphoproteins upregulated during the H/R stress, two (the NDUFAB1 subunit of the mitochondrial Complex I and A-kinase anchoring protein 1) showed an “off-on” response and were found exclusively in the samples exposed to the H/R stress but not in normoxia (Table 2). Furthermore, eight more phosphorylated proteins showed a large increase in abundance after the H/R stress including kynurenine/α-aminoadipate aminotransferase (7.1-fold increase), propionyl-CoA carboxylase β chain (4.9-fold), cytochrome c oxidase assembly protein (3.8-fold), Golgi phosphoprotein 3 (2.9-fold), Bax inhibitor 1 (2.7-fold), the catalytic subunit of mtDNA polymerase γ (2.4-fold), phosphoenolpyruvate carboxykinase (PEPCK) (2.2-fold) and arginine kinase (1.9-fold) (Table 2). Other upregulated mitochondrial phosphoproteins (involved in the ETS, TCA cycle, amino acid metabolism, and protein processing) showed a 10–70% increase in abundance in response to H/R exposure (Table 2).

Among the phosphorylated mitochondrial proteins that were significantly less abundant after the H/R stress, two proteins (mitochondrial metalloendopeptidase OMA1 and NADH:ubiquinone oxidoreductase subunit AB1) showed an “on-off” response (i.e. were not detected in the phosphorylated fraction after the H/R stress), and two (glutaryl-CoA-dehydrogenase and hydroxyacid-oxoacid transhydrogenase) showed a 2.5-fold decrease in the abundance after the H/R stress (Table 2). Six phosphorylated proteins including the NDUFB11 subunit of the mitochondrial Complex I, F-type H+-transporting ATPase subunits γ and f, mitochondrial ribosomal protein S22, and two enzymes involved in the intermediary metabolism [Δ(3,5)-Δ(2,4)-dienoyl-CoA isomerase, and 2-methoxy-6-polyprenyl-1,4-benzoquinol methylase] showed a modest but statistically significant decrease (by 30–40%) in abundance after the H/R stress (Table 2). Two more proteins showed large but statistically non-significant changes in the abundance of the phosphorylated form after H/R stress, including translocase of outer membrane 20 (TOM20) that was not found in the mitochondrial phosphoproteome after H/R stress, and reticulon-4-interacting protein that showed a >5-fold decrease in phosphorylated form abundance (Supplementary Table 2).



DISCUSSION

Mussels’ mitochondria show robust coupling and 2.2–2.5-fold increase in both LEAK and OXPHOS respiration during a temperature increase from 15 to 25°C. Elevated temperature led to higher ROS efflux in the mussels mitochondria proportional to the increase in ṀO2 so that electron leak rate (i.e., the fraction of consumed oxygen converted to ROS) did not change during warming. Interestingly, the ROS emission in the OXPHOS state was less temperature sensitive (Q10 = 1.6) than ROS emission of the resting (LEAK state) mitochondria (Q10 = 2.4–2.5). Such thermally robust mitochondrial function might reflect adaptations to fluctuating temperature regimes in this typical intertidal species that colonized the subtidal zone of the Baltic Sea about 10,000 years ago (Śmietanka et al., 2014).


H/R Stress Improves Mitochondrial Efficiency and Suppresses ROS Formation

Mitochondrial oxygen consumption is a driving force of the electron flux in the ETS and ATP production by OXPHOS, as well as a protective mechanism against oxygen toxicity (Sung et al., 2010). As the major oxygen consumers and ROS producers, mitochondria are key targets of H/R stress. Mitochondrial tolerance to intermittent hypoxia requires the ability to maintain high respiration flux while avoiding excessive ROS production during oxygen fluctuations (Sokolova et al., 2019). Our present study indicates that the mitochondria of the blue mussels M. edulis show features consistent with the hypoxia-tolerant phenotype. Thus, isolated mitochondria of M. edulis exposed to H/R stress in vitro showed a 5–18% decrease in proton leak rate and a 5–14% increase in OXPHOS activity resulting in higher coupling efficiency of mitochondria. Mitochondrial proton leak causes uncoupling of oxygen consumption from ATP synthesis and must be compensated by consumption of additional oxygen and substrates to maintain the activity of ETS proton pumps and prevent depolarization of the mitochondrial membrane. Therefore, lower proton leak during reoxygenation in the mussel mitochondria can contribute to improved ATP synthesis efficiency and decrease energy costs of mitochondrial maintenance. Furthermore, an increase in the OXPHOS rate after reoxygenation indicates improved ATP synthesis capacity in the mussel mitochondria. This increase appears largely driven by improved capacity of the mitochondrial ETS to utilize succinate whereas the ability to oxidize NADH-linked substrates such as pyruvate is not affected. Succinate is a common anaerobic end product in marine bivalves that accumulates in high concentrations during hypoxia (Hochachka and Mustafa, 1972; Bayne, 2017). High succinate oxidation capacity might be metabolically beneficial during post-hypoxic recovery in mussels helping to generate ATP with a highly abundant substrate (succinate) and restore normal levels of metabolic intermediates. Elevated OXPHOS and ETS capacity after H/R stress might thus assist in restoring of energy homeostasis after hypoxia and contribute to the increase in oxygen consumption during post-hypoxic recovery (so called “oxygen debt”) commonly found in hypoxia-tolerant invertebrates and fish (Ellington, 1983; Lewis et al., 2007; Vismann and Hagerman, 2008).

Exposure of isolated mussels’ mitochondria to H/R stress strongly modulated mitochondrial ROS emission, which is considered a main driver of H/R-induced mitochondrial stress and injury (Honda et al., 2005; Cadenas, 2018). In hypoxia-sensitive organisms such as terrestrial mammals, post-hypoxic reoxygenation commonly leads to a burst of ROS production causing damage to mitochondrial membrane and proteins and suppression the ETS activity and ATP production (Honda et al., 2005; Venditti et al., 2013; Cadenas, 2018). The damage to ETS further enhances electron leak and ROS production resulting in a vicious cycle of ROS-induced ROS release (Zorov et al., 2006). Unlike this detrimental pattern commonly observed in mammals, mitochondria of M. edulis suppressed electron leak in response to H/R stress. The overall rate of ROS emission and the electron leak rate were strongly (by ∼56 and ∼49%, respectively) suppressed in the LEAK state mitochondria of mussels after H/R stress. The ROS emission rate in the OXPHOS state did not significantly decrease after H/R stress, but the opposing effects of H/R stress on the oxygen consumption (i.e., a slight increase) and ROS emission (a slight decrease) combined to produce a significant (by ∼28%) suppression of the electron leak rate in the OXPHOS state mitochondria. These changes in the ROS emission and electron leak rates induced by the H/R stress can prevent oxidative stress and mitochondrial damage during reoxygenation and might reflect adaptation of the mussels to frequent fluctuation in the oxygen conditions experienced in intertidal and estuarine habitats. From the perspective of oxidative stress mitigation, suppression of the ROS emission in the LEAK state, where electron leak rates and ROS generation rates are high due to the high mitochondrial membrane potential (Miwa and Brand, 2003; Lambert and Brand, 2004), might play an especially important protective role during H/R stress in mussel mitochondria.

Earlier studies using exposures to H/R in vivo (e.g., in whole organisms) or in situ (e.g., during ischemia-reperfusion of organs, tissues, or intact cells) also show robust mitochondrial ETS and OXPHOS function in hypoxia-tolerant species contrasting the loss of OXPHOS capacity and suppressed ETS activity commonly observed in hypoxia-tolerant species (Pamenter, 2014; Sokolova, 2018; Cheng et al., 2021). Thus, OXPHOS respiration and ETS activity were greatly impaired after H/R exposure in hypoxia-sensitive organisms like rainbow trout (Oncorhynchus mykiss) (Onukwufor et al., 2014, 2016, 2017), bay scallops (Argopecten irradians) (Ivanina et al., 2016) and mammals (Paradis et al., 2016; Lesnefsky et al., 2017). A decrease in the mitochondrial OXPHOS rates was also found in isolated rainbow trout mitochondria (Onukwufor et al., 2014) and in permeabilized heart fibers of a hypoxia-sensitive shovelnose ray (Aptychotrema rostrata) (Hickey et al., 2012) after exposure to H/R stress in vitro. Mitochondrial ETS and OXPHOS rates of hypoxia-tolerant organisms such as freshwater turtles, fish, and benthic and intertidal marine bivalves (clams, oysters, mussels) remained constant or increased after H/R exposure in vivo (Hickey et al., 2012; Cook et al., 2013; Galli and Richards, 2014; Du et al., 2016; Ivanina et al., 2016; Gerber et al., 2019; Napolitano et al., 2019; Ouillon et al., 2021) but not after anoxic exposure in freshwater turtles, where mitochondrial respiration was suppressed (Galli et al., 2013; Bundgaard et al., 2018, 2020a). Similarly, an increase in OXPHOS activity was found in isolated mitochondria of hypoxia-tolerant zebrafish (Danio rerio) after H/R exposure in vitro (Napolitano et al., 2019) but a decrease in OXPHOS was found after in vivo prolonged hypoxia of zebrafish in permeabilized skeletal muscle fibers (Cadiz et al., 2019). Taken together, our present findings and earlier published research indicate that, although different responses to hypoxia may take place in some vertebrate species (Pamenter, 2014; Pamenter et al., 2016, 2018; Bundgaard et al., 2020b), in bivalves the mitochondrial phenotype associated with hypoxia tolerance involves the ability to maintain or enhance OXPHOS capacity, mitigate ROS emission and prevent collapse of the ETS during reoxygenation, and that these mitochondrial traits are partially independent of cellular or organismal regulatory mechanisms.



Mitochondrial Proteome Rearrangements During H/R Stress: Dynamics of Supercomplexes

Supercomplexes are dynamic structures consisting of different combinations of complexes involved in the ETS system that can undergo rearrangement in response to varying physiological or environmental conditions including hypoxia (Ramírez-Aguilar et al., 2011; Timón-Gómez and Barrientos, 2020). In hypoxia-exposed mammalian mitochondria, CI was reversibly deactivated (Galkin et al., 2009) likely due to dissociation of the large supercomplexes containing CI, CIII, and CIV, although the capacity of the individual respiratory complexes was intact (Rosca et al., 2008). In plants, SCs were observed to dissociate and reassemble during H/R stress as a result of cellular acidification (Ramírez-Aguilar et al., 2011). However, our present study in mussels as well as recent research in hypoxia-tolerant freshwater turtles (Bundgaard et al., 2018) shows that the dynamic rearrangement of SCs is not involved in response to hypoxia in these species. In M. edulis, H/R stress did not influence the SCs’ abundance (Figure 5), and stability of CICIII2 SC during H/R stress was reported in freshwater turtles (Bundgaard et al., 2018). The functional significance of SC rearrangement remains debatable (Signes and Fernandez-Vizarra, 2018; Timón-Gómez and Barrientos, 2020), and the role of SC stability in maintaining robust ETS activity or in limiting ROS during oxygen fluctuations in hypoxia-tolerant organisms requires further investigation. It is worth noting that SC of ectotherms appear generally more stable than those of mammals, regardless of the species-specific hypoxia tolerance (Bundgaard et al., 2020a,b). Thus, it is possible that the stability of SCs in the mitochondria of mussels observed in our present study is a shared ectotherm trait rather than adaptation to hypoxic stress.



Phosphoproteome Shifts

Reversible phosphorylation is emerging as a pivotal posttranslational modification (PTM) mechanism involved in the regulation of mitochondrial functions (Pagliarini and Dixon, 2006; Helling et al., 2012). The steadily increasing numbers of reported mitochondrial kinases, phosphatases, and phosphoproteins imply an important role of protein phosphorylation in different mitochondrial processes, including responses to H/R stress (Goldenthal and Marín-García, 2004; Horbinski and Chu, 2005). Mitochondrial proteome phosphorylation patterns and their role in the responses to H/R stress are less well studied in hypoxia-tolerant organisms including mollusks. Differential phosphorylation of proteins associated with OXPHOS, Krebs cycle, and intermediary metabolism has been reported during H/R exposure in vivo in the hypoxia-tolerant Pacific oyster, C. gigas (Sokolov et al., 2019). Furthermore, H/R exposure in vivo modulated activities of protein kinases A and C in the mitochondria of M. edulis, C. gigas, and Arctica islandica (Falfushynska et al., 2020). Our present study demonstrates that reversible protein phosphorylation is also involved in the intrinsic mitochondrial responses to H/R stress that act independently of the cellular context during in vitro exposures to fluctuating oxygen conditions. The pathways regulated by reversible phosphorylation during H/R stress in isolated mussel mitochondria include ETS and OXPHOS (10 out of 25 differentially phosphorylated proteins), amino acid and fatty acid metabolism (6 proteins), mitochondrial protein and mtDNA homeostasis (5 proteins), and substrate-level phosphorylation (2 proteins). It is worth noting that in our present study, the change in the protein abundance in the phosphoprotein fraction after H/R stress was interpreted as a change in the phosphorylation state of the respective protein due to PTM. In principle, changes in the abundance of a certain phosphoprotein might also reflect changes in the total protein abundance in the mitochondria due to de novo synthesis and/or protein degradation. However, these alternative explanations appear less likely given the cell-free system and the short exposure times (10 min in anoxia followed by immediate sample collection after reoxygenation) used in the present study.

Of note, H/R exposure of isolated mussels’ mitochondria led to a major increase in abundance of phosphorylated A-kinase anchoring protein 1 (AKAP1). AKAP1 is a scaffold protein that recruits protein kinase A (PKA) and other signaling proteins, as well as RNA, to the outer mitochondrial membrane (Liu et al., 2020). AKAP1 acts as a signaling hub regulating metabolic homeostasis and mitochondrial quality control and is involved in response to H/R stress in mitochondria (Merrill and Strack, 2014; Liu et al., 2020). In mammalian models, AKAP1 becomes phosphorylated in response to energy stress via AMP-activated protein kinase (AMPK)-dependent mechanism, and this phosphorylation is essential for activation of mitochondrial respiration (Liu et al., 2020). Although the mechanisms of AKAP1-dependent mitochondrial regulation are not yet fully unraveled, multiple studies indicate that functional AKAP1 is essential for cell survival during H/R stress and is involved in regulation of PKA activity in mitochondria [review in Merrill and Strack (2014); Liu et al. (2020)]. If similar mechanisms exist in mussel mitochondria, phosphorylation of AKAP1 might indicate an adaptive response to a decrease in ATP levels during H/R stress and positively modulate mitochondrial respiration and PKA recruitment. The latter hypothesis is also consistent with an important role of PKA in regulating the mitochondrial ETS activity in mussels (Falfushynska et al., 2020).

Mitochondrial Complex I is an important target for PTM-dependent regulation during H/R stress in animals including mammals (Gowthami et al., 2019) and mollusks (Falfushynska et al., 2020). Complex I activity is often down-regulated in response to H/R stress as a mechanism to suppress mitochondrial ROS generation by reversible electron transport (RET) (Pell et al., 2016); however, the role of reversible protein phosphorylation in this regulation is not known. In marine bivalves including mussels, Complex I activity is responsive to experimental manipulation of the phosphorylation status (Falfushynska et al., 2020). In M. edulis, PKA-dependent phosphorylation led to an increase in Complex I activity whereas PKC-dependent phosphorylation had no effect (Falfushynska et al., 2020). Unspecific dephosphorylation (by cerium oxide) suppressed Complex I activity (Falfushynska et al., 2020). Our present study strongly indicates that H/R stress affects phosphorylation status of several Complex I subunits in M. edulis. Thus, the subunit NDUFAB1 of Complex I was exclusively phosphorylated in the mitochondrial samples exposed to H/R, and the abundance of the phosphorylated forms of NDUFS2 and NDUFB6 increased by 30–60% after the H/R stress. In contrast, the abundance of the phosphorylated NDUFB11 decreased by 40% after the H/R stress. Functional implications of PTM of these subunits are not known in M. edulis. Interestingly, the subunit NDUFAB1 that is exclusively phosphorylated in the mussels after H/R stress is known to play a protective role during H/R stress in mammalian mitochondria supporting high respiratory flux, stabilizing supercomplexes and mitigating ROS generation (Hou et al., 2019). It is tempting to speculate that a similar protective mechanism mediated by the PTM of NDUFAB1 subunit might be in play in the mussels’ mitochondria during H/R stress, but this hypothesis requires further investigation.

It is worth noting that mitochondrial Complex IV was not affected by PTM during H/R stress in the mussels’ mitochondria. In mammals, Complex IV is considered a key regulatory target during hypoxia whose activity and oxygen sensitivity is modulated by PTM (including reversible phosphorylation) (Prabu et al., 2006; Kadenbach, 2021) and differential expression of hypoxia-specific subunits (Kocha et al., 2015). In M. edulis, Complex IV can also be modulated by experimental phosphorylation/dephosphorylation, albeit to a lesser extent than Complex I (Falfushynska et al., 2020). In marine mollusks including M. edulis, cytochrome c oxidase is not considered rate-limiting due to the high apparent excess capacity of this enzyme relative to the maximum ETS activity (Sokolov et al., 2019; Sokolov and Sokolova, 2019; Ouillon et al., 2021). Furthermore, oxygen affinity of cytochrome c oxidase does not appear modulated by H/R stress in marine bivalves (Ouillon et al., 2021). This indicates that cytochrome c oxidase might be less important as a regulatory target of ETS during H/R stress in mollusks. Consistent with this notion, none of the Complex IV subunits were identified as differentially phosphorylated during H/R stress in our present analysis. Interestingly, H/R stress led to a major increase (by ∼3.8-fold) of the phosphorylated form of cytochrome c oxidase assembly protein COX11. This protein acts as copper chaperone delivering Cu2+ to the active center of cytochrome c oxidase and might be involved in mitigation of ROS generation in mitochondria (Radin et al., 2015). It is possible that elevated phosphorylation levels of this protein might affect redox properties or Cu2+ binding affinity of this protein; however, at present the functional implications of COX11 PTM remain speculative.

H/R stress resulted in a modest (by ∼30%) but statistically significant decrease in the abundance of phosphorylated subunits γ and f of the mitochondrial Fo, F1-ATPase in the mussels and a ∼70% increase in abundance of phosphorylated mitochondrial protease ATP23 responsible for F0, F1-ATPase assembly. These findings indicate that Fo, F1-ATPase is another target of regulatory PTM during H/R stress in bivalve mitochondria. Phosphorylation of ATPase subunits (particularly subunit γ) plays an important role in Fo, F1-ATPase assembly (Reinders et al., 2007). In yeast, dephosphorylation of subunit γ facilitates oligomerization of Fo, F1-ATPase enhancing its activity (Reinders et al., 2007). If a similar mechanism exists in mussels, dephosphorylation of subunit γ of Fo, F1-ATPase would activate Fo, F1-ATPase through enhanced oligomerization in the inner mitochondrial membrane and might contribute to the observed increase in the OXPHOS activity after the H/R stress in mussels.

Amino acid and fatty acid catabolism in mitochondria represents another key target for regulation through PTM in bivalve mitochondria as shown by differential phosphorylation levels induced by the H/R stress in multiple enzymes involved in the respective pathways. Overall, six enzymes involved in amino acid and fatty acid catabolism appeared differentially phosphorylated in the control and H/R exposed mitochondria of mussels (Table 2). Most of these phosphorylated enzymes showed a modest change in abundance (typically, ∼20–40% change compared with the controls), except glutaryl-CoA dehydrogenase (showed a 2.5 decrease in the phosphorylation level) and phosphorylated kynurenine/alpha-aminoadipate aminotransferase and propionyl-CoA carboxylase beta chain that showed a ∼−5–7-fold higher abundance after H/R stress. In oysters (C. gigas), phosphorylated forms of enoyl-CoA isomerase and acyl-CoA dehydrogenase family enzymes (involved in amino acid and fatty acid catabolism) decreased in abundance after H/R stress in vivo (Sokolov et al., 2019). Presently, the functional consequences of reversible phosphorylation of these enzymes are not known but their high representation in differentially expressed mitochondrial phosphoproteome of bivalves after H/R stress indicates the importance of modulation of amino acid and fatty acid metabolism, possibly to facilitate the use of diverse mitochondrial substrates for ATP production during post-hypoxic recovery.

Mitochondrial protein quality control mechanisms play a key role in maintaining the integrity of the mitochondrial proteome and are commonly regulated during H/R stress at the transcriptional, translational and post-translational levels (Sokolov et al., 2019; Falfushynska et al., 2020; Steffen et al., 2020). Among these proteins, mitochondrial metalloendopeptidase OMA1 appears an important target for PTM. In M. edulis, the abundance of phosphorylated OMA1 form was strongly down-regulated in H/R stress, so that no phosphorylated form of OMA1 was found in the mitochondrial proteome after H/R stress. Similarly, in C. gigas exposed to hypoxia in vivo the abundance of phosphorylated OMA1 decreased ∼6-fold in hypoxia, and no phosphorylated OMA1 was found after 1 h of reoxygenation (Sokolov et al., 2019). These findings indicate that dephosphorylation of OMA1 plays an important role in response to H/R stress, particularly the post-hypoxic recovery, in facultative anaerobes such as marine bivalves, and can occur via intrinsic mitochondrial mechanisms. Dephosphorylation of OMA1 in response to low mitochondrial ATP levels might activate this enzyme, thereby fostering mitochondrial fragmentation and suppressing mitochondrial fusion in stress (Baker et al., 2014; Bohovych et al., 2015; Sokolov et al., 2019). Other important proteins involved in the maintenance of mitochondrial proteome showed an apparent change in phosphorylation status after the H/R stress (including the mitochondrial ribosomal protein S22, TOM20 and mitochondrial processing peptidase subunit beta), consistent with the key role of protein homeostasis in mitochondrial stress resistance (Sokolova, 2018). However, the functional implications of PTM of these proteins are not yet known even in model organisms and therefore, no conclusions can presently be drawn with regard to their possible effects on mussel mitochondria.

In conclusion, our study shows that isolated digestive gland mitochondria of the blue mussel M. edulis possess intrinsic regulatory mechanisms that improve mitochondrial efficiency and limit ROS generation during hypoxia-reoxygenation transition. These adaptive functional changes are triggered by oxygen fluctuations in isolated mitochondria within minutes and thus reflect autonomous mitochondrial mechanisms that do not require an intact cellular environment or retrograde nuclear signaling. The intrinsic mitochondrial responses to H/R stress are at least in part dependent on the shifts in the mitochondria phosphoproteome including such key pathways as OXPHOS, amino acid and fatty acid catabolism, and protein quality control, but do not appear to involve a change in SC formation. The findings of our present study complement earlier research that showed an important role of PTM in regulating glycolytic metabolic fluxes and substrate-level phosphorylation (Brooks and Storey, 1995, 1997; Russell and Storey, 1995; Dawson et al., 2013; Lama et al., 2013; Storey, 2015) and highlight the importance of reversible protein phosphorylation as a global metabolic regulatory mechanism during oxygen fluctuations in facultative anaerobes.
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Heat shock proteins (HSPs) are a large class of highly conserved chaperons, which play important roles in response to elevated temperature and other environmental stressors. In the present study, 5 HSP90 genes and 17 HSP70 genes were systematically characterized in spotted seabass (Lateolabrax maculatus). The evolutionary footprint of HSP genes was revealed via the analysis of phylogeny, chromosome location, and gene copy numbers. In addition, the gene structure features and the putative distribution of heat shock elements (HSEs) and hypoxia response elements (HREs) in the promoter regions were analyzed. The protein-protein interaction (PPI) network analyses results indicated the potential transcriptional regulation between the heat shock factor 1 (HSF1) and HSPs and a wide range of interactions among HSPs. Furthermore, quantitative (q)PCR was performed to detect the expression profiles of HSP90 and HSP70 genes in gill, liver, and muscle tissues after heat stress, meanwhile, the expression patterns in gills under alkalinity and hypoxia stresses were determined by analyzing RNA-Seq datasets. Results showed that after heat stress, most of the examined HSP genes were significantly upregulated in a tissue-specific and time-dependent manners, and hsp90aa1.1, hsp90aa1.2, hsp70.1, and hsp70.2 were the most intense responsive genes in all three tissues. In response to alkalinity stress, 11 out of 13 significantly regulated HSP genes exhibited suppressed expression patterns. Alternatively, among the 12 hypoxia-responsive-expressed HSP genes, 7 genes showed induced expressions, while hsp90aa1.2, hsp70.1, and hsp70.2 had more significant upregulated changes after hypoxic challenge. Our findings provide the essential basis for further functional studies of HSP genes in response to abiotic stresses in spotted seabass.
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INTRODUCTION

Heat shock proteins (HSPs) are a large group of molecular chaperones with highly conserved sequence structures, which are classified into five families, namely, HSP90, HSP70, HSP60/HSP10, HSP40, and small heat shock protein (sHSP) based on their molecular weights (MWs). The expressions of HSPs are constitutive as housekeeping genes in unstressed cells or induced significantly by abiotic and biotic stressors (Feder and Hofmann, 1999). Since the first discovery of HSPs in the salivary gland cells of the fruit fly (Drosophila busckii) (Ritossa, 1962; Tissiéres et al., 1974), the identification and function studies of HSPs have been widely reported in a broad range of vertebrates and invertebrates. For aquaculture species, HSP90 and HSP70 are the most widely studied HSPs in the very large HSP family, which are essential for the maintenance of protein homeostasis and cellular recovery after various environmental stresses (Hangzo et al., 2016; Umam et al., 2016; Gupta et al., 2020).

Heat shock proteins 90 and HSP70 genes are evolutionarily conserved molecular chaperones that are important for the folding and regulation of a variety of cellular proteins in an adenosine triphosphate (ATP)-dependent manner (Sib Sankar et al., 2014). In humans, 6 HSP90 genes (HSP90AA1, HSP90AA2, HSP90AB1, HSP90B1, TRAP1, and HSP90N) and 17 HSP70 genes (HSPA6, HSPA7, HSPA4L, HSPA9B, HSPA4, HSPA1L, HSPA1A, HSPA1B, HSPA5, HSPA12A, HSPA14, HSPA8, HYOU1, HSPH1, HSPA2, HSPA12B, and STCH) were identified (Chen et al., 2005; Brocchieri et al., 2008). Functional HSP90 is a homodimer with each monomer composed of three major domains: an ATP binding N-terminal domain (N-domain) (Prodromou et al., 1997), a protein-binding middle domain (M-domain), and a C-terminal domain (C-domain) that interacts with co-chaperones (Street et al., 2011; Xie et al., 2015). The three domains that are linked via flexible linkers can homodimerize to create an HSP90 active unit, which has a conserved function in the reconfiguration of abnormally folded proteins to their normal state through ATP hydrolysis and structural rearrangement (Zuehlke and Johnson, 2010). HSP70s are the most highly conserved HSPs, which contain two major domains: an N-domain that controls the interaction with the client protein, and a C-domain, which is the substrate-binding domain that identifies the hydrophobic regions in the client during its initial folding stage. The two domains are also connected by a flexible linker (Bukau et al., 2006; Gupta et al., 2020). When HSP70 is not bound to a cellular protein, its ATPase activity is lower than average. The co-chaperon, J-domain protein family, assists client protein to bind with HSP70, vitalizing its ATPase activity, and facilitating protein folding and transport (Gupta et al., 2020). HSP70 transforms to its apo form by liberating ADP from it after the J-domain protein leaves this, which makes the N-domain engage ATP, leading to native conformation of client protein to release (Schlecht et al., 2011; Gupta et al., 2020). In addition to carrying out chaperone activities independently, HSP90 and HSP70 were identified to interact directly and collaborate to assist in numerous cellular progresses (Wegele et al., 2006; Zuehlke and Johnson, 2010; Doyle et al., 2019; Gupta et al., 2020).

Fish are frequently subjected to varieties of environmental pressures, such as high or low temperature, low oxygen, osmotic stress, or other challenges caused by poor water quality. Owing to the important roles of HSP90 and HSP70 genes in response to abiotic stress factors, it is of great significance to understand their molecular structures and functional mechanism in teleosts. As the increasing number of available genomic resources, more and more HSP90 genes and HSP70 genes have been discovered in teleost species, and their potential involvement under environmental stresses have been investigated by examining the gene expression changes. For example, a total of 8 HSP90 and 16 HSP70 genes were identified in rainbow trout (Oncorhynchus mykiss), respectively (Ma et al., 2020; Ma and Luo, 2020). The significantly differential expressions of six HSP90 genes and four HSP70 genes in the liver, and six HSP90 genes and six HSP70 genes in the head kidney were reported after heat stress treatment, indicating they may take part in heat stress response in rainbow trout (Ma et al., 2020). In large yellow croaker (Larimichthys crocea), systematic gene characterization has been conducted for the HSP70 family and 17 genes have been identified. By examining RNA-seq data, six HSP70 genes were significantly upregulated or downregulated in the liver after cold or heat challenge, indicating their involvement in defending against thermal stresses (Xu et al., 2018). Moreover, the complete gene sets of HSP90 and/or HSP70 have been identified for channel catfish (Ictalurus punctatus) and mudskipper (Boleophthalmus pectinirostris) (Song et al., 2014; Xie et al., 2015; Deng et al., 2019). In addition, differentially expression of HSP90 and HSP70 genes after the hypoxia stress (Shi et al., 2020), hypotonic stress (Umam et al., 2016), and ammonia stress (Hangzo et al., 2016) has been demonstrated in fishes. These studies suggest that HSP90 and HSP70 genes are potential modulators participating in the heat and other abiotic stress, and the functions of HSPs genes may vary among different teleost species.

Spotted seabass (Lateolabrax maculatus; L. maculatus) is an economically important aquaculture fish species in China of its high yield, high nutritional value, and pleasant taste (Liu et al., 2020; Yu et al., 2020) with the annual production exceeding 190,000 tons in recent years (China Fishery Statistical Yearbook, 2021; Li et al., 2021). Nevertheless, it is facing various environmental threatens, such as heat stress caused by global warming, salinity stress derived from tidal water flow, and the oxidative stress along with the development of intensive aquaculture. These stressors lead to a reduction of the fitness of fish or even death, severely affecting its economic benefits. However, little is known about the roles of HSP molecular chaperones under environmental stresses in spotted seabass. Therefore, in this study, systematic identification and characterization of HSP90 and HSP70 genes were conducted in spotted seabass. Through phylogenetic and homology analyses, their annotation was determined, and their evolutionary relationship was clarified. Furthermore, the presence of conserved Cis-regulatory elements in the promoter region and the potential protein interaction network dominated by HSP90 and HSP70 were predicted. To provide insight into the function of the HSP90 and HSP70 genes of spotted seabass in response to various environmental stresses, their expression profiles in target tissues were detected after being challenged by different abiotic stress conditions, such as heat, alkalinity, and hypoxia stresses. Our results will reveal the molecular characteristics of the HSP90 and HSP70 gene family in spotted seabass and provide a theoretical basis for the in-depth study of their biological functions under abiotic stresses.



MATERIALS AND METHODS


Identification of Heat Shock Protein Genes in Spotted Seabass

To identify HSP90 and HSP70 genes in L. maculatus, the reference genome (BioProject: PRJNA408177) and transcriptomic databases (SRR4409341, SRR4409397) were searched using TBLASTN based on the query sequences of HSP90 and HSP70 genes from human, mouse (Mus musculus), chicken (Gallus gallus), tropical clawed frog (Xenopus tropicalis), zebrafish, spotted gar (Lepisosteus oculatus), Mexican tetra (Astyanax mexicanus), tongue sole (Cynoglossus semilaevis), Atlantic salmon (Salmo salar), and channel catfish (Ictalurus punctatus) retrieved from the National Center for Biotechnology Information (NCBI)1 and previous research (Song et al., 2014) (The query sequence identifiers are listed in Supplementary Table 1), with a cutoff E-value of 1e––5. The open reading frames (ORFs) were predicted, and the retrieved sequences were translated by ORF Finder.2 Predicted ORFs were validated by BLASTP against NCBI non-redundant protein database.

The gene copy numbers of HSP90 and HSP70 family were compared based on the genome databases of spotted seabass and several selected vertebrates, such as human, mouse, chicken, zebrafish, channel catfish, Japanese medaka (Oryzias latipes), fugu (Takifugu rubripes), spotted gar, large yellow croaker, and Nile tilapia (Oreochromis niloticus). The chromosomal location of each HSP gene was shown according to the coordinates of each HSP gene on the spotted seabass genome.



Phylogenetic and Syntenic Analysis

Phylogenetic analysis was conducted using the amino acid sequences of HSP90 and HSP70 genes from several representative vertebrates retrieved from NCBI and Ensembl3 databases, such as human, mouse, chicken, zebrafish, spotted gar, Atlantic salmon, channel catfish, Nile tilapia, large yellow croaker, fugu, and Japanese medaka (Supplementary Table 1). After conducting multiple alignments of HSP sequences by MUSCLE with default parameters, the phylogenetic tree was constructed using MEGA 7 with the neighbor-joining method. Jones-Taylor-Thornton (JTT) + invariant sites (I) + gamma distribution for modeling rate heterogeneity (G) model was selected and bootstrapping with 1,000 replications was conducted to evaluate the phylogenetic tree. The tree was further modified using Interactive Tree of Life 6 (iTOL 64).

The syntenic analysis was performed to provide additional evidence for the annotation of the duplicated HSP90 and HSP70 genes. The neighboring genes of hsp90aa1, hspa8a, hyou1, hsp70.1, and hsp70.2 were identified from spotted seabass reference genome and further compared with the genome regions of selected representative vertebrates, which were obtained from NCBI and Genomicus databases 100.015.



Sequence Analysis of HSP90 and HSP70 Genes

Protein characteristics (MW and isoelectric points, pIs) of HSP genes in spotted seabass were predicted by the Prot Param tool6 using the deduced amino acids. The homologous domain was surveyed by the SMART 7.0 program7 and the NCBI conserved domain database.8 The gene structures of HSPs were obtained from the L. maculatus reference genome database and were visualized using the GSDS 2.0 software.9 The conserved motifs of HSPs were observed with the MEME online tool10 and were displayed using TBtools 1.068.

For the prediction of heat shock elements (HSEs) and hypoxia response elements (HREs), 2-kb upstream regions from the transcription start site (TSS) of each HSP gene were extracted from the spotted seabass reference genome and analyzed using JASPAR 2018 server.11



Protein-Protein Interaction Network Prediction

The Protein-Protein Interaction (PPI) relationships of the HSPs were predicted by constructing a zebrafish association model using STRING 11.0 software12 with deduced amino acid sequences of spotted seabass.



Heat Stress Experiment

The heat stress experiment was conducted at Shuangying Aquaculture Company, Dongying, Shandong, China. Sixty spotted seabass juveniles (body length: 13.33 ± 0.24 cm, body weight: 38.96 ± 2.01 g) were collected and acclimated for 2 weeks in a tank [5 m × 5 m × 1.5 m (L × W × H)]. During acclimation period, the experimental conditions were kept constant, such as water temperature (25.0 ± 1.0oC), pH (7.5 ± 0.4), salinity (31 ± 1.0 ppt), and dissolved oxygen (DO) (7.0 ± 0.5 mg/L).

After acclimation, 60 individuals were transferred to three tanks at the density of 20 per tank. The temperature was settled as 25oC, and fish were acclimated for 48 h. After that, the water temperature was increased at a constant rate of 1oC/h until it reached 32°C, and thereafter, the temperature was maintained. Three individuals per tank were sampled at each time point, such as 0 h (H0), 10 h (3 h after heat stress, H3), 19 h (12 h after heat stress, H12), and 31 h (24 h after heat stress, H24) after heat stress (Supplementary Figure 1). Sampled fish were anesthetized with tricaine methanesulfonate (MS-222, 200 mg/L), and gill, liver, and muscle tissues were dissected and flash-frozen in liquid nitrogen for RNA extraction.



Expression of HSP90 and HSP70 Genes Under Heat Stress by Quantitative Real-Time PCR Analysis

Total RNA of gill, liver, and muscle tissues in heat stress experiment was extracted using TRIzol reagent (Invitrogen, Waltham, CA, United States) according to the instructions of manufacturer. RNA concentration and integrity were measured by using the Biodropsis BD-1000 nucleic acid analyzer (Beijing Oriental Science & Technology Development Ltd., Beijing, China) and 1.5% agarose gel electrophoresis, respectively. cDNA was synthesized using PrimeScriptTM RT reagent Kit (Takara, Otsu, Japan) following the protocol of the manufacturer. qPCR was performed using the StepOne Plus Real-Time polymerase chain reaction (PCR) system (Applied Biosystems, Foster City, CA, United States) to detect the expression patterns of HSP90 and HSP70 mRNA. Primers of HSP90 and HSP70 genes were designed by Primer 6 software (Table 1). 18S rRNA was used as the internal control to correct the qPCR veracity, and the samples were run in triplicate (Wang et al., 2018). The 20 μl qPCR reaction volume included 2 μl template cDNA, 0.4 μl each forward/reverse primer, 10 μl 2 × ChamQ SYBR Color qPCR Master Mix, and 7.2 μl of nuclease-free water. The qPCR amplification was carried out using the following procedures: 95oC for 30 s and 40 cycles of 95oC for 5 s, 55oC for 30 s, and 72oC for 30 s. The relative mRNA expression levels of HSP90 and HSP70 genes were calculated according to the 2–ΔΔCT method.


TABLE 1. Primers used for quantitative real-time PCR (qPCR).
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ANOVA and Duncan’s multiple tests were applied to assess the means of the relative mRNA expression level using SPSS 26.0 software. The differences were considered as statistically significant when the P-value < 0.05. The graphs were depicted by the software of GraphPad Prism.8.0.2.



Expression Profiles of HSP90 and HSP70 Genes Following Alkalinity and Hypoxia Treatments by Analysis of RNA-Seq Datasets

To investigate the responsiveness of HSP90 and HSP70 genes to different abiotic stress conditions, RNA-Seq datasets generated by our previous challenge experiments of alkalinity and hypoxia were used to determine the gene expression pattern.

Briefly, for the alkalinity challenge experiment, 1-year-old spotted seabass individuals (body weight: 140.32 ± 2.56 g) were firstly acclimated in fresh water (pH: 7.8 ± 0.4) for 30 days. Carbonate-alkalinity solution was prepared by adding NaHCO3 (12.8 mmol/L) and Na2CO3 (2.6 mmol/L) to fresh water and aerated for 24 h before the experiment. The carbonate alkalinity (mmol/L) was monitored every day during the exposure period using acidimetric titrations. After acclimation, 45 spotted seabass individuals were immediately transferred to three replicated 100 L square tanks with alkaline water (carbonate alkalinity: 18 ± 0.2 mmol/L), and the dissolved oxygen concentration, temperature, and pH were maintained at 7.1 ± 0.4 mg/L, 22 ± 1oC and pH: 9.0 ± 0.2, respectively. The fish were not fed during the stress experiment. Gill tissues of three fish individuals in each tank were sampled at several time points, such as 0, 12, 24, and 72 h after alkalinity stress. The samples were frozen in liquid nitrogen and stored at − 80oC for RNA extraction. RNA of the three individuals from the same tank was pooled as one sample, and 12 sequencing libraries (3 replicated samples × 4 time points) were generated. Total 150 bp paired-end reads (PRJNA611641) were obtained by the Illumina HiSeq X Ten platform.

For hypoxic treatment experiment, spotted seabass individuals (body weight: 178.25 ± 18.56 g) were randomly divided into two groups: normoxic group (6.89 ± 0.25mg/L) and hypoxic group (1.1 ± 0.14 mg O2/L) in triplicate tanks at the density of 20 fish per tank. The threshold DO level was set as 1.1 ± 0.14 mg O2/L, which was determined by preliminary experiments. The oxygen level of the hypoxia group was reduced to 1.1 ± 0.14 mg/L by bubbling nitrogen gas for 30 min. During the experiment period, the dissolved oxygen levels were maintained constant by a mixture of air and nitrogen gas. Gill tissues of three fish per tank (a total of nine individuals for each time point) were sampled at 0, 3, 6, and 12 h after the hypoxia challenge. A total of 12 sequencing libraries (3 replicated samples X 4 time points) were generated. Total 150 bp paired-end reads (unpublished data) were generated using the Illumina HiSeq 4000 platform.

For each RNA-seq project, the high-quality clean reads from each library were generated using Trimmomatic 0.36 and then mapped to the reference genome of spotted seabass (PRJNA408177) using HISAT 2 (-p 4 –dta -t –phred33) with no mismatch. The mapped reads from alignments were counted and then normalized to determine expected number of Fragment Per Kilobase of transcript sequence per Million base pairs sequenced (FPKM). Differential expression in fold change of each HSP gene was determined based on the ratio of the expression value. Differential expression statistical analysis was performed using the DESeq 2 R package with P-value < 0.05.




RESULTS


Identification and Characteristics of HSP90 and HSP70 Genes in Spotted Seabass

A total of 5 HSP90 (hsp90aa1.1, hsp90aa1.2, hsp90ab1, hsp90b1, and trap1) and 17 HSP70 (hspa8a.1, hspa8a.2, hspa8b, hsc70, hspa1b, hsp70.1, hsp70.2, hspa5, hspa9, hspa13, hyou1, hspa4a, hspa4b, hspa4l, hspa14, hspa12a, and hspa12b) genes were identified in spotted seabass. Their detailed information is summarized in Table 2. The ORF of HSP90 genes was ranged from 1,944 to 2,241 bp, encoding protein lengths different from 647 to 744 amino acid (aa). Their predicted MW was varied from 74.22 to 85.31 kDa, and pI were from 4.65 to 5.99. HSP70 genes contained ORFs varying from 1,329 to 2,982 bp in length and encoded proteins with 442 to 993 aa. MWs of HSP70 genes were distinct from 48.10 to 110.39 kDa, and pIs were from 4.95 to 7.22. All HSPs sequences of spotted seabass had been submitted to GenBank databases, and their accession numbers are listed in Table 2.


TABLE 2. Summary of sequence characteristics of HSP90 and HSP70 genes in spotted seabass.
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Phylogenetic and Syntenic Analysis

As shown in Figure 1A, HSP90 genes of spotted seabass were clustered with respective counterparts and four clades were generated, namely, HSP90AA1, HSP90AB1, HSP90B1, and TRAP1, which were consistent with their annotation. Two copies of hsp90aa1 (hsp90aa1.1 and hsp90aa1.2) in spotted seabass were orthologous to teleost hsp90aa1.1 and hsp90aa1.2, respectively.


[image: image]

FIGURE 1. Phylogenetic analyses of (A) HSP90 and (B) HSP70 genes. The phylogenetic tree was constructed by the deduced amino acid sequences with 1,000 bootstrap replications in MEGA 7. Different sizes of predicted amino acids of these genes were represented by the bars upon the phylogenetic tree. The black dots represented the genes of spotted seabass.


All the HSP70 genes of spotted seabass were well distributed into distinct clades and grouped with homologous genes of selected species, supported by strong bootstrap values (Figure 1B). Eleven clades were generated, such as HSPA8, HSPA1, HSPA5, HSPA9, HSPA13, HYOU1, HSPA4, HSPA14, HSPA12, HSPA2/6/7, and HSPH1, and HSP70 genes of spotted seabass were distributed in nine of them (HSPA8, HSPA1, HSPA5, HSPA9, HSPA13, HYOU1, HSPA4, HSPA14, and HSPA12). HSPH1 genes were only discovered for selected tetrapods and a few teleosts, meanwhile hspa2/6/7 was specific to tetrapods. The annotation of five genes (hspa5, hspa9, hspa13, hyou1, and hspa14) with a single copy and duplicated genes, such as hspa12 (hspa12a and hspa12b) and hspa4 (hspa4a, hspa4b, and hspa4l), could be well supported by the phylogenetic relationships, but it is hard to distinguish and name the remaining HSP70 genes with duplicated copies solely by phylogeny.

Thus, syntenic analysis was performed to provide additional evidence for the annotation of three duplicated HSP genes in spotted seabass (Figure 2). For hsp90aa1, the hsp90aa1.1 and hsp90aa1.2 of zebrafish and spotted seabass were tandem located, with highly similar upstream neighbor genes like rps29 and mgat2 and downstream genes as ppp2r5cb, dio3b, slc25a47a and slc25a29. A unique gene copy of HSP90AA1 was found for human, and its neighbor genes, such as WDR20, PPP2R5C, and DIO3, were conserved with tested teleosts (Figure 2A). For all tested three species, hspa8/hspa8a and hyou1 were located at the same chromosome. Duplicated gene copies of hspa8a (hspa8a.1 and hspa8a.2) were identified for spotted seabass, alternatively, human and zebrafish harbored single hspa8 and hspa8a genes, respectively. Neighboring regions of hspa8a were more conserved between zebrafish and spotted seabass in comparison with human (Figure 2B). The synteny analyses of hsp70.1 and hsp70.2 were only conducted in zebrafish and spotted seabass due to the absence of hsp70.1 and hsp70.2 genes in human. As shown in Figure 2C, hsp70.1 and hsp70.2 were tandem duplicated in the zebrafish genome, while hsp70.1 and hsp70.2 in spotted seabass were separated by nlk2, cdipt, and TAO2. However, they shared a relatively conserved genomic neighborhood.


[image: image]

FIGURE 2. Syntenic analysis of (A) hsp90aa1; (B) hspa8a; (C) hsp70.1 and hsp70.2 among human, zebrafish, and spotted seabass.


Taken together, the phylogenetic and syntenic analysis results not only well support the annotation and nomenclature of the HSP90 and HSP70 genes in spotted seabass but also indicate that these HSP gene families were highly conserved in the evolution.



Chromosome Distribution

For the chromosomal location of target HSP genes, 5 HSP90 genes were distributed on three chromosomes, and 17 HSP70 genes were located on 10 chromosomes and one un-anchored scaffold, respectively (Figure 3). In detail, for the HSP90 family, hsp90ab1 and tandem duplicated hsp90aa1.1 and hsp90aa1.2 were located on chr18, meanwhile, hsp90b1 and trap1 were located on chr6 and chr15, respectively. For the HSP70 family, chr12 possessed the largest gene number of HSP70s, that four genes, such as the tandem arranged hspa8a.2 and hspa8a.1, and hyou1 and hspa4a, were located on it. The tandem duplicated hsp70.1 and hsp70.2, and hsc70 were positioned on chr15. Additionally, two HSP70 genes, hspa13 and hspa8b, were located on chr5. For the rest nine HSP70 genes (hspa1b, hspa12a, hspa4b, hspa5, hspa4l, hspa14, hspa12b, and hspa9), they were distributed on the different chromosomes and scaffold fragment (Chr9, Chr13, Chr14, Chr17, Chr19, Chr22, Chr23, and scaffold_52), respectively.
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FIGURE 3. Chromosome location of the HSP90 and HSP70 genes in spotted seabass. The HSP90 and HSP70 genes were indicated by the purple and green fonts, respectively. Asterisks (*) indicated tandem duplicated genes. The number at the bottom represented the length of the chromosomes or scaffold.




Gene Copy Numbers of HSP90 and HSP70 Genes

Copy numbers of the HSP90 and HSP70 genes in representative vertebrates are summarized in Table 3. In general, the number of HSP90 genes was relatively conserved across a broad spectrum of vertebrate species from mammals to fishes, that the total gene numbers of HSP90 were slightly varied from 4 to 5 among different species. Only one copy of each gene was present except for that hsp90aa1. hsp90aa1 was duplicated in several detected teleosts, such as zebrafish, Japanese medaka, fugu, Nile tilapia, and spotted seabass, but a single copy was detected in tetrapods.


TABLE 3. Copy numbers of HSP90 and HSP70 genes among several representative vertebrate species.

[image: Table 3]
Gene copy number of the HSP70 family ranged from 13 to 19 among these detected species. In accordance with the phylogenetic analysis results, hspa6 and hspa7 genes were only discovered in human, and hspa2 was only present in higher vertebrates, such as human, mouse, and chicken. Four HSP70 genes were single-copy in all selected species, such as hspa9, hspa13, hspa14, and hyou1. Multiple gene copies were found in five HSP70 genes of teleosts, such as hspa1, hspa4, hspa5, hspa8, and hspa12. Among them, hspa1 harbored the highest copy numbers in most detected species, and hspa5 and hspa8 were only duplicated in teleost species (Table 3).



Exon-Intron Structure and Motif Analysis

Exon-intron structures and motif analysis were employed to investigate the conservatism and diversity of gene structures in HSP90 and HSP70 genes (Figure 4). The intron numbers of the HSP90 genes varied from 8 to 18. Among them, hsp90aa1.1 and hsp90aa1.2 harbored highly similar exon-intron structures (Figure 4A). Contrastingly, the intron numbers of the HSP70 genes were remarkably varied from 0 to 22 (Figure 4B). According to the number of introns, HSP70 genes could be divided into two modes: mode 1 contained no intron, such as hspa1b, hsp70.1, and hsp70.2, and the rest genes belonged to mode 2, which possessed multiple introns, with intron numbers varied from 4 to 22. In general, the paralogous gene pairs shared similar exon-intron structures (Figure 4B).
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FIGURE 4. Exon-intron structure and motif analyses of (A) HSP90 and (B) HSP70 in spotted seabass. Exons were shown by green rectangles and introns were indicated by black lines. Lengths of exons and introns are displayed proportionally according to the scale.


For the motif analysis results, the motif numbers among HSP90 genes varied from 7 to 12, whereas all HSP90 members harbored seven conservative motifs, such as motif 1, motif 2, motif 4, motif 5, motif 6, motif 7, and motif 9 (Figure 4A). For the HSP70 family, most genes shared five conservative motifs, namely, motif 1, motif 2, motif 6, motif 10, and motif 11. Among them, hsc70, hspa1b, hsp70.1, hsp70.2, and hspa5 shared highly similar motif pattern, although belonging to two distinct exon-intron structure modes (with or without intron). Moreover, the paralogous gene groups, such as hspa4 genes (hspa4a, hspa4b, and hspa4l) and hspa12 genes (hspa12a and hspa12b), shared conserved motif pattern (Figure 4B). The length of each HSP90 and HSP70 motifs was varied from 21 to 50 and 29 to 50 amino acids, respectively.



Putative Heat Shock Elements and Hypoxia Response Elements in the Promoter Regions of the Heat Shock Protein Genes

As cis-regulatory elements, HSEs and HREs are the master regulators which bind to HSFs and hypoxia-inducible factors (HIFs) to mediate the transcriptional response of their target genes, respectively. Therefore, the distributions of these elements in the promoter regions of HSP90 and HSP70 genes were predicted for spotted seabass. As shown in Figure 5, 28 HSEs and 43 HREs were predicted in the selected promoter regions of HSPs genes. The HSE numbers were various among different HSP genes ranging from 0 to 3. In the 2 kb upstream region from the TSS, three HSEs were detected for hsp90ab1, hspa8a.1, hsp70.1, and hspa4a, two HSEs were identified for hsp90aa1.2, hsp90b1, hspa8b, hspa1b, and hspa12a genes, meanwhile only one HSE was existed in hsp90aa1.1, hsp70.2, hspa5, hspa13, hspa4l, and hspa12b (Figure 5).
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FIGURE 5. Putative heat shock elements (HSEs) and hypoxia response elements (HREs) in 2 kb upstream regions from the transcription start site (TSS) of HSP90 and HSP70 genes. The predicted HSEs and HREs were shown with orange and green filled boxes, respectively. The numbers indicated spacing (in base pairs) between elements and TSS. The white open box indicates the transcribed sequence. The bent arrow indicates the TSS.


For the prediction results of HREs, 0–6 HRE numbers were discovered in the 2 kb upstream of TSS of target HSP genes. Hyou1 harbored six HREs, meanwhile, hspa14 and hspa12b harbored five HREs. Four HREs were identified in hspa4b, three HREs were detected for trap1, hspa1b, hsp70.2, hspa13, and hspa4a. Hsc70 and hspa4l contained two HREs. Unique HRE position has existed in 2 kb upstream from the TSS of hsp90aa1.2, hspa8a.2, hspa8b, and hsp70.1 (Figure 5).

It can be deduced from the above result that six HSP genes (hsp90aa1.1, hspab1, hsp90b1, hspa5, hspa8a.1, and hspa12a) contained only HSE in their promoter regions, meanwhile six genes (trap1, hspa4b, hspa8a.2, hspa14, hsc70, and hyou1) only possessed HREs. Alternatively, nine genes, namely, hsp90aa1.2, hspa8b, hspa1b, hsp70.1, hsp70.2, hspa13, hspa4a, hspa4l, and hspa12b, harbored both HSE and HRE in their promoter regions (Figure 5).



Protein-Protein Interaction Network Analysis

As the transcription of HSPs is mainly regulated by heat shock factor 1 [HSF1 (Buckley and Hofmann, 2001], the PPI networks of HSPs and HSF1 in spotted seabass were constructed using STRING database based on the orthologs in zebrafish. The results indicated that 22 HSPs of spotted seabass were closely associated with 21 known zebrafish HSPs participated in the interaction network (Supplementary Figure 2 and Supplementary Table 2). As expected, extensive interactions were observed between the HSF1 and HSPs, which was revealed by a direct link representing “transcriptional regulation” in Supplementary Figure 2.

Additionally, HSP70s interacted with HSP70s, and HSP90s also be related to HSP90s, respectively. For example, HSPA4A, HSPA5, and HSPA9 showed a wide range of interactions (reaction, binding, and catalysis) with other HSP70 family proteins. Meanwhile, HSP90AA1.1, HSP90AA1.2, and HSP90AB1 proteins were connected by blue lines, suggesting their “binding” relationship (Supplementary Figure 2). Furthermore, strong interaction relationships were commonly found between HSP70 and HSP90 proteins, for instance, HSP90AA1.1, HSP90AA1.2, and HSP90AB1, were closely connected to HSPA4A, implying that the former may play a negative role in transcriptional regulation of the latter (Supplementary Figure 2).



Expression Patterns of HSP90 and HSP70 Genes in Response to Heat Stress by Quantitative PCR Analysis

The expression patterns of HSP90 and HSP70 genes in gill, liver, and muscle tissues of spotted seabass were systematically examined at 0, 3, 12, and 24 h after heat stress. Results showed that except for trap1 in the muscle, all HSP90 genes were significantly induced after heat stress in tissue- and time-dependent manner (Figure 6A). Among them, hsp90aa1.1 and hsp90aa1.2 exhibited the biggest expression changes in all three detected tissues, with their expression levels remarkably increased to at least 14.8-fold. The highest expression level of hsp90aa1.1 and hsp90aa1.2 appeared at 24 h in the muscle, with a 2,330-fold and 285-fold increase compared with 0 h, respectively. In gill, three genes (hsp90aa1.1, hsp90aa1.2, and hsp90b1) exhibited similar expression patterns after heat stress, which were significantly upregulated at 3 and 12 h and then reduced their expression after 24 h. The results were paralleled with the observation of their expression patterns in the liver (Figure 6A). In contrast, in muscle, the induced expressions of hsp90aa1.1, hsp90aa1.2, and hsp90ab1 genes were appeared for 3 h, maintaining the high expression levels until the end of the challenge experiment. A significant heat stress-responsive expressions were also detected for hsp90ab1 and trap1 in the gill and liver and hsp90b1 in the muscle, with their upregulated expression levels appeared since 12 h after heat stress treatment (Figure 6A).
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FIGURE 6. Expression patterns of (A) HSP90 and (B) HSP70 genes in the gill, liver, and muscle of spotted seabass at 0, 3, 12, and 24 h after heat stress. The mRNA expression levels were determined by qPCR analysis. 18S rRNA was used as an internal control. Gene expressions were presented as mean ± SE. Asterisk (*) represented the significant differences (P < 0.05). HSP, heat shock proteins.


Similarity, significant expression variations were commonly identified for several HSP70 genes in three target tissues after heat stress (Figure 6B). In gill tissue, excerpt for hspa8a.1, all HSP70 genes displayed significant differential expression patterns after heat treatment. Among them, highly heat stress-induced expressions in gill were discovered for hspa8b, hspa1b, hsp70.1, hsp70.2, and hspa4a genes, with the maximum expression values exceeded 10-fold compared with those under normal conditions (0 h). Their expression was dramatically induced at the initial tested phase of post-heat stress (3 h) and gradually scaled down during subsequent time points (Figure 6B). In the liver, remarkable upregulations were detected for all HSP70 genes with one exception that the expression change of hspa12b was not statistically significant (Figure 6B). The highest expression variations were discovered for hspa8b, hsc70, hspa1b, hsp70.1, hsp70.2, hspa4l, and hspa4a, which showed similar expression profile after heat stress treatment, that their expressions were dramatically induction at 3 h, remaining highly until 12 h, and then decreased to their normal expression level at 24 h (Figure 6B). The other heat stress-responsive HSP70 genes, namely, hspa8a.1, hspa8a.2, hspa9, hspa4b, and hspa14, exhibited dramatically induced expressions at 12 and 24 h. The expression of hyou1 was highly upregulated at all three tested time points after heat treatment (Figure 6B). For muscle tissues, the expressions of 13 HSP70 genes, such as hspa8a.1, hspa8a.2, hspa8b, hsc70, hspa1b, hsp70.1, hsp70.2, hspa5, hspa9, hyou1, hspa4a, hspa4b, and hspa4l, were significantly increased after heat stress. Among them, the upregulated expression levels of hspa1b, hsp70.1, hsp70.2, and hspa4l were extremely significant, exceeding hundreds of times than their normal expression values. Unlike the expression pattern in gill and liver, most differential expressed HSP70s, such as hspa8b, hspa1b, hsp70.1, hsp70.2, hspa5, hspa9, hspa4a, and hspa4l, displayed upregulation at all time points after heat treatment (Figure 6B). It was worth noting that hsp70.1 and hsp70.2 were the most intense responsive genes in all three tissues after heat stress treatment, suggesting the two genes may play significant roles in response to heat stress in spotted seabass.



Expression Patterns of HSP90 and HSP70 Genes in Response to Alkalinity Challenge and Hypoxia Stress by Examining RNA-Seq Data Sets

As revealed by RNA-Seq analysis, after alkalinity stress, the HSP genes in gills of spotted seabass exhibited dynamic time-dependent expression pattern, and the number of differential expressed genes increased as the alkalinity treating time was prolonged (Figure 7A and Supplementary Table 3). A total of 11 genes, namely, hsp90aa1.2, hsp90b1, trap1, hsp70.2, hspa8a.1, hsc70, hspa13, hspa4a, hspa14, hspa5, and hyou1, showed downregulated expression profile (fold change: − 1.23 to − 3.06, P < 0.05). In detail, downregulated expressions of hspa8a.1 and hspa13 were found since 12 h after alkalinity treatment, a trend that continues until the final experimental time point (72 h). The other genes showed suppressed expression levels starting from the later time points (24 or 72 h). The highest expression changes of HSP genes during the alkalinity challenge experimental period were detected for hspa13, with fold change values nearly double in comparison with 0 h. Conversely, only two HSP genes (hspa12a and hspa12b) showed upregulated expressions after alkalinity stress (P < 0.05).
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FIGURE 7. Expression profiles of HSP90 and HSP70 genes in gills of spotted seabass in response to (A) alkalinity and (B) hypoxia stresses. The abundance of mRNA was determined by analyzing the RNA-Seq data. A color scale in the heatmaps represented the fold change values. Asterisk (*) indicated the significant differences (P < 0.05). HSP, heat shock proteins.


After the hypoxia stress, a time-dependent expression profile was also detected for HSP genes in gill, however, the expression trend was distinct from those under alkalinity stress. As shown in Figure 7B and Supplementary Table 4, a total of 12 genes (hsp90aa1.2, hspab1, hsp90b1, trap1, hsp70.1, hsp70.2, hspa8b, hspa13, hspa4a, hspa14, hspa12b, and hyou1) in the gill of spotted seabass were changed significantly after the hypoxia challenge (P < 0.05). In general, five genes, namely, hsp90ab1, trap1, hyou1, hspa13, and hspa14, exhibited downregulated trends (fold change: − 1.23 to − 1.47, P < 0.05), conversely, more genes, such as hsp90aa1.2, hsp90b1, hsp70.1, hsp70.2, hspa8b, hspa4a, and hspa12b, showed remarkably induced expression at 12 h during low-oxygen treatment experiment (fold change: 1.50–3.97, P < 0.05). Among the hypoxia-responsive expressed genes, hsp90aa1.2, hsp70.1, and hsp70.2 had more significant upregulated changes than other HSPs, with expression changes at 12 h exceeding threefold (Figure 7B and Supplementary Table 4).




DISCUSSION

In this study, we performed a systemic analysis of the HSP90 and HSP70 gene families of spotted seabass, revealing the gene features by phylogenic, syntenic, and gene structure analysis and investigated their potential involvement in response to environmental stresses by examining the gene expression patterns. Our results may lay an important basis for further evolutionary and functional studies of HSPs in fish species.

A total of 5 HSP90 (hsp90aa1.1, hsp90aa1.2, hsp90ab1, hsp90b1, and trap1) and 17 HSP70 genes (hspa8a.1, hspa8a.2, hspa8b, hsc70, hspa1b, hsp70.1, hsp70.2, hspa5, hspa9, hspa13, hyou1, hspa4a, hspa4b, hspa4l, hspa14, hspa12a, and hspa12b) were identified in the spotted seabass by searching genome and several transcriptomic databases. The annotation of identified HSP genes was validated by phylogenetic and syntenic analysis, and the evolution and expansion/contraction of HSP90 and HSP70 genes were revealed through the analysis of the phylogenetic relationship and gene copy numbers. These were evidences for the evolutionary conservativeness of HSP90 and HSP70 genes. The HATPase_c and HSPA/HYOU1_(like_) NBD domains were detected in all HSP90 or HSP70 genes of spotted seabass, respectively (Table 2), which was considered to be a classification standard for unknown HSP targets (Mao et al., 2006; Wu et al., 2016). For the HSP90 family, in comparison with tetrapods that each gene harbored the unique copy, duplicated genes of hsp90aa1 existed in several teleosts genomes (Table 3). Based on the conserved linear arrangement of genes between zebrafish and spotted seabass (Figures 2A, 3), we named the two hsp90aa1 copies as hsp90aa1.1 and hsp90aa1.2 accordingly. Their tandem arrangement in genome indicated that the additional gene copy may have arisen through local gene tandem duplication or called small-scale duplication (SSD) events instead of whole-genome duplication (WGD). As in the HSP70 family, hspa8a.1 and hspa8a.2 were tandem located at the same chromosome (Chr12), which may also derive from SSD event (Figures 2B, 3). Alternatively, as shown in the phylogenetic tree of the HSP70 family (Figure 1B), after the divergence between teleosts and tetrapods, hspa4 in teleosts replicates into two independent genes (hspa4a and hspa4b), which was a newer duplication than hspa4l. These three gene copies were situated at different chromosomes, which indicated the paralogs may arise from a teleost-specific WGD event (Figure 3). In contrast, hspa2 did not exist in all selected fishes, while hspa6 and hspa7 were only discovered in human, suggesting that these genes were gained in higher vertebrate during evolution (Xie et al., 2015).

To obtain insight into the structural diversity of the spotted seabass HSP genes, the intron–exon organization was analyzed (Figure 4). The introns numbers of the HSP90 genes varied from 8 to 18, while HSP70 genes harbored introns ranging from 4 to 22 or had no intron (Figure 4B). Previous studies have demonstrated that different exon-intron structures of HSP genes were closely associated with their unique biological functions (Huang et al., 2018; Xu et al., 2018). For example, depending on the intron-exon structure, members of the HSP70 genes have two regulatory patterns at the transcriptional level. Firstly, the constitutively expressed HSPs, usually contain multiple introns, presenting in the cell under all conditions to help folding the newly translated proteins. Secondly, the inducible members of HSP70 genes, typically lacking introns, are significantly expressed under stress conditions (Xu et al., 2018). In spotted seabass, hspa1b, hsp70.1, and hsp70.2 were identified as the most responsive genes in all three tested tissues after heat stress, which was probably due to their intron-less structure (Figures 4, 6B). It has been proved that the intron-less genes might be produced by the loss of multiple introns from the intron-rich gene by retrotransposition during gene family diversification (Wang et al., 2019).

The expression of HSP is mainly regulated by the binding of HSF1 to HSEs in the promoter region of the HSP genes. Under non-stressful conditions, HSF1 exists as an inactive monomer. However, when exposed to heat or other types of cellular stress, HSF1 is converted into trimeric form, binding to promoters of downstream target genes, whereby initiating the transcription (Kmiecik et al., 2020). Previous studies have shown that distance from the TSS to the HSEs may alter the strength of the HSP70 promoter, and closer spacing facilitates more rapid transcription (Tian et al., 2010). In spotted seabass, the HSEs in the promoter regions of hsp90aa1.2, hspa1b, hsp70.1, hsp70.2, and hspa4a were relatively closer to the TSS (Figure 5), which may lead to the strong responsive expression levels after heat stress (Figure 6). On the contrary, no HSE was detected in several genes (Figure 5), indicating that alternative regulatory mechanisms might underlie these genes mediated by HSR (Huang et al., 2018). Besides, the HIF-1 complex has been reported to activate the transcription of some HSP genes containing the HREs when adapting to cellular stress imposed by hypoxia (Huang et al., 2009; Gogate et al., 2012). In spotted seabass, the predicted HRE numbers and distance from the TSS to the HREs were also varied among different HSP genes (Figure 5), which were speculated to be related to their different degree of response to hypoxic stress, and the detailed mechanism need to be investigated further.

To explore the interaction of gene-encoded proteins of the HSP genes, we predicted the PPI network using the deduced protein sequence of HSP90 and HSP70. The results showed that extensive connections existed among the predicted HSP90 and HSP70 family proteins (Supplementary Figure 2), which was in line with the expectation as the two chaperone machines participate together in countless cellular processes (Luengo et al., 2019).

Although the previous study has reported the expressions of one HSP90 and one HSP70 gene in spotted seabass during thermal stress experiment (Shin et al., 2018), the distinguish and participation of the full gene sets of the two gene families in response to heat stress in this species has not been systematically analyzed. In our study, the heat stress-responsive expression changes of HSP90 and HSP70 gene family in gill, liver, and muscle, which was reported as primary tissues responsible for heat stress in teleost (Giri et al., 2014; Purohit et al., 2014; Shi et al., 2015; Peng et al., 2016; Shin et al., 2018; Xu et al., 2018), have been investigated thoroughly. As the results showed, hsp90aa1.1 and hsp90aa1.2 in the HSP90 family and hspa8b, hsc70, hspa1b, hsp70.1, hsp70.2, hspa4a, and hsp4l in the HSP70 family displayed remarkable heat-inducible expression patterns in two or three tested tissues of spotted seabass (Figure 6B). Although only HSP70 family were examined, in line with our findings, five HSP70 genes (hspa4a, hsc70, hspa5.1, hspa8b, and hsp70) were significantly upregulated in liver of large yellow croaker under heat treatment, and hsp70 and hspa8b were the most inducible genes which were considered as the strictly heat-inducible HSP70 genes (Xu et al., 2018). As we stated above, the strong induction of these genes during heat shock may be generated due to the lack of introns allows efficient transcription (e.g., hspa1b, hsp70.1, and hsp70.2), or the close distance from the HSEs to the TSS facilitates rapid transcription (e.g., hsp90aa1.2, hspa1b, hsp70.1, hsp70.2, and hspa4a).

In addition, we examined the potential involvement of HSP90 and HSP70 genes of spotted seabass in response to other two important abiotic stressors, alkalinity and hypoxia, by analyzing the transcriptomic datasets. In contrast to the overall highly inducible expression of HSP genes after heat stress, a significant portion of genes exhibited significantly suppressed expression levels under alkalinity and/or hypoxia challenge (Figure 7). For example, compared with the dramatic upregulated expressions of hsp70.1, hsp70.2, and hspa1b under heat stress, mild downregulated expression of hsp70.2 was found at 72 h in gills after alkalinity treatment (Figure 7A, P < 0.05). Besides, hsp70.1 and hspa1b exhibited a downregulated expression trend under alkalinity treatment, in spite of being not statistically significant (Figure 7A). The distinct expression patterns indicated that different responding mechanisms might underlie these HSP genes mediated by specific environmental stressors. Similar results have been also reported for Litopenaeus vannamei, that by testing the response sensitivity and intensity of HSPs to different environmental stresses, hsp70 gene was considered as the biomarker indicating thermal stress, but not suitable for acting as an indicator of pH stress (Qian et al., 2012). The downregulated expression of HSP70 genes has also been reported in the brain of the large yellow croaker under hypoxia stress (Ao et al., 2015), and in the gills of Boleophthalmus pectinirostris under the oxidative stress caused by high environmental ammonia (Deng et al., 2019). Moreover, the significant upregulated expressions of hsp90aa1.2, hsp70.1 and hsp70.2 after hypoxic challenge were identified in spotted seabass (Figure 7B), and similar expression profiles have also been reported for Indian Catfish (Clarias batrachus) and Amur sturgeon (Acipenser schrenckii) (Ni et al., 2014; Mohindra et al., 2015). Although the mechanism underlying the stress-regulated expression levels of HSP genes has not yet been fully elucidated, the HSPs with differential expression patterns may play their respective roles in protection and survival under stress conditions.



CONCLUSION

In this study, the entire HSP90 and HSP70 gene families were systematically characterized in spotted seabass. Phylogenetic, syntenic, and gene copy numbers analyses provided sufficient evidences for the annotation and evolutionary footprint of these genes. Gene structures and cis-regulatory elements including HSEs and HREs were further characterized, which not only showed that genes with closer homology relationships had similar structures and conserved motifs, but also give a hint to explain the significant stress-regulated expression patterns of several HSP genes. Moreover, the potential involvement of HSPs in response to heat stress was determined by the qPCR experiment and dynamic time-dependent expression pattern after alkalinity and hypoxic challenge were revealed through the analysis of RNA-Seq data. Our findings provided a comprehensive overview of HSP90 and HSP70 families in spotted seabass and laid the basis for a better understanding of the physiological function of HSP90 and HSP70 genes in response to abiotic stress.
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Supplementary Figure 1 | Schematic diagram of heat stress experiment. Spotted seabass individuals were acclimated for 48 h at ambient temperature (25oC) before heat stress treatment. Water temperature was elevated at a constant rate of 1oC/h until 32°C. Fish individuals were sampled at four time points including 0 h (H0), 10 h (3 h after heat stress, H3), 19 h (12 h after heat stress, H12) and 31 h (24 h after heat stress, H24), respectively.

Supplementary Figure 2 | Predicted protein-protein interaction network of HSF1 and HSPs in spotted seabass. This network was predicted by the online STRING database. The balls represented the gene nodes, and the connecting lines and arrowheads indicated the interactions. HSP, heat shock proteins; HSF, heat shock factor.
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The present work aimed to investigate the causes of summer mortality syndrome affecting cultured European seabass (Dicentrarchus labrax) by examining physiochemical farm water characteristics, isolation, and identification of recovered bacterial pathogens from diseased fish studying the effect of water temperature on stress biomarkers and disease severity. Studied water parameters were normal except ammonia and dissolved oxygen was higher and lower than the standard value. Sixty-two bacterial isolates were recovered from moribund fish and identified as 31 Vibrio fluvialis, 23 Pseudomonas aeruginosa and 8 Staphylococcus aureus isolates. The calculated LD50 of V. fluvialis, P. aeruginosa and S. aureus for D. labrax fingerlings were 4.67 × 107, 2.37 × 106 and 1.38 × 107, respectively. There was a direct correlation between water temperature and mortality rate of fish challenged with V. fluvialis as the mortality rate was 44.44, 50, 66.66, and 83.33% for fish maintained at 27, 30, 33, and 36°C. Plasma cortisol, superoxide dismutase, catalase and malondialdehyde significantly increased when the water temperature exceeded 30°C. The experimentally infected fish showed similar clinical signs and postmortem lesions of naturally diseased fish with no boundary between different pathogens. Antibiogram test indicated that florfenicol was the most effective antibiotic against all the recovered bacterial isolates while all isolates resisted sulfamethoxazole-trimethoprim. Massive degenerative changes observed in the hepatopancreas, posterior kidney and gill tissues of experimentally infected fish.

Keywords: Dicentrarchus labrax, cortisol, antioxidant, pathogenicity, histopathology, Vibrio fluvialis, Pseudomonas aeruginosa, Staphylococcus aureus


HIGHLIGHTS

– Automatic biochemical identification of 62 bacterial isolates are: 31 Vibrio fluvialis, 23 Pseudomonas aeruginosa and 8 Staphylococcus aureus for the first time in Egypt from diseased farmed seabass (Dicentrarchus labrax).

– Isolated bacteria were highly pathogenic for D. labrax fingerlings with LD50 estimated by 4.67 × 107, 2.37 × 106 and 1.38 × 107 for V. fluvialis, P. aeruginosa and S. aureus, respectively.

– Water temperature higher than 30°C plays a critical role as a primary stress factor by increasing stress biomarkers (cortisol and oxidative stress markers) and increasing disease susceptibility and mortality rates.

– Florfenicol was the most effective antibiotic against all the isolated pathogens.

– High toxic ammonia and low dissolved oxygen have a potential role in summer mortality syndrome.



INTRODUCTION

European seabass (Dicentrarchus labrax) is considered the most economically important fish in Mediterranean mariculture (Vandeputte et al., 2019). Egyptian production of cultured D. labrax has reached 24,914 thousand tons in 2018 (GAFRD, 2020). Egypt produces 14% of cultured D. labrax and Sparus aurata in the Mediterranean region, and it is considered the third major producer after Turkey and Greece (Muniesa et al., 2019). Many bacterial pathogens are responsible for severe diseases affecting farmed seabass in the Mediterranean. Muniesa et al. (2019) reported that Vibriosis was the most frequently reported bacterial infection in D. labrax, followed by tenacibaculosis and photobacteriosis. Uzun and Ogut (2015) isolated Aeromonas veronii, Photobacterium damselae subsp. damselae, Vibrio vulnificus, V. harveyi and V. rotiferianus from cage cultured D. labrax. V. anguillarum, V. harvey, Photobacterium damsela subsp. piscicida, Tenacibaculum, Aeromonas spp. and Mycobacterium spp. represents the primary pathogens in European seabass aquaculture in Europe (Zrncic, 2020).

The optimum water temperature for European seabass growth is between 22 and 28°C, as reported by Barnabe (1990), Requena et al. (1997), and Lanari et al. (2002). They also recorded a sharp increase in the metabolic rate above 28°C due to high energy requirements for ventilation and blood circulation.

All marine fish farms rely on semi-intensive aquaculture, which is the most dominant system in Egypt. The semi-intensive system represents about 80% of the total production (Soliman and Yacout, 2016; Kaleem and Sabi, 2021), while the other systems represent only 20%.

Egyptian mariculture farms have suffered from annually disease attacks, mainly during the summer season, termed summer mortality syndrome. Each outbreak is characterized by appearance of general signs of septicemia on affected fish (Ali et al., 2019). The estimated direct economic losses in cultured sea bass were 163, 146 and 544 million Egyptian pounds during 2017, 2018, and 2019. The mortality rate ranged between 30 and 70%; in some cases, it reached up to 100% of stocked fish (Ali and Aboyadak, 2021).

Summer mortality syndrome was the common name used to characterize the unknown phenomenon affecting cultured Nile tilapia (Oreochromis niloticus) in Egyptian. This phenomenon occurred during the summer season and was characterized by a high mortality rate and general signs of septicemia on moribund and dead fish (Nicholson et al., 2017; Shaalan et al., 2018; Ali et al., 2020). The first scientific reporting of summer mortality syndrome was performed by Fathi et al. (2017), while this phenomenon started to hit tilapia farms in 2012. Mass mortalities were first observed in affected marine fish farms in 2014; meanwhile, the outbreak that hit farms in 2019 was the severest one (Eissa et al., 2021). The present work is considered the first scientific reporting of summer mortality syndrome in the Egyptian cultured sea bass farms.

Climate change, particularly global warming, negatively affects fish productivity through extreme temperature events like heatwaves that induce thermal stress with acute physiological consequences (Levitus et al., 2012; Currie and Schulte, 2014).

Cortisol is the principal glucocorticoid in fish; it is secreted by the steroidogenic cells present in the anterior kidney of the teleost fish; under stress conditions, cortisol is released through activation of the hypothalamus-pituitary inter renal axis (Martinez-Porchas et al., 2009). Cortisol is released in response to acute or chronic exposure to high temperatures in many fish species, including D. labrax (Alfonso et al., 2020).

Thermal stress-inducing reactive oxygen species (ROS) production ROS is responsible for oxidative damage in different biomolecules and tissues (Kamyab et al., 2017). Superoxide dismutase (SOD), malondialdehyde (MDA) and catalase are the most crucial oxidative stress markers. They act as a good indicator for monitoring the oxidative stress response induced by thermal stress.

Dissolved oxygen is considered one of the main limiting factors in fish farming; low dissolved oxygen negatively affects fish behavior, physiology and immunology (Abdel-Tawwab et al., 2019). There is a direct relationship between metabolic rates in fish and water temperature; increased water temperature results in the activation of many cellular enzymes responsible for most fish species physiological function and biochemical processes with a subsequent increase in oxygen demand (McNally and Mehta, 2004).

Cheng et al. (2015) reported that toxic ammonia induces intracellular reactive oxygen species and subsequently induces oxidative stress. Ammonia also interrupts intracellular calcium homeostasis and lead to DNA damage and cell apoptosis.

The present research aimed to identify the bacterial pathogens responsible for summer mortality syndrome affecting cultured seabass farms in Egypt, clarify the potential role of global warming and the physiochemical farm water characteristics as a predisposing factor for this syndrome.



MATERIALS AND METHODS


Statement of Compliance With Ethics Guidelines

Fish samples and the experimental fish used in the present research were handled, transported, examined and euthanized following the National Advisory Committee for Laboratory Animals Research (NACLAR, 2004) and CCAC (2005) guidelines for the care and use of fish in teaching and research. NIOF Committee for Institutional Care of Aquatic Organisms and Experimental Animals (NIOF-IACUC) has approved this work under certificate number (NIOF-AQ2-F-21-P-001).



Study Area (Studied Farms)

Three European seabass (D. labrax) fish farms suffering from a high mortality rate reached up to 70% of the stocked fish. Studied farms located at Barbahary, Burullus district, Kafrelsheikh governorate closed to the Mediterranean Sea coast. All the studied farms used the semi-intensive fish culture system; each farm was about 2.5 ha; stocking density ranged between 16,000–20,000 fish in each farm.



Naturally Diseases Fish

Clinically diseased fish collected live (10 fish from each farm); each was rinsed with sterile water and packed in a sterile polystyrene bag. After that, collected samples were immediately transported in an icebox to the fish diseases Lab., National Institute of Oceanography and Fisheries, Alexandria branch. Fish samples were ranged between (380–433) g in body weight and (34.5–37) cm in total length.



Physiochemical Water Parameters

Physiochemical water parameters were analyzed immediately during farm visits. According to the manufacturer's instructions, the multi-parameter electrochemical analyzer model, C6030 Consort, Belgium, was used to determine water temperature, hydrogen ion concentration, dissolved oxygen, and salinity. Total ammonia, nitrite, total hardness and alkalinity level were assayed using HI83399 photometer, HANNA instruments, Italy. The assay was performed using ammonia low range (HI93700-1), Nitrite low range (HI93707-01), total hardness low range (HI93735-00) and marine alkalinity (HI755-26) test kits according to the reference methods indicated by APHA (2018). The unionized (toxic) ammonia level was calculated using online the free ammonia-nitrogen calculator (Alleman, 1998).



Initial Bacterial Isolation

Bacterial isolation was performed as described by El-Bahar et al. (2019) with some modification. Briefly, in the microbiological safety cabinet, each fish sample was rinsed with sterile normal saline; after that the external surface was disinfected with a large cotton piece soaked in 70% ethyl. Small piece of hepatopancreas, spleen, heart and a posterior kidney scrap were taken in a sterile falcon tube, tissue samples homogenized with 10 ml−1 of 0.1% peptone water at 6,000 rpm for 5 min. After homogenization, the falcon tube was centrifuged at 3,000 rpm for 2 min. One milliliter from the supernatant of each tube was added to 9 ml of sterile brain heart infusion broth and incubated at 35°C for 18 h. A single lopeful from each broth tube was streaked carefully over a brain heart infusion agar plate to obtain a single pure colony; plates were incubated at 35°C for 18 h.



Pure Bacterial Culture

Each single morphologically characteristic colony was picked up from the agar plate then incubated in brain heart infusion broth; after that, it was re-cultured on brain heart infusion agar; this process repeated till all the recovered isolates became in a pure form.



Automated Biochemical Identification of the Recovered Bacterial Isolates by VITEK 2 System

The recovered bacterial isolates were identified by VITEK 2 system as described by Ali et al. (2018) with few modifications. Briefly, a single colony was picked up and subjected to Gram staining (Black and Black, 2015) for determining the suitable identification card (GP or GN).

Few bacterial colonies were picked up using a sterile glass rod from fresh bacterial culture during the lag phase (about 12 h). Colonies were suspended in 5 ml of 0.5 % sodium chloride by vortex mixer; after that, the optical density of the solution was adjusted to 0.6 McFarland standards using the DensiCHEK Plus calibrator.

The identification cards were placed in VITEK 2 system cassette together with bacterial suspension tubes, and then the system logged for data entry of each isolate. Identification cards were automatically inoculated with bacterial suspension by the integrated vacuum apparatus, followed by automatic incubation and monitoring of the biochemical profile for each isolate.



Confirmation of the Recovered Isolates Using the Selective Differential Media

The recovered V. fluvialis, P. aeruginosa and S. aureus isolates were cultured on thiosulphate citrate bile salts sucrose agar (TCBS), Pseudomonas agar base medium and mannitol salt agar for confirmation.



Experimental Fish

Five-hundred D. labrax fingerlings were used in the pathogenicity and challenge test; experimental fish were transported to the wet laboratory (NIOF) under the optimum condition as mentioned by Bosworth and Small (2004). During fish transportation, water temperature is reduced by 5° than the ambient using ice to reduce fish metabolic rate and activity. TRICAINE-S® (Tricaine methanesulfonate) is used for fish tranquillization at a dose of 25 mg L−1 as indicated by Wang et al. (2019). Continuous aeration was maintained during fish transportation using pure oxygen cylinders. Experimental fish were ranged between (14–16) cm in the total length and (27.8–30) g in body weight.

After transportation, fingerlings were kept in 5,000 L fiberglass aquaria and maintained off-food for 24 h. Fish were observed for 15 days for acclimatization with continuous water change at a rate of 1,000 L per day.



Pathogenicity Test

Pathogenicity test was performed according to Saleh et al. (2021) for a single randomly selected isolate from each recovered bacterial species to satisfy Koch's postulates and ensure the virulence for D. labrax fingerlings.

A single bacterial colony was picked up from specific media, then incubated on brain heart infusion broth at 35°C for 12 h. Bacterial growth was harvested by centrifugation at 5,000 rpm for 3 min. The bacterial pellet was suspended in 0.1% peptone water and adjusted to the absorbance of 0.451 at 600 nm equivalent to the second McFarland standard (6 × 108) CFU ml−1. One ml of sterile phosphate buffer saline was added to 5 ml of bacterial suspension to achieve a final concentration of (5 × 108) CFU ml−1. Tenfold serial dilution was performed three consecutive times to obtain the following concentrations (5 × 107, 5 × 106 and 5 × 105) CFU ml−1.

Two-hundred and seventy fish were used in the pathogenicity test. Each 90 fingerlings were challenged with a particular bacterial isolate after being randomly divided into five groups in triplicates (18 fish in each group and 6 fish per replicate). Fish in the first group were received 0.2 ml of normal saline and maintained as a negative control; fish in the remaining four groups were intraperitoneally inoculated with 0.2 ml of bacterial suspension as presented in Table 3. Each replicate was maintained in 100 L capacity glass aquarium; water temperature was thermostatically controlled at 24°C with continuous water change at a rate of 5 L h−1. Feeding was restricted for 24 h before infection and resumed at 12 h post-infection. All fish groups were kept under observation for 7 days to record abnormal clinical signs, postmortem lesions and mortality rate; each dead fish was considered only after re-isolation of the challenged bacterial isolate. Lethal dose fifty (LD50) was calculated as described by Aboyadak and Ali (2021).



Challenge With V. fluvialis for Determining the Role of Water Temperature in Disease Severity

Seventy-two healthy fingerlings were intraperitoneally inoculated with bacterial suspension containing 4.5 × 107 CFU of V. fluvialis fish−1. Inoculated fish were subdivided into four equal groups in triplicates, each subgroup maintained at a different water temperature in which groups 6, 7, 8 and 9 were maintained at 27, 30, 33, 36°C, respectively as shown in Table 4. For simulating the fluctuations in water temperature throughout the day, the aquarium water temperature was increased from 27°C by 0.1°C min−1 to reach 30, 33 and 36°C after that it was maintained constant for 6 h then left to decrease normally and kept at 27°C. Fish groups were observed for 5 days (the average heatwave period) with daily monitoring of the mortality rate and disease signs.



Effect of Water Temperature on Stress Biomarkers

For estimating the effect of thermal stress on normal healthy D. labrax fingerlings maintained at different water temperatures, stress markers including plasma cortisol and oxidative stress markers were assayed. Seventy-two healthy fingerlings were subdivided into four equal groups in triplicates, each subgroup maintained at a different water temperature in which groups 10, 11, 12 and 13 were maintained at 27, 30, 33, 36°C, respectively as shown in Table 5. Aquarium water temperature was increased from 27°C by 0.1°C min−1 to reach 30, 33 and 36°C; after that it was maintained constant for 6 h.



Blood Sampling

Blood samples were collected from 6 fish in each group at 6-h post-application of thermal stress and under anesthesia (water temperature remains peaked in summer months at least for 6 h each day). Blood samples were collected via caudal venipuncture using 25-gauge needle. The needle was inserted with 45° slope, and blood was drowned slowly to avoid hemolysis. Half ml of the blood sample was placed in a heparinized tube for cortisol determination, while the other part was placed in Eppendorf tubes and kept at 8°C in the refrigerator for 30 min for clotting. Samples were centrifuged at 3,000 rpm for 15 min till complete separation, collected plasma and serum samples were preserved frozen at −85°C.



Plasma Cortisol

Plasma cortisol was extracted according to Fatira et al. (2014) with some modifications. Briefly, 150 μl of plasma sample was vortex mixed with 1.5 ml of diethyl ether for 2 min, the mixture was left for separation. Then 150 μl of the organic layer was evaporated in a test tube at 45°C; after that, residue was reconstituted in 150 μl of 1X EIA extraction buffer (bioPLUS™). The sample was further diluted 50 times before analysis; the obtained result was multiplied by 500. Plasma cortisol assayed by Ao Microplate Reader, Azure Biosystems, USA; absorbance was measured at 415 nm using 96 well cortisol ELISA kit, Cayman Chemical, USA.



Oxidative Stress Markers

Superoxide dismutase (SOD), catalase, and malondialdehyde (MDA) were assayed using V-750 UV-Visible spectrophotometer, Jasco, Japan, according to the methods described by Ghneim et al. (2016), Hadwan (2018), and Leon and Borges (2020), respectively.



Clinical and Internal Examination

Naturally infected fish were examined on the farm to determine any external abnormalities. The challenged fish were observed twice daily throughout the experiment period according to the method described by Austin and Austin (2016). Naturally infected and challenged fish were dissected during the microbiological examination as described by El-Bahar et al. (2019), any gross internal lesions were reported.



Antimicrobial Susceptibility Test

The antimicrobial susceptibility test was performed for three randomly selected isolates from each type of the identified bacteria. Bacterial susceptibility was investigated for doxycycline (DO 30 μg), oxytetracycline (OTC 30 μg), sulfamethoxazole-trimethoprim (STX 25 μg), florfenicol (F 10 μg), amoxicillin (AX 25), spiramycin (SP 100 μg) and erythromycin (E 15 μg). Agar disk diffusion test performed on Mueller-Hinton agar, Oxoid® according to the method described by Clinical and Laboratory Standards Institute (CLSI) (2016). Overnight seeded Mueller-Hinton broth was adjusted to 1.5 × 108 CFU/ml−1 by spectrophotometer. Two milliliters were spread on the agar plate surface with rotation movement to ensure the even distribution; then, the excess fluid was removed. The agar plate was allowed to stand in an inverted position on a flat surface for 10 min to absorb the excess moisture. Antimicrobial discs were gently fixed into the agar surface by fine forceps. The agar plates were incubated at 35°C for 24 h; Escherichia coli ATCC 25922 was used as a control strain. The inhibition zone was measured to the nearest mm using a digital caliper and interpreted according to breakpoints mentioned by Clinical and Laboratory Standards Institute (CLSI) (2016) and shown in Table 6.



Histopathological Investigation

The histopathological examination was performed as described by Suvarna et al. (2018). Small tissue pieces from the hepatopancreas, gills and posterior kidney of V. fluvialis infected fish were fixed in buffered formalin 10% solution then dehydrated in ascending grade ethyl alcohol; after that, was cleared in xylene. The cleared samples were impeded in soft then hard paraffin wax, sectioned to 5 μm thickness using Leica RM2235 microtome (Lecia, Germany). Tissue sections were mounted over glass slides and stained with hematoxylin and eosin. Stained sections were examined and photographed by Olympus microscope with digital camera.



Statistical Analysis

Plasma cortisol and oxidative stress markers values were checked for normality by the Shapiro-Wilk test using the online version implemented by Simon (2009). After that, data were statistically analyzed for variance (ANOVA) at least significant difference (LSD) as described by Snedecor and Cochran (1989) using IBM SPSS Statistics for Windows, Version 22 (2013), Armonk, NY: IBM Corp, Data were considered statistically significant at P ≤ 0.05.




RESULTS


Physiochemical Water Parameters

The tested water parameters were in the acceptable range for European seabass aquaculture except, dissolved oxygen was lower than the optimum concentration (5 mg L−1) and unionized (toxic) ammonia was higher than the acceptable value (0.05 mg L−1) as presented in Table 1.


Table 1. Physiochemical water parameters of the studied farms.
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Automated Biochemical Identification of the Recovered Bacterial Isolates by VITEK 2 System

A total of 62 pure isolates were identified biochemically as 31 V. fluvialis, 23 P. aeruginosa and 8 S. aureus using Vitek 2 system, the biochemical profile of recovered isolates represented in Table 2.


Table 2. The biochemical profile of Vibrio fluvialis, Pseudomonas aeruginosa and Staphylococcus aureus isolates.
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Confirmation of the Recovered Isolates Using Selective Differential Media

Thirty-one V. fluvialis isolates were grown on TCBS as yellow, medium-size colonies about 2–3 mm in diameter. All the 23 P. aeruginosa isolate appeared as yellowish-green colonies on pseudomonas selective agar. On mannitol salt agar, eight isolates appeared as small yellowish colonies characteristic for S. aureus confirming the automated biochemical identification results (Figure 1).


[image: Figure 1]
FIGURE 1. (A) Yellow colonies of Vibrio fluvialis on TCBS about 2–3 mm in diameter. (B) Yellowish green colonies of Pseudomonas aeruginosa on pseudomonas selective agar. (C) Small yellow colonies characteristic for Staphylococcus aureus on mannitol salt agar. (D) Antibiogram of Vibrio fluvialis indicated susceptibility to doxycycline, florfenicol and erythromycin. (E) Antibiogram of Pseudomonas aeruginosa showing high susceptibility to doxycycline and florfenicol. (F) Antibiogram of Staphylococcus aureus revealed good susceptibility to florfenicol.




Pathogenicity Test

The cumulative mortalities during the pathogenicity test are presented in Table 3. P. aeruginosa was the most virulent pathogen, followed by S. aureus then V. fluvialis with calculated LD50 equals 2.37 × 106, 1.38 × 107 and 4.67 × 107 CFU/fish, respectively.


Table 3. Pathogenicity test results showed the cumulative mortality.
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Effect of Water Temperature on Mortality Rate in D. labrax Challenged With V. fluvialis

Challenge test results indicated a direct correlation between water temperature and the mortality rate induced by V. fluvialis infection; the mortality rate dramatically increased when water temperature exceeds 30°C, as observed in Table 4.


Table 4. Effect of water temperature on the cumulative mortality induced by experimental infection with Vibrio fluvialis.
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Stress Biomarkers


Plasma Cortisol

Plasma cortisol values significantly increased when the water temperature exceeded 30°C, as represented in Table 5.


Table 5. Effect of water temperature on Cortisol and other oxidative stress markers.
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Oxidative Stress Markers

Superoxide dismutase and catalase values were significantly increased when the water temperature exceeded 30°C. Malondialdehyde significantly increased when the water temperature exceeds 33°C, as presented in Table 5.




Clinical and Internal Examination

The first clinical sign observed on naturally and experimentally infected fish was decreased feed intake followed by complete cessation. In the affected farms, fish accumulated at the water surface for air gasping, particularly in the afternoon due to low dissolved oxygen concentration. Diseased fish showed haemorrhagic ulcerations on the external body surface, eroded haemorrhagic pectoral, pelvic and tail fin. Internally the diseased fish showed congested and haemorrhagic internal organs mainly, the liver and posterior kidney, while the stomach and intestine were mostly empty. All the experimentally infected fish with V. fluvialis, P. aeruginosa and S. aureus showed the same clinical signs.



Antimicrobial Susceptibility Test

V. fluvialis was susceptible to doxycycline, florfenicol, and erythromycin; it was also intermediately sensitive to spiramycin, but resisted oxytetracycline, sulfamethoxazole-trimethoprim, and amoxicillin. P. aeruginosa was susceptible to doxycycline and florfenicol, intermediately sensitive to oxytetracycline, but resisted sulfamethoxazole-trimethoprim, amoxicillin, spiramycin and erythromycin. S. aureus was susceptible only to florfenicol, intermediately sensitive to amoxicillin, spiramycin and erythromycin, but resisted doxycycline, oxytetracycline and sulfamethoxazole-trimethoprim. Antimicrobial susceptibility test results are represented in Table 6.


Table 6. Results of antimicrobial susceptibility test.
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Histopathological Investigation

Histopathological examination of D. labrax fingerlings experimentally infected with V. fluvialis showed massive degenerative changes in all studied tissues, as presented in Figure 2. Hepatopancreas showing diffused hepatic cell vacuolation and congestion in the pancreatic blood vessels. Inflammation, necrosis, mononuclear cell infiltrations and nuclear pyknosis were also dominant in the hepatic tissues of diseased fish. The posterior kidney showed diffuse mononuclear cell infiltration, abundant melanomacrophage centers activation, glomerular hypertrophy with the absence of bowman's space and degenerated renal tubules. The normal gill tissue architecture was absent due to severe hyperplasia, diffusion and curling of the secondary gill lamellae. Epithelial lifting with the detachment of some secondary gill lamellae was also prominent.


[image: Figure 2]
FIGURE 2. Tissue sections of Dicentrarchus labrax fingerlings experimentally infected with Vibrio fluvialis, (A) Hepatopancreas showing diffused hepatic cell vacuolation (black asterisk), congested engorged pancreatic blood vessels (brown asterisk) with the presence of leucocytic infiltration (black arrow), H&E, X = 100. (B) Hepatopancreas showing necrosis (N), mononuclear cell infiltration (gray arrow) and pyknotic hepatic cell nuclei (black arrowhead), H&E, X = 400. (C) Posterior kidney with diffused mononuclear cell infiltration (brown arrow head), abundant melanomacrophage centers (M) activation glomerular hypertrophy (blue arrow), H&E, X = 100. (D) Posterior kidney with diffused mononuclear cell infiltration (brown arrowhead), melanomacrophage centers activation (M) glomerular hypertrophy with a complete absence of bowman's space (blue arrow), degenerated renal tubules (D), H&E, X = 400. (E) Gill tissues demonstrating curling of the secondary gill lamellae (black arrowhead) hyperplasia of the secondary gill lamellar epithelium with the absence of normal tissue architecture due to severe diffused hyperplasia (black arrow), area of detached secondary gill lamellae (gray arrow) and presence of abundant inflammatory cells (black asterisk), H&E, X = 100. (F) Epithelial lifting (blue arrow), complete lamellar fusion with marked epithelial hyperplasia.





DISCUSSION

Summer mortality syndrome is considered the most serious challenge for the Egyptian freshwater and mariculture sector (Jansen et al., 2019; Ali et al., 2020; Adeleke et al., 2021). The mortality percent in affected farms ranged between 30 and 100%, with estimated annual financial losses exceeding 1 billion and 25 million USD in freshwater and mariculture farms, respectively.

Climate change represents the most dangerous environmental challenges for fish farming (Olsvik et al., 2013); global warming is recognized as the most significant environmental problem affecting the earth in the last decade. It has been implicated in mass mortalities of several aquatic species, including plants, fish, corals and mammals (Handisyde et al., 2006; Mohanty et al., 2010; Barange et al., 2018).

Egypt is considered a potential hot-spot of climate warming; the frequency of exposure to extreme temperatures became more familiar in Egypt (Mostafa et al., 2019). Saleh et al. (2017) reported that the maximum air temperature was ranged between 37 and 41°C during July and August (2005–2015) at the Nile Delta (the main center of aquaculture in Egypt).

Dissolved oxygen in all studied farms was markedly lower than the comfortable level for fish culture (5 mg L−1); fish suffered from signs of hypoxia and accumulation at the water surface for air gasping. Oxygen solubility is reversely proportional to water temperature, so dissolved oxygen significantly decreased with increased water temperature (Quinn et al., 2011). Water temperature fundamentally impacts fish physiology and biochemistry by activating many enzymatic systems at higher water temperatures (Somero, 2004). Hypoxia directly affects fish immune responses and increases diseases susceptibility (Abdel-Tawwab et al., 2019).

Toxic ammonia was 2–3 folds higher than the acceptable value in all of the studied seabass farms, indicating exposure of fish to chronic ammonia toxicity. Tested farms fed on trash fish directly elevated the toxic ammonia value; moreover, decreased dissolved oxygen enhanced ammonia toxicity. Chronic ammonia toxicity directly affects the survival rate, inducing skin, fin and tail erosions also acts as a direct cause of immune suppression and high mortality (Li et al., 2014).

Thirty-one V. fluvialis, 23 P. aeruginosa and 8 S. aureus isolates were identified from diseased fish. This work is considered the first recorded for the recovered bacterial pathogens from cultured seabass in Egypt. Vibrio was the most abundant bacterial pathogen affecting marine fishes; this result was also mentioned by Muniesa et al. (2019). Ayaz and Karatas (2008) and Kapetanovic et al. (2019) have also isolated V. fluvialis from farmed diseased D. labrax. P. aeruginosa induced a severe septicaemic disease in cultured S. aurata (Khalifa et al., 2016), S. aureus was responsible for a severe infection affecting farmed D. labrax in Turkey (Canak and Timur, 2020).

P. aeruginosa was the most virulent pathogen affecting D. labrax with the lowest LD50. P. aeruginosa possesses a wide range of virulence factors responsible for pathogenicity including, lipopolysaccharide, flagellum and Pili, and these virulence factors have a role in attachment and adhesion to the different cell types. P. aeruginosa also has type III and VI secretion system, exotoxin A and proteases, which have a role in local tissue damage and invasion. Quorum sensing and biofilm formation are considered among the most important virulence factors of P. aeruginosa; they protect against phagocytosis and promote host tissue invasion. Finally, pyocyanin pigment is responsible for tissue damage during disease progression (Hossain, 2014; Wu et al., 2015; Rocha et al., 2019).

S. aureus was highly pathogenic for D. labrax; it has two main mechanisms of virulence, the first is avoiding phagocytic killing, and the other is tissue invasion and destruction. Cheung et al. (2021) reported that S. aureus evades the phagocytic killing mechanism of the host through aggregation, inhibiting the opsonization and biofilm formation. Shettigar and Murali's (2020) recorded that S. aureus has an excellent ability for tissue invasion colonization and destruction by the aid of several exoproteins (enterotoxins). The epidermal cell differentiation factor produced by S. aureus favoring bacterial dissemination and arginine catabolic mobile provides bacteria with the ability to colonies the skin. Extracellular adherence protein and biofilm formation also play a role in tissue attachment and invasion.

V. fluvialis was the most abundant type of isolated bacterial pathogen, but it was the least in virulence, as V. fluvialis has the highest LD50 (4.67 × 107 CFU/fish). Liu et al. (2021) identified two quorum-sensing systems and type VI secretion systems from V. fluvialis; quorum sensing systems are responsible for producing extracellular enzymes, pigments, toxins and expression of virulence genes. The VI secretion systems play a critical role in bacterial virulence by injecting toxic effector proteins into the target cells. Type VI secretion systems activated under warm temperatures and high osmolarity conditions explain why V. fluvialis the most dominant type between the isolated pathogens affecting cultured D. labrax in the studied farms. Confirming this hypothesis, Ramamurthy et al. (2014) reported that a rise in seawater temperature had increased V. fluvialis identification rate considerably by 29%. The potential pathogenicity of V. fluvialis could be attributed to expression of many putative virulence factors, including cytolysin, heat-labile cytotoxin, cytotonic, hemolysin and mucinase; also, V. fluvialis has excellent capacity for cell adherence and inducing cell vacuolation.

The mortality rate of D. labrax fingerlings challenged with V. fluvialis was proportionally related to water temperature. The group reared at 33 and 36°C are showed the highest mortality rate compared to other groups maintained at 27 and 30°C; the former findings can explain this difference. Exposure to thermal stress has resulted in a series of biochemical and physiological changes, including high plasma cortisol and oxidative stress, which subsequently resulted in immune suppression (both cellular and humeral) and increased susceptibility to bacterial pathogens as V. fluvialis.

Thermal stress associated with heatwaves is the leading cause of summer mortality syndrome affecting cultured D. labrax. High plasma cortisol and oxidative stress markers indicated the direct effect of thermal stress on fish physiology and biochemistry as a body compensation mechanism to alleviate thermal stress's deleterious effect and reach homeostasis. High plasma cortisol and oxidative stress markers resulted in decreasing the immune response of fish increasing disease susceptibility. The high temperature also induced high toxic ammonia and decreased dissolved oxygen level makes fish conditions more worth.

Oxidative stress resulted from the imbalance between the production of oxidant and antioxidants; antioxidant enzymes are the first line of defense against the oxidative damage of cells as they are a part of the enzymatic mechanisms involved in the detoxification of the reactive oxidative species (ROS). Superoxide dismutase converts the superoxide radicals to oxygen and hydrogen peroxide; after that catalase converts hydrogen peroxide to oxygen and water (Howcroft et al., 2009). SOD and CAT provide the first line of defense against oxidative damage in animals and fish. The present research results showed that SOD and CAT significantly increased at 33 and 36°C in comparison with fish maintained at 27°C, which indicated that high water temperature exceeding 30°C accompanied with oxidative stress in D. labrax, in harmony with the present results. Nakano et al. (2014) reported increased SOD of salmon subjected to thermal stress.

Malondialdehyde (MDA) significantly increased in the fish group subjected to 33°C and sharply increased at 36°C, elucidating peroxidation of the plasma membrane in repose to thermal stress. The present findings coincided with Nakano et al. (2014) they recorded increased MDA after short term thermal stress in salmon. MDA is a final product of the lipid peroxidation process; it is considered one of the best indicators of cell membrane injury due to oxidative stress (Del Rio et al., 2005; Ayala et al., 2014).

Increased oxidative stress markers are considered a defiance mechanism against oxidative stress associated with thermal stress; through the oxidative stress response, the body tries to maintain internal homeostasis and restore body cells' normal physiological function. The present results showed that water temperature above 30°C induces oxidative stress in D. labrax accompanied by ROS production. This finding is supported by the research conducted by Kamyab et al. (2017) and Do et al. (2019).

Biller and Takahashi (2018) reported that oxidative stress limits the immune response by impairing the defense mechanism associated with ROS production to decrease ROS production. High oxidative stress markers are accompanied by reducing the immune response and so promote disease susceptibility in fish.

The present work has proved the harmful effect of thermal stress (increased water temperature) on both healthy and experimentally infected D. labrax fingerlings. Plasma cortisol is the major stress indicator in fish (Schreck and Tort, 2016). Plasma cortisol level was significantly increased in response to water temperature exceeding 30°C; moreover, the plasma cortisol level was duplicated by more than seven-folds when the water temperature reached 36°C, which confirms the subjection of fish to severe stress. Person-Le Ruyet et al. (2004) recorded that the suitable farming temperature for D. labrax is between 22 and 26°C. High cortisol level negatively affects the tissue inflammatory response through the inhibitory effects on cytokine production, lysozyme and complement activities decreasing the immune response increased susceptibility to different pathogens (Aluru and Vijayan, 2009; Cortes et al., 2013). Cortisol also suppresses the cellular immune response in fish through decreasing phagocytic responses, lymphocyte numbers and antibody production (Nardocci et al., 2014).

Diseased fish were accumulated on the water surface of the affected farm to compensate decreased dissolved oxygen concentration. Signs of septicemia observed on infected fish were associated with expressing the different virulence factors of the invading bacterial pathogens. In harmony with the present results; Austin (2019) reported that signs of septicemia are the most prominent indicator of bacterial fish diseases.

Antibiogram indicated that all the recovered bacterial isolates were highly susceptible to florfenicol. Florfenicol is considered the most effective antibiotic that must use in controlling such infection. FDA approved florfenicol to treat the susceptible bacterial diseases in aquaculture (Zeng et al., 2019). Many studies indicated the efficacy of florfenicol in treating bacterial fish diseases (Gaunt et al., 2010; Aboyadak et al., 2016; Abdelhamed et al., 2019). Florfenicol is one of the most recent antibiotics currently used in veterinary medicine, so bacterial resistance is unfamiliar.

To our knowledge, this is the first work proving the pathogenicity of V. fluvialis for D. labrax. Histopathological examination indicated the presence of many degenerative changes affecting the hepatopancreas, kidney and gills of infected fish as inflammation, congestion and necrosis. These findings confirm the virulence of V. fluvialis for D. labrax. The recorded gross and microscopic pathology could be attributed to the invasion of V. fluvialis to diseased fish tissues during septicemia and the expression of different virulence-associated factors produced by this pathogen.



CONCLUSION

Multi stress factors are responsible for summer mortality syndrome affecting cultured D. labrax in Egypt; thermal stress associated with heatwaves is the main predisposing factor. Thermal stress initiates a cascade of subsequent stress responses, including increasing plasma cortisol, oxidative stress, decreased dissolved oxygen level, and elevated toxic ammonia levels. Under this multifactor stress, fish were severely suffering, turned immune-compromised and subsequently highly susceptible to infectious diseases. On the other hand, high water temperature enhanced bacterial bacteria growth, multiplication and expression of their virulence factors, so the commensals and environmental bacteria turned pathogenic.
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Creseis acicula is a swimming shelled pteropod species, widely distributed in the world’s oceans. In 2020, an unprecedented bloom of C. acicula was observed in Daya Bay, and lasted from June to July. To date, there is very limited information on the physiological characteristics of this species, which is essential to understand bloom dynamics. In the present study, the physiological performances of C. acicula in response to temperature (17–35°C) and salinity (18–38 ppt) were investigated. The oxygen consumption (OCR) and calcification rates (CR) of C. acicula peaked at 32 and 26°C, respectively, while ammonia excretion rate (AER) significantly increased with increasing temperature. The thermal coefficient Q10 (respiration) of C. acicula dropped to a minimum value between 32 and 35°C, suggesting that they were in a stressful status. The O:N ratio ranged from 3.24 to 5.13, indicating that protein was the major catabolism substrate. Temperature exerted a stronger effect on the OCR and AER of C. acicula. Salinity has a more influence on CR. The preferable temperature for C. acicula ranges from 29 to 32°C, and the preferable salinity ranges from 28 to 33 ppt. Based on a comprehensive consideration, we presumed that the warmer seawater temperature around the thermal discharge area of Daya Bay nuclear power plant is a possible cause for the bloom of C. acicula.
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INTRODUCTION

Creseis acicula belongs to the Pteropoda order, Cavoliniidae family, and Creseis genus. This pteropod is the largest in the Creseis genus. C. acicula lives in the upper portion of the water column (less than 500 m), and is abundant in the Atlantic, Indian, and Pacific Oceans (Albergoni, 1975). The temporal dynamics and spatial distribution patterns of pteropods are well studied. C. acicula outbreaks have been reported in the coastal waters of India (Sakthivel and Haridas, 1974; Peter and Paulinose, 1978; Pillai and Rodrigo, 1984; Naomi, 1988), Japan (Nishimura, 1965; Morioka, 1980), Gulf of Mexico (Hutton, 1960), and in the Mediterranean Sea (Burgi and Devos, 1962; Albergoni, 1975; Kokelj et al., 1994) between the 1960s and the 1990s, with the highest abundance recorded at about 500 inds m–3. In Daya Bay, South China Sea, C. acicula generally appear from March to November each year, with average abundances ranging from 0.04 to 1.9 inds m–3 (Xu, 1989). Since the 1990s, there was no report of C. acicula bloom in the world. However, a massive aggregation occurred from June to July 2020 near the thermal discharge area of Daya Bay Nuclear Power Plant (DNPP), with the highest abundance reaching 4525–5595 inds m–3 (Dai et al., 2020; Zhong et al., 2021). Large amount of C. acicula gathered around the thermal discharge area of DNPP and seriously affected the normal operation of the plant.

The outbreak mechanism of C. acicula is very complex, like any other species (Wishner et al., 1995; Baliarsingh et al., 2020; Maas et al., 2020). The distribution of C. acicula is restricted by various physical and chemical environmental parameters, such as temperature, salinity, food, oxygen, and water depth (Herman, 1998; Dai et al., 2020; Zeng et al., 2021). The potential mechanisms for the bloom of C. acicula include optimum temperature and salinity (or the temperature and salinity are not at the most optimal levels for C. acicula, but they might be worse for the competitors or predators of C. acicula) and an adequate food supply for C. acicula. As Dai et al. (2020) suggested that the initiation of C. acicula bloom in Daya Bay well-matched a sharp increase of temperature and chlorophyll a, as well as an abrupt decrease of salinity attributed to a heavy rainfall happened before the bloom which lasted for more than 20 days. However, till now, there is very little information on the causes of C. acicula blooms from a physiological point of view. A further understanding of the physiological mechanisms regulating the blooms will contribute to our knowledge of the survival tolerance of this species.

The objective of the present study was to investigate the effects of temperature and salinity on the physiological responses of C. acicula, and to provide the useful information on the outbreak reasons of C. acicula around the thermal discharge area of DNPP.



MATERIALS AND METHODS


Study Area and Experimental Creseis acicula Collection

Experimental C. acicula samples were collected on July 6, 2020, in Daya Bay, which is located in the northern part of the South China Sea in Guangdong Province, Southern China (Figure 1). It is a semi-enclosed drowned valley bay with water depth ranging from 5 to 20 m and a water area of about 600 km2. More than 50 islands locate inside the bay area. The DNPP base was built in 1994 on the southwestern shore of Daya Bay, which is located on Dapeng Peninsula, Dapeng New District, Shenzhen city, Guangdong Province (Figure 1). The bay is dominated by an irregular semidiurnal tide with a narrow tidal range, which affects the transport of thermal discharge (Jiang and Wang, 2020). On June 12, 2020, a large amount of C. acicula was spotted in the waters close to the southwestern shore of Daya Bay.
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FIGURE 1. Sampling sites of Creseis acicula nearby the Daya Bay nuclear power plant (DNPP).


During sampling, the average seawater temperature was 30.92 ± 0.86°C and the average salinity was 32.36 ± 0.38 ppt. Experimental C. acicula were at their mature stage as ovulating phenomenon was observed. They were collected using a bucket with water to avoid possible stress of capture. Specimens were placed in a 100-L container and were transported to the laboratory at the Marine Biology Experimental Base, located on the Daya Bay seafront, within 1 h of capture. Before the start of experiments, C. acicula samples were acclimated to laboratory conditions for 2 days. In Daya Bay, C. acicula mostly appears from March to November each year (Xu, 1989), when the average seawater temperature and salinity are 26.97 ± 2.85°C and 33.14 ± 1.10 ppt, respectively (unpublished data). Thus, during acclimation, pteropods were transferred into 40-L transparent glass bottles filled with sand-filtered seawater (to a density of ca. 1000 pteropods per bottle), at a temperature of 26°C and salinity of 33 ppt, bubbled with ambient air. C. acicula were fed once daily with a mixture of the chlorophyte Chlorella vulgaris and the diatom Skeketonema costatum, with an equal algal cell density of 40,000 cells mL–1 at 08:00.



Experimental Design

Oxygen consumption rate (OCR), ammonia excretion rate (AER), and calcification rate (CR) were measured using a closed-chamber method, as described in Ikeda et al. (2000). Brown respiration bottles (1-L vol.) were used for incubation experiments. Seven graded temperatures (i.e., 17, 20, 23, 26, 29, 32, and 35°C, respectively), and five graded salinities (i.e., 18, 23, 28, 33, and 38 ppt, respectively) were set to determine the effects of these two environmental factors on physiological responses. The incubation water temperature was gradually decreased or increased to each experimental value in a 5-h period by an automatic temperature controller. Water salinity was also gradually decreased or increased within a 5-h period to each experimental value by adding freshwater or artificial sea salt to natural seawater, respectively.

Pre-experiments were conducted to make sure that at the end of incubation, the oxygen concentration must be kept at a high level–at no less than 50% of the initial concentration–in order to avoid any possible hypoxia stress on the normal physiological activities of C. acicula. The incubation time and density of C. acicula in each respiration bottle were determined accordingly. The optimum number of C. acicula was determined as 100 individuals per bottle. The optimum incubation duration was 8 h. Healthy (actively moving) individuals with similar size (8–9 mm of shell length) were selected for the subsequent experiments. Prior to the experiments, C. acicula were not fed for 24 h to allow for gut clearance and avoid interference from post-prandial metabolism and excretion of feces. The experimental C. acicula were rinsed 3–4 times with filtered seawater (using Whatman GF/F filters), and then were transferred into respiration bottles. The respiration bottles were submerged and incubated in a water bath to maintain an identical ambient temperature for all of them.



Measurement of Physiological Parameters

Experimental C. acicula were incubated in respiration bottles (100 individuals per bottle), and were further assigned to the seven temperature treatments and the five salinity treatments.

For the temperature experiment, the bottles were filled with filtered seawater (using Whatman GF/F filters) and were left open for 24 h to obtain the air-sea equilibrium of the CO2-carbonate system. Each temperature treatment has six bottles (three for treatment group and three for control). Bottles were capped and submerged in water with corresponding experimental water temperature. In each temperature treatment, three bottles filled with filtered seawater and without pteropods served as respective controls. For the salinity experiment, all the bottles were submerged in a water bath at a temperature of 26°C.

At the end of the incubation period, dissolved oxygen (DO) was measured with an optical DO meter (YSI Pro, Yellow Springs Instrument Company, Yellow Springs, OH, United States), and pH was measured using a pH meter (Thermo Scientific Orion 320P-01, Thermo Fisher Scientific, Waltham, MA, United States). Then, 100 mL of water samples was siphoned out to measure ammonia (through the oxidizing reaction of sodium hypobromite, GB/T 12763.4-2007, 2007), and total alkalinity (TA) (Gran titration with 0.1 M HCl using an alkalinity titrator, AS-ALK2 Total Alkalinity Titration System, Apollo, United States). For each bottle, these parameters were measured in triplicates. Calcium carbonate (CaCO3) saturation for aragonite (Ωa) was obtained from water temperature, salinity, pH, and TA using the CO2_SYS_XLS calculation program (Pierrot et al., 2006). The wet weights of the pteropods were estimated through weighting the 100 residual individuals, similar with the experimental samples, after blotting dry, and this weighting repeated 6 times to acquire the mean wet weight of 100 pteropods.

The OCR (μmol O2 g–1 h–1), AER (μmol N g–1 h–1) and CR (μmol g–1 h–1) of the C. acicula samples were calculated as follows:

OCR = (DO0 − DOt) × V/W/t

AER = (At − A0) × V/W/t

CR = (TA0 − TAt) × V/2/W/t

where DO0, A0, and TA0 are the oxygen, ammonia, and total alkalinity concentrations (μmol L–1) of the control bottle after incubation, respectively; DOt, At, and TAt are the oxygen, ammonia, and total alkalinity concentrations (μmol L–1) of the treatment bottle after incubation, respectively; V is the bottle volume (L); W is the total wet weight of the pteropods in each bottle (g); and t is the duration of the experiment (h).

Thermal coefficients (Q10) were calculated using the following the equation (Bayne and Newell, 1983):
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where R1 and R2 are the corresponding metabolic rates (OCR or AER) at temperatures t1 and t2, respectively.

The O:N ratio indicated the ratio of proteins, lipids, and carbohydrates that were used as energy substrates by the organisms under different experimental conditions, and it was estimated for the tested pteropods in each bottle based on the OCR and AER, in atomic equivalents (Yu et al., 2018).



Statistical Analysis

Statistical analyses were conducted using SPSS 19.0 for Windows (IBM Corp., Armonk, NY, United States). The values of OCR, AER, CR, Q10, and O:N ratio in all experimental groups were analyzed using one-way ANOVA, followed by a comparison of means through the Tukey test. Prior to conducting statistical analyses, the normality and homogeneity of variance of all data were examined using the Shapiro–Wilk test and Levene’s test, respectively. The effects of temperature and salinity on OCR, AER, CR, and O:N ratio were tested using stepwise multiple regression analysis. Statistical significance was set at P < 0.05.




RESULTS

At the end of the incubation, the survival rates of C. acicula were > 90% for the 17, 20, 23, 26, 29, and 32°C treatments, and the 28, 33, and 38 ppt treatments. The survival rate of C. acicula was ∼50% for the 23 ppt treatment. Unfortunately, no C. acicula survived in the 35°C and 18 ppt treatments. The survival results suggest that C. acicula can tolerate a temperature range between 17 and 32°C and a salinity range between 23 and 38 ppt.


Oxygen Consumption

The OCR of C. acicula significantly increased with temperature and salinity values of 32°C and 28 ppt, respectively, and decreased thereafter [one-way ANOVA, temperature: F(6,20) = 80.112, P < 0.05; salinity: F(4,14) = 5.906, P < 0.05; Figure 2]. The rate differed significantly among all temperatures (Tukey test, P < 0.05), except between 29 and 35°C. OCR significantly increased at 28 ppt compared to the values observed at the lowest (18 ppt) and highest (38 ppt) salinities tested, respectively (Tukey test, P < 0.05). But there was no significant difference of OCR within the 23–33 ppt range (Tukey test, P > 0.05).
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FIGURE 2. Effects of temperature (A) and salinity (B) on the oxygen consumption rate of Creseis acicula. Bars denote standard deviation. Different superscripts indicate significance (P < 0.05) among the different temperature and salinity treatments, respectively.


Stepwise multiple regression analysis explained 86.6% of the variation in the OCR of C. acicula [F(1,35) = 114.563, R2-adjusted = 0.866]. This regression analysis also showed that temperature was significantly correlated (P < 0.05) with the OCR, but salinity was not (P > 0.05). The coefficients of temperature and salinity were assumed as 0.980 and 0.051, respectively. The overall regression analysis results illustrate that the OCR of C. acicula was more influenced by temperature than by salinity.



Ammonia Excretion

AER increased significantly as temperature increased within the 17–35°C range [one-way ANOVA, F(6,20) = 48.311, P < 0.05]. It increased by 70% at the highest temperature (35°C) in comparison with the value at the lowest temperature (17°C) (Figure 3A). Although AER decreased gradually with salinity up to 33 ppt, and then increased slightly at 38 ppt [one-way ANOVA, F(4,14) = 1.105, P < 0.05], there was no significant difference among any of salinities (Tukey test, P > 0.05; Figure 3B).


[image: image]

FIGURE 3. Effects of temperature (A) and salinity (B) on the ammonia excretion rate of Creseis acicula. Bars denote standard deviation. Different superscripts indicate significance (P < 0.05) among the different temperature and salinity treatments, respectively.


Stepwise multiple regression analysis explained 85.9% of the variation in the AER of C. acicula [F(1,35) = 107.682, R2-adjusted = 0.859]. Both temperature and salinity were statistically significant (P < 0.05). The coefficients of temperature and salinity were assumed as 0.140 and −0.031, respectively, which showed that AER was also more influenced by temperature than by salinity.



Calcification

The CR of C. acicula firstly increased with increasing temperature and salinity, with the highest values at 26°C and 33 ppt, respectively, and decreased thereafter [one-way ANOVA, temperature: F(6,20) = 26.781, P < 0.05; salinity: F(4,14) = 36.229, P < 0.05; Figure 4]. The CR values at 20–29°C were significantly higher than those at 32–35°C (Tukey test, P < 0.05); at 28–38 ppt, CR values were significantly higher than those at 18–23 ppt (Tukey test, P < 0.05). Negative CR values were detected at 35°C, and 18 and 23 ppt. No significant difference in CR was found within the 20–29°C and 28–38 ppt ranges (Tukey test, P > 0.05).
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FIGURE 4. Effects of temperature (A) and salinity (B) on the calcification rate of Creseis acicula. Bars denote standard deviation. Different superscripts indicate significance (P < 0.05) among the different temperature and salinity treatments, respectively.


Stepwise multiple regression analysis explained 66.2% of the variation in the CR of C. acicula [F(1,35) = 35.326, R2-adjusted = 0.662]. The regression analysis showed that salinity was significantly correlated with CR (P < 0.05), but temperature was not (P > 0.05). The coefficients of temperature and salinity were −0.150 and 0.563, respectively. In C. acicula, CR was more influenced by salinity than by temperature.



O:N Ratio

The O:N ratio of C. acicula ranged from 3.24 to 5.13; it increased significantly as temperature increased from 17 to 32°C, and then it significantly decreased at 35°C [one-way ANOVA, F(6,20) = 33.789, P < 0.05; Tukey test, P < 0.05; Figure 5A]. And the ratio also showed a significant difference among the salinities [one-way ANOVA, F(4,14) = 5.947, P < 0.05; Figure 5B]. It initially increased with increasing salinity, with the highest values detected at 28 and 33 ppt, and it decreased at 38 ppt. There was no significant difference within the 23–38 ppt range (Tukey test, P > 0.05), but the ratio at 18 ppt was significantly lower than that at 28 and 33 ppt (Tukey test, P < 0.05).
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FIGURE 5. Effects of temperature (A) and salinity (B) on the O:N ratio of Creseis acicula. Bars denote standard deviation. Different superscripts indicate significance (P < 0.05) among the different temperature and salinity treatments, respectively.


Stepwise multiple regression analysis explained 53.7% of the variation in the O:N ratio of C. acicula [F(1,35) = 21.336, R2-adjusted = 0.537]. The regression analysis showed that both temperature and salinity were significantly correlated with the O:N ratio (P < 0.05). The temperature and salinity coefficients were 0.083 and 0.028, respectively, indicating that temperature had a greater effect on O:N ratio than salinity.



Q10

The Q10 values calculated for the different tested temperatures are shown in Table 1. Both the Q10 for respiration and excretion decreased with increasing temperature, except for the Q10 values for excretion within 32 and 35°C. The highest Q10 values for respiration and excretion were observed within 17 and 20°C, followed by that within 20 and 23°C. The lowest Q10 value for respiration was 0.79 within 32 and 35°C, and the lowest Q10 value for excretion value was 1.23 within 29 and 32°C. A narrow range of Q10 for excretion was observed for C. acicula when exposed to the different temperatures.


TABLE 1. Q10 values for respiration and excretion in Creseis acicula exposed to different temperatures.
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DISCUSSION

The results of the present study suggest that C. acicula has the ability to regulate its metabolisms, e.g., respiration, ammonia excretion, and calcification rates, within a relatively broad range of water temperature and salinity. This could be an advantage for its worldwide distribution. The results showed that the OCR of C. acicula increased by 145%, as the experimental temperature increased from 17 to 32°C, and its value decreased at 35°C. The respiration rates of pteropod species increased with increasing temperature (Seibel et al., 2007; Comeau et al., 2010; Maas et al., 2012; Bednaršek et al., 2016). However, the correlation between respiration and temperature was not linear in C. acicula. This is consistent with previous findings reported for copepod species, usually rising more steeply at the upper end and falling when the lethal temperature is approached (Krause et al., 2003). This indicated that C. acicula has a metabolic regulation ability. The decrease in OCR here reported suggests that when the water temperature reached 35°C, C. acicula entered a state of physiological stress and paid relatively higher energy cost. On the other hand, AER in C. acicula increased with increasing temperature, with the highest value observed at 35°C. It is well-known that ammonia is the major form of nitrogen waste–derived from protein metabolism–excreted by marine zooplankton (Butler et al., 1970; Corner and Davies, 1971). Therefore, the high ammonia production at 35°C indicates that C. acicula uses more protein as its energy source in higher water temperature than in lower water temperature conditions.

Q10 has been recognized as a common parameter that reflects the adjustments related to the enzymatic and physiological requirements for energy when temperature increases within natural range (Kita et al., 1996; Manush et al., 2004; Kim et al., 2005). As for most animals, the normal Q10 value for pteropods is approximately 2–3 (Fry, 1971). In the present study, the Q10 for excretion did not clearly change with the increase in temperature. Whereas, the increase in oxygen consumption with rising temperature is fully accounted for by the basal metabolism (Hirche, 1987). Thus, in C. acicula the Q10 for respiration ranged from 2.23 to 1.61 at the 17–32°C range, which indicated that this pteropod is well adapted to these temperatures. However, when the temperature increased to 32–35°C, the Q10 for respiration was lowered to 0.79, indicating that C. acicula is no longer sensitive to temperature variation when temperature exceeded the optimum value.

The principle of osmotic adjustment holds that when osmotic pressure is at a minimum, the metabolic level is the lowest; when salinity is higher or lower than the isotonic point, more energy is consumed to maintain homeostasis, and the metabolic level increases (Cao and Wang, 2015). In this study, the OCR of C. acicula increased as the salinity increased from 18 to 28 ppt. A turning point was observed at 28 ppt, beyond which the OCR decreased as salinity increased from 28 to 38 ppt. Although AER in C. acicula did not significantly vary with salinity, it firstly decreased to the lowest level at 33 ppt, and then increased at 38 ppt, showing an opposite pattern to that observed for OCR. This supports the theory that the energetic cost associated with ionic and osmotic regulation is minimal within the normal salinity range tolerated by a species at species life stages (Morgan and Iwama, 1991). And at the same time, neither OCR nor AER at 28 ppt significantly differed from the corresponding values both at 23 and 33 ppt, indicating that C. acicula could well adapt to salinity range from 23 to 33 ppt. The decrease in OCR at salinities of 18 and 38 ppt is also reflected in the observed retraction of the pteropod body inside its shell–which is similar to valve closure in bivalves–that occurs when salinity either drops or increases excessively (Berger and Kharazova, 1997).

The O:N ratio can be considered as representative of the overall metabolic balance of an organism. It is usually used as an index of lipid versus protein catabolism that reflects the effects of environmental stressors on zooplankton energy reserves (Mayzaud and Conover, 1988). Typically, an O:N ratio lower than 7 indicates a protein-only catabolism; values between 7 and 17, indicating a protein-oriented catabolism; and values >17, indicating a lipid/carbohydrate catabolism (Mayzaud and Conover, 1988; Ikeda et al., 2000). In the present study, the O:N ratio values calculated for C. acicula fall into a narrow range (from 3.24 to 5.13). Previous studies also reported a low O:N ratio for some adult pteropod species, such as Clio pyramidata (4.4) and Limacina helicina antarctica (2–9) (Thibodeau et al., 2020). Thus, pteropod species, including C. acicula in this study, use protein as the major metabolism substrate.

CaCO3 occurs in several solid forms, including aragonite and calcite, and between these two, the former is less stable than the latter (Fransson et al., 2016). C. acicula is sensitive to chemical changes in seawater due to its highly soluble aragonite shells (Tunçer et al., 2021). The CaCO3 saturation (Ω) is used as a chemical indicator for the dissolution potential of this compound (Fransson et al., 2016). Increasing temperature leads to increased Ω (Chierici et al., 2011), while freshwater supply causes a decrease in this parameter (Sejr et al., 2011; Fransson et al., 2015). Severe shell dissolution of aragonite-forming organisms takes place when Ωa < 1.4 (Bednaršek and Ohman, 2015). In this study, the CR of C. acicula firstly increased to the highest level at 26°C and 33 ppt, but then decreased at 29–35°C and 38 ppt; CR values were negative at high temperature (35°C) and at low salinities (18–23 ppt). The Ωa increased from 17 to 35°C and from 18 to 38 ppt, with all Ωa values being > 1.4, except at 26 ppt after incubation (Table 2). Thus, it is easy to understand that the CR was negative at low salinities (18 and 23 ppt) and the salinity had a stronger effect on the CR than temperature. While, the negative CR values observed at 35°C may have been caused by the presence of physiological stress due to higher temperature–which increases the risk of dissolution and thinning of the aragonitic shells in C. acicula (Fransson et al., 2016)–rather than by the variation of Ωa. For example, higher energetic costs may derive from necessary repair calcification processes in response to shell dissolution (Lischka and Riebesell, 2012; Blachowiak-Samołyk et al., 2015; Vader et al., 2015). In this study, for the negative CR, C. acicula could not meet the needs for increased energetic costs, and responded with metabolic depression to save energy and increase its chance of survival. This is consistent with the findings of previous studies (Bibby et al., 2007; Rosa and Seibel, 2008; Navarro et al., 2013).


TABLE 2. Saturation states of the water related to aragonite minerals (Ωa) before and after the physiological experiment with different temperatures (T) and salinities (S).
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Studies of various marine species suggest that a number of large swarms or aggregations are due to biological forces (i.e., development time, bloom timing, species interactions) (Wishner et al., 1995; Ji et al., 2009; Baliarsingh et al., 2020). In this study, the experimental C. acicula were at mature stage with ovulating. After this study, we also observed the reproductive development of C. acicula. But the metamorphosis to juveniles with shells was absent after 20 days of veliger stage. Most studies confirm that the early stages of pteropod development are the most vulnerable (Kurihara, 2008; Comeau et al., 2010; Lischka et al., 2011), as the organisms do not have fully formed shells (Kobayashi, 1974; Fabry et al., 2008; Howes et al., 2014; Thabet et al., 2015). Meanwhile this study showed that the protein was the major catabolism substrate of C. acicula. Due to a strong depletion of lipids suffered during the spawning phase in the summer, active lipid storage in eggs may occur in pteropods (Gannefors et al., 2005). And female pteropods generally die shortly after spawning (Gannefors et al., 2005), which may explain the extinction of C. acicula after 1 month of the bloom. Thus, this massive aggregation of C. acicula may explain to be a reproductive bloom.



CONCLUSION

Our results indicate that seawater temperature has a stronger influence on OCR and AER of C. acicula, compared to salinity. On the other hand, CR was more affected by salinity than by temperature. The preferable temperature for C. acicula ranged from 29 to 32°C and the preferable salinity ranged from 28 to 33 ppt. The warmer water (30.92 ± 0.86°C) around the thermal discharge area of DNPP may favor the physiological performances for reproduction. In addition, it is well-known that water temperature shows a regular seasonal cycle in Daya Bay (Wu et al., 2016). The C. acicula bloom occurred only in 2020. This impenetrable phenomenon may be mainly related to the tidal current which drives the horizontal migration of C. acicula from the inside to the outside of the bay during the ebb tide period (Zeng et al., 2021). Thus, it is contingency for this bloom (Zhong et al., 2021). However, it must be pointed out that the bloom formatting mechanism of C. acicula is very complex and almost be combination of many factors. Further studies are in need for a fully understanding on the bloom forming mechanism of C. acicula.



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.



AUTHOR CONTRIBUTIONS

TH and HH conceived the study. TH and ZQ designed the experiments, analyzed the data, and wrote the manuscript. RS and QL conducted the research and collected the data. MD and HH provided materials and interpreted the data. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Key Research and Development Program of China (2018YFC1407501 and 2018YFC1407504), Central Public-interest Scientific Institution Basal Research Fund, South China Sea Fisheries Research Institute, CAFS (2019TS29 and 2021SD03), Central Public-interest Scientific Institution Basal Research Fund, CAFS (2020TD15 and 2020YJ02), Financial Fund of the Ministry of Agriculture and Rural Affairs, P.R. China (NFZX2021), and Key Special Project for Introduced Talents Team of Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou) (GML2019ZD0402).



ACKNOWLEDGMENTS

We would like to appreciate Jing Li, Xiaoqing Qin, and Lingling Wang for their assistance in experimental work. We are grateful for valuable suggestions and comments from editor and reviewers.



REFERENCES

Albergoni, A. (1975). Addensamento improvviso di Creseis acicula (Rang, 1828) (Gastropoda, pteropoda) in una baia del Mare Ligure. Conchiglie 11, 233–236.

Baliarsingh, S. K., Lotliker, A. A., Srichandan, S., Samanta, A., Kumar, N., and Nair, T. M. B. (2020). A review of jellyfish aggregations, focusing on India’s coastal waters. Ecol. Proc. 9:58. doi: 10.1186/s13717-020-00268-z

Bayne, B. L., and Newell, R. C. (1983). Physiological energetics of marine mollusks. Mollusca 4, 407–515. doi: 10.1016/B978-0-12-751404-8.50017-7

Bednaršek, N., Harvey, C. J., Kaplan, I. C., Feely, R. A., and Mozina, J. (2016). Pteropods on the edge: Cumulative effects of ocean acidification, warming, and deoxygenation. Prog. Oceanogr. 145, 1–24. doi: 10.1016/j.pocean.2016.04.002

Bednaršek, N., and Ohman, M. D. (2015). Changes in pteropod distributions and shell dissolution across a frontal system in the California Current System. Mar. Ecol. Prog. 523, 93–103. doi: 10.3354/meps11199

Berger, V. J., and Kharazova, A. D. (1997). Mechanisms of salinity adaptations in marine molluscs. Interact. Adapt. Strateg. Mar. Organ. 355, 115–126. doi: 10.1007/978-94-017-1907-0_12

Bibby, R., Cleall-Harding, P., Rundle, S., Widdicombe, S., and Spicer, J. (2007). Ocean acidification disrupts induced defences in the intertidal gastropod Littorina littorea. Biol. Lett. 3, 699–701. doi: 10.1098/rsbl.2007.0457

Blachowiak-Samołyk, K., Wiktor, J. M., Hegseth, E. H., Wold, A., Falk-Petersen, S., and Kubiszyn, A. M. (2015). Winter Tales: the dark side of planktonic life. Polar Biol. 38, 23–36. doi: 10.1007/s00300-014-1597-4

Burgi, C. M., and Devos, C. (1962). Accumulation exceptionelle de Creseis acicula au long des cìtes dans la région de Banyuls-sur-Mer. Vie et Milieu. 13, 391–392.

Butler, E. I., Corner, E. D. S., and Marshall, S. M. (1970). On the nutrition and metabolism of zooplankton. VII. Seasonal survey of nitrogen and phosphorus excretion by Calanus in the Clyde Sea area. J. Mar. Biol. Ass. U.K. 50, 525–560. doi: 10.1017/s0025315400004707

Cao, F., and Wang, H. (2015). Effects of salinity and body mass on oxygen consumption and ammonia excretion of mudskipper Boleophthalmus pectinirostris. Chin. J. Oceanol. Limn. 33, 92–98. doi: 10.1007/s00343-015-4107-9

Chierici, M., Fransson, A., Lansard, B., Miller, L. A., Mucci, A., Shadwick, E., et al. (2011). Impact of biogeochemical processes and environmental factors on the calcium carbonate saturation state in the Circumpolar Flaw Lead in the Amundsen Gulf, Arctic Ocean. J. Geophys. Res. Oceans 116:C9. doi: 10.1029/2011JC007184

Comeau, S., Jefferee, R., Teyssié, J.-L., and Gattuso, J.-P. (2010). Response of the Arctic pteropod Limacina helicina to projected future environmental conditions. PLoS One 5:e11362. doi: 10.1371/journal.pone.0011362

Corner, E. D. S., and Davies, A. G. (1971). Plankton as a factor in the nitrogen and phosphorus cycles in the sea. Adv. Mar. Biol. 9, 101–204. doi: 10.1016/S0065-2881(08)60342-9

Dai, M., Qi, Z. H., Zeng, L., Zhang, S. F., Wang, L. L., Qin, X. Q., et al. (2020). An unprecedented outbreak of pelagic molluscs Creseis acicula in Daya Bay, South China Sea. Authorea 2020, 1–7. doi: 10.22541/au.159809490.05151881

Fabry, V. J., Seibel, B. A., Feely, R. A., and Orr, C. J. (2008). Impacts of ocean acidification on marine fauna and ecosystem process. ICES J. Mar. Sci. 65, 414–432. doi: 10.1016/j.tree.2012.10.001

Fransson, A., Chierici, M., Hop, H., Findlay, H. S., Kristiansen, S., and Wold, A. (2016). Late winter-to-summer change in ocean acidification state in Kongsfjorden, with implications for calcifying organisms. Polar Biol. 39, 1841–1857. doi: 10.1007/s00300-016-1955-5

Fransson, A., Chierici, M., Nomura, D., Granskog, M. A., Kristiansen, S., Martma, T., et al. (2015). Effect of glacial drainage water on the CO2 system and ocean acidification state in an Arctic tidewater-glacier fjord during two contrasting years. J. Geophys. Res. Oceans. 120, 2413–2429. doi: 10.1002/2014JC010320

Fry, F. E. J. (1971). 1-The effect of environmental factors on the physiology of fish. Fish Physiol. 6, 1–98. doi: 10.1016/S1546-5098(08)60146-6

Gannefors, C., Boer, M., Kattner, G., Graeve, M., Eiane, K., Gulliksen, B., et al. (2005). The Arctic sea butterfly Limacina helicina: lipids and life strategy. Mar. Biol. 147, 169–177. doi: 10.1007/s00227-004-1544-y

GB/T 12763.4-2007 (2007). Specifications for oceanographic survey-Part 4: Survey of chemical parameters in sea water. Beijing: Standards Press of China, 21–23.

Herman, Y. (1998). “Pteropods,” in Introduction to Marine Micropaleontology, 2nd Edn, eds B. U. Haq and A. Boersma (Amsterdam: Elsevier Science Press), 151–159.

Hirche, H. J. (1987). Temperature and Plankton. II. Effect on respiration and swimming activity in copepods from the Greenland Sea. Mar. Biol. 94, 347–356. doi: 10.1007/BF00428240

Howes, E. L., Bednaršek, N., Büdenbender, J., Comeau, S., Doubleday, A., Gallager, S. M., et al. (2014). Sink and swim: a status review of thecosome pteropod culture techniques. J. Plankton. Res. 36, 299–315. doi: 10.1093/plankt/fbu002

Hutton, R. F. (1960). Marine dermatosis: Notes on seabather’s eruption with Creseis Acicula Rang (Mollusca: Pteropoda) as the cause of a particular type of sea sting along the west coast of Florida. Arch. Dermatol. 82, 153–157. doi: 10.1001/archderm.1960.01580060107017

Ikeda, T., Torres, J. J., Hernández-León, S., and Geiger, S. P. (2000). “Metabolism,” in ICES Zooplankton Methodology Manual, eds R. Harris, P. Wiebe, J. Lenz, H. R. Skjoldan, and M. Huntley (London: Academic Press), 455–532.

Ji, R., Davis, C. S., Chen, C., and Beardsley, R. C. (2009). Life history traits and spatiotemporal distributional patterns of copepod populations in the Gulf of Maine-Georges Bank region. Mar. Ecol. Prog. Ser. 384, 187–205. doi: 10.3354/meps08032

Jiang, R., and Wang, Y. S. (2020). Modeling the ecosystem response of the semi-closed Daya Bay to the thermal discharge from two nearby nuclear power plants. Ecotoxicology 29, 736–750. doi: 10.1007/s10646-020-02229-w

Kim, W. S., Yoon, S. J., Kim, J. M., Gil, J. W., and Lee, T. W. (2005). Effects of temperature changes on the endogenous rhythm of oxygen consumption in the Japanese flounder Paralichthys olivaceus. Fish. Sci. 71, 471–478. doi: 10.1111/j.1444-2906.2005.00990.x

Kita, J., Tsuchida, S., and Setoguma, T. (1996). Temperature preference and tolerance and oxygen consumption of the marbled rock-fish. Sebastiscus marmoratus. Mar. Biol. 125, 467–471. doi: 10.1007/BF00353259

Kobayashi, H. A. (1974). Growth-cycle and related vertical distribution of thecosomatous pteropod Spiratella (“Limacina”) helicina in central Arctic Ocean. Mar. Biol. 26, 295–301. doi: 10.1007/BF00391513

Kokelj, F., Milani, L., Lavaroni, G., and Casaretto, L. (1994). Marine dermatitis due to Creseis acicula. J. Eur. Acad. Dermatol. Venereol. 3, 555–561. doi: 10.1111/j.1468-3083.1994.tb00420.x

Krause, M., Fock, H., Greve, W., and Winkler, G. (2003). North sea zooplankton: a review. Senckenb. marit. 33, 71–204. doi: 10.1007/BF03043048

Kurihara, H. (2008). Effects of CO2-driven ocean acidification on the early developmental stages of invertebrates. Mar. Ecol. Prog. Ser. 373, 275–284. doi: 10.3354/meps07802

Lischka, S., Büdenbender, J., Boxhammer, T., and Riebesell, U. (2011). Impact of ocean acidification and elevated temperatures on early juveniles of the polar shelled pteropod Limacina helicina: mortality, shell degradation, and shell growth. Biogeosciences 8, 919–932. doi: 10.5194/bgd-7-8177-2010

Lischka, S., and Riebesell, U. (2012). Synergistic effects of ocean acidification and warming on overwintering pteropods in the Arctic. Glob. Change Biol. 18, 3517–3528. doi: 10.1594/PANGAEA.832422

Maas, A. E., Lawson, G. L., Bergan, A. J., Wang, Z. A., and Tarrant, A. M. (2020). Seasonal variation in physiology and shell condition of the pteropod Limacina retroversa in the Gulf of Marine relative to life cycle and carbonate chemistry. Prog. Oceanogr. 186:102371. doi: 10.1016/j.pocean.2020.102371

Maas, A. E., Wishner, K. F., and Seibel, B. A. (2012). Metabolic suppression in the thecosomatous pteropods as an effect of low temperature and hypoxia in the eastern tropical North Pacific. Mar. Biol. 159, 1955–1967. doi: 10.1007/s00227-012-1982-x

Manush, S. M., Pal, A. K., Chatterjee, N., Das, T., and Mukherjee, S. C. (2004). Thermal tolerance and oxygen consumption of Macrobrachium rosenbergii acclimated to three temperatures. J. Therm. Biol. 29, 15–19. doi: 10.1016/j.jtherbio.2003.11.005

Mayzaud, P., and Conover, R. J. (1988). O: N atomic ratio as a tool to describe zooplankton metabolism. Mar. Ecol. Prog. Ser. 45, 289–302. doi: 10.3354/meps045289

Morgan, J. D., and Iwama, G. K. (1991). Effects of salinity on growth, metabolism, and ionic regulation in juvenile rainbow trout and steelhead trout (Oncorhynchus mykiss) and fall chinook salmon (Oncorhynchus tshawytscha). Can. J. Fish. Aquat. Sci. 48, 2083–2094. doi: 10.1139/f91-247

Morioka, Y. (1980). Dense population of a pteropod, Creseis acicula (needle sea butterfly) in the neritic waters of the middle Japan Sea. Bull. Jap. Sea Reg. Fish. Res. Lab. 31, 169–171.

Naomi, T. S. (1988). On a swarm of Creseis acicula Rang (Pteropoda) in the Karwar waters. Indian J. Fish. 35, 64–65.

Navarro, J. M., Torres, R., Acuna, K., Duarte, C., Manriqueza, P. H., Lardies, M., et al. (2013). Impact of medium-term exposure to elevated pCO2 levels on the physiological energetics of the mussel Mytilus chilensis. Chemosphere 90, 1242–1248. doi: 10.1016/j.chemosphere.2012.09.063

Nishimura, S. (1965). Dropletss from the plankton net-xx. “sea stings” caused by Creseis acicula Rang (Mollusca: pteropoda) in Japan. Publ. Seto. Mar. Bioi. Lab 8, 287–290.

Peter, K. J., and Paulinose, V. T. (1978). Swarming of Creseis acicula Rang (Pteropoda) in the Bay of Bengal. Indian J. Mar. Sci. 7, 126–127.

Pierrot, D., Lewis, E., and Wallace, D. W. R. (2006). MS Excel program developed for CO2 system calculations. ORNL/CDIAC-105 [R]. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory. Oak Ridge, TN: US Department of Energy.

Pillai, S. K., and Rodrigo, J. X. (1984). Swarming of Cresies acicula Rang (Pteropoda) in the Palk Bay off Mandapam. J. Mar. Bio. Assoc. India 21, 178–180.

Rosa, R., and Seibel, B. A. (2008). Synergistic effects of climate-related variables suggest future physiological impairment in a top oceanic predator. Proc. Natl. Acad. Sci. USA Biol. Sci. 105, 20776–20780. doi: 10.1073/pnas.0806886105

Sakthivel, M., and Haridas, P. (1974). Synchronization in the occurrence of Trichodesmium bloom and swarming of Creseis acicula Rang (Pteropoda) and Penilia avirostris Dana (Cladocera) in the area off Cohin. Mahasagar 7, 61–64.

Seibel, B. A., Dymowska, A., and Rosenthal, J. (2007). Metabolic temperature compensation and coevolution of locomotory performance in pteropod molluscs. Integr. Comp. Biol. 47, 880–891. doi: 10.1093/icb/icm089

Sejr, M. K., Krause-Jensen, D., Rysgaard, S., Sørensen, L. L., Christensen, P. B., and Glud, R. N. (2011). Air-sea flux of CO2 in arctic coastal waters influenced by glacial melt water and sea ice. Tellus B 63, 815–822. doi: 10.1111/j.1600-0889.2011.00540.x

Thabet, A. A., Maas, A. E., Lawson, G. L., and Tarrant, A. M. (2015). Life cycle and early development of the thecosomatous pteropod Limacina retroversa in the Gulf of Marine, including the effect of elevated CO2 levels. Mar. Biol. 162, 2235–2249. doi: 10.1007/s00227-015-2754-1

Thibodeau, P. S., Steinberg, D., and Maas, A. E. (2020). Effects of temperature and food concentration on pteropod metabolism along the Western Antarctic Peninsula. J. Exp. Mar. Biol. Ecol. 53, 151412. doi: 10.1016/j.jembe.2020.151412

Tunçer, S., Öğretmen, N., Çakır, F., Öztekin, A., Oral, A., and Suner, S. C. (2021). First record of straight-needle pteropod Creseis acicula Rang, 1828, bloom in the Çanakkale Strait (NE Aegean Sea, Turkey). Oceanol. Hydrobiol. St. 50, 310–324. doi: 10.2478/oandhs-2021-0026

Vader, A., Marquardt, M., Meshram, A. R., and Gabrielsen, T. M. (2015). Key Arctic phototrophs are widespread in the polar night. Polar Biol. 38, 13–21. doi: 10.1007/s00300-014-1570-2

Wishner, K. F., Schoenherr, J. R., Beardsley, R., and Chen, C. (1995). Abundance, distribution and population structure of the copepod Calanus finmarchicus in a springtime right whale feeding area in the southwestern Gulf of Maine. Cont. Shelf Res. 15, 475–507. doi: 10.1016/0278-4343(94)00057-t

Wu, M. L., Wang, Y. S., Wang, Y. T., Sun, F. L., Sun, C. C., Cheng, H., et al. (2016). Seasonal and spatial variations of water quality and trophic status in Daya Bay. South China Sea. Mar. Pollut. Bull. 112, 341–348. doi: 10.1016/j.marpolbul.2016.07.042

Xu, G. Z. (1989). Daya Bay Environment and resources. Hefei: Anhui Science and Technology Press, 175–212.

Yu, Z. H., Luo, P., Liu, W. G., Huang, W., and Hu, C. Q. (2018). Influence of water temperature on physiological performance of the sea cucumber Holothuria moebii. Aquac. Res. 49, 3595–3600. doi: 10.1111/are.13826

Zeng, L., Chen, G. B., Wang, T., Zhang, S. F., Dai, M., Yu, J., et al. (2021). Acoustic study on the outbreak of Creseise acicula nearby the Daya Bay Nuclear Power Plant Base during the summer of 2020. Mar. Pollut. Bull. 165:112144.

Zhong, J. M., Chen, B. L., Liu, J. R., Yang, Y. F., and Liang, T. T. (2021). The activity characteristics and influencing factors of Creseis acicula in Daya Bay of 2020. Adv. Mar. Sci. 8, 28–34. doi: 10.12677/AMS.2021.81004


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 © 2022 Han, Qi, Shi, Liu, Dai and Huang. 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: 20 May 2022
doi: 10.3389/fphys.2022.853850


[image: image2]
Metabolomic Profiling Analysis of Physiological Responses to Acute Hypoxia and Reoxygenation in Juvenile Qingtian Paddy Field Carp Cyprinus Carpio Var Qingtianensis
Yuhan Jiang1,2,3†, Ming Qi4†, Jinpeng Zhang5, Yuanlin Wen1,2,3, Jiamin Sun1,2,3* and Qigen Liu1,2,3*
1Centre for Research on Environmental Ecology and Fish Nutrition of the Ministry of Agriculture, Shanghai Ocean University, Shanghai, China
2Key Laboratory of Exploration and Utilization of Aquatic Genetic Resources, Ministry of Education, Shanghai Ocean University, Shanghai, China
3Shanghai Engineering Research Center of Aquaculture, Shanghai Ocean University, Shanghai, China
4Zhejiang Fisheries Technical Extension Center, Hangzhou, China
5Huzhou Academy of Agricultural Sciences, Huzhou, China
Edited by:
Lingling Wang, Dalian Ocean University, China
Reviewed by:
Mahmoud A. O. Dawood, Kafrelsheikh University, Egypt
Ming Li, Ningbo University, China
Fang Wang, Ocean University of China, China
Min Jin, Ningbo University, China
* Correspondence: Jiamin Sun, jmsun@shou.edu.cn; Qigen Liu, qgliu@shou.edu.cn
Specialty section: This article was submitted to Aquatic Physiology, a section of the journal Frontiers in Physiology
†These authors share first authorship
Received: 13 January 2022
Accepted: 01 April 2022
Published: 20 May 2022
Citation: Jiang Y, Qi M, Zhang J, Wen Y, Sun J and Liu Q (2022) Metabolomic Profiling Analysis of Physiological Responses to Acute Hypoxia and Reoxygenation in Juvenile Qingtian Paddy Field Carp Cyprinus Carpio Var Qingtianensis. Front. Physiol. 13:853850. doi: 10.3389/fphys.2022.853850

The Qingtian paddy field carp (Cyprinus carpio var qingtianensis) is a local carp cultivated in the rice field of Qingtian county, Zhejiang province, China. The paddy field environment is distinct from the pond environment. Due to the inability to artificially increase oxygen, the dissolved oxygen greatly changes during the day. Therefore, investigating the physiological regulation to the changes of acute dissolved oxygen in Qingtian paddy field carp (PF-carp) will dramatically clarify how it adapts to the paddy breeding environment. The high tolerance of Qingtian paddy field carp to hypoxia makes it an ideal organism for studying molecular regulatory mechanisms during hypoxia process and reoxygenation following hypoxia in fish. In this study, we compared the changes of metabolites in the hepatopancreas during hypoxia stress and the following reoxygenation through comparative metabolomics. The results showed 131 differentially expressed metabolites between the hypoxic groups and control groups. Among them, 95 were up-regulated, and 36 were down-regulated. KEGG Pathway enrichment analysis showed that these differential metabolites were mainly involved in regulating lipid, protein, and purine metabolism PF-carps could require energy during hypoxia by enhancing the gluconeogenesis pathway with core glutamic acid and glutamine metabolism. A total of 63 differentially expressed metabolites were screened by a comparison between the reoxygenated groups and the hypoxic groups. Specifically, 15 were up-regulated, and 48 were down-regulated. The KEGG Pathway enrichment analysis supported that PF-carp could continue to gain energy by consuming glutamic acid and the glutamine accumulated during hypoxia and simultaneously weaken the ammonia-transferring effect of amino acids and the toxicity of ammonia. By consuming glycerophospholipids and maintaining the Prostaglandin E content, cell damage was improved, sphingosinol synthesis was reduced, and apoptosis was inhibited. Additionally, it could enhance the salvage synthesis and de novo synthesis of purine, reduce purine accumulation, promote the synthesis of nucleotide and energy carriers, and assist in recovering physiological metabolism. Overall, results explained the physiological regulation mechanism of PF-carp adapting to the acute changes of dissolved oxygen at the metabolic level and also provided novel evidence for physiological regulation of other fish in an environment with acute changes in dissolved oxygen levels.
Keywords: carp Cyprinus carpio var qingtianensis, metabolomics, hepatopancreas, hypoxia, reoxygenation
INTRODUCTION
Dissolved oxygen (DO) is one of the most influential environmental factors for aquatic animals. Hypoxia in fish can contribute to adverse effects on growth, reproduction, behavior, and overall survival (Pollock et al., 2007). In life history, dissolved oxygen in water bodies is often influenced by natural factors such as season and region. The level of dissolved oxygen often results in a decline in habitat quality and then affect the migration, growth, and reproduction of some fish populations (Saucier and Baltz, 1993; Comeau et al., 2002; Jin et al., 2019). Some previous studies showed that hypoxia influenced fish growth rate (Bejda et al., 1992; McNatt and Rice, 2004), led to growth retardation, delayed sexual maturation (Diaz Pauli et al., 2017), and restricted the development of fertilized eggs (Heuton et al., 2018).The annual economic loss by DO in the freshwater aquaculture industry is estimated to be billions of US dollars worldwide (Huo et al.,.2018) When fish suffer from hypoxia in aquaculture, increasing the dissolved oxygen in the water is common to alleviate the hypoxic condition.
Fish encountering hypoxic stress is more common in aquaculture, where fish are usually cultured at high densities, limited by environmental conditions and culture patterns, such as rice fields with shallow water. In addition, fish are particularly susceptible to oxidative damage caused by rapid reoxygenation following hypoxic stress (Hirsch et al., 2014). However, due to a lack of systematic research, it is not clear whether the reoxygenation of fish after hypoxia is a simple, reversible physiological process. Some previous studies reported changes in antioxidant enzyme activity, energy metabolism, and other phenotypic physiological parameters (Hughes et al., 1973; Thomas et al., 1988; Muusze et al., 1998). Furthermore, several researchers revealed the regulatory mechanisms of hypoxia adaptation in aquatic animals through transcriptomic, proteomic, metabolomic and other molecular biology techniques (Artigaud et al., 2012; Lai et al., 2016; Chen et al., 2019). However, the entire physiological response and regulatory mechanism of reoxygenation after hypoxia are still unclear.
Metabolomics is the study of the overall profile of endogenous metabolites (low-molecular-weight molecules) present in an organism or biological sample (metabolome) (Casu et al., 2017). It has been successfully applied to disease, nutritional interventions and toxicity studies in fish (Kodama et al., 2014; Ma et al., 2015; Olsvik et al., 2017; Jarak et al., 2018). The rice-fish co-culture system in Qingtian, Zhejiang has been passed down for thousands of years, and it was listed as one of the first batch of Globally Important Agricultural Heritage by FAO in 2005 (Ren et al., 2018). The Qingtian paddy field (Cyprinus carpio var qingtianensis) is a specific carp suitable for the system. Currently, the majority of research on the PF-carp focus on skin color, symbiotic relationship between rice and fish, genetic diversity (Xie et al., 2011; Chen et al., 2019; Du et al., 2019). The water environment of rice fields is distinct from traditional aquaculture environment. The main differences are shallow water, large changes in daily dissolved oxygen, and fluctuations in the low oxygen range (DO < 4 mg/L). In addition, there is a risk of drought. Because of these differences above, PF-carp may evolve a strong ability to tolerate hypoxia in the long-term rice-fish co-culture process. However, the mechanism of its adaptation to hypoxia has not been clarified. In the present study, we performed liquid chromatography–mass spectrometry (LC-MS) to detect the changes in metabolites of the hepatopancreas tissue of juvenile PF-carps after acute hypoxia and reoxygenation, and analyzed metabolic pathways in order to further clarify the physiological regulation mechanisms related to acute dissolved oxygen changes from the perspective of phenotypic function execution.
MATERIALS AND METHODS
Experimental Fish, Acute Hypoxia and Reoxygenation Exposure Experiment
Healthy juvenile PF-Carps were transferred from Yugong ecological agricultural technology Co. Ltd. (Qingtian, Zhejiang, China) to the Fisheries Ecology Laboratory at Shanghai Ocean University. Three polyethylene tanks (250-L) were prepared and 9 PF-carps were randomly kept in each tank for 2 weeks prior to the acute hypoxic and reoxygenation experiment. The individual specifications were 56.64 ± 10.74 g in weight, 15.36 ± 1.29 cm in length, and 102 days old. For the first two weeks of the experiment, artificial feed (1% of the fish’s body weight: 30% crude protein content, 3% crude fat content; Techbank, China) was performed once a day at 8:00 and the water was changed once at 18:00 (50% of the volume in the tank). Water temperature was controlled at 25.17 ± 0.41°C and DO at 6.56 ± 0.20 mg/L. Feeding was interrupted the day before the experiment, and all water was replaced; water temperature and dissolved oxygen were checked every 10 min (mins) using a multifunctional dissolved oxygen meter (YSIPro20, United States). To reduce the stress caused by water changes, juvenile PF-carps were allowed to acclimatize for 6 h (hs) prior to the experiment. At the beginning of the experiment, 3 juvenile PF-carps (A total of 9 fish were collected, 6 of which were used for metabolic experiments) were selected from each of the three tanks and euthanized with a concentration of 0.3 mg/L MS-222. Their hepatopancreases were excised and immediately frozen in liquid nitrogen. The samples were transferred to a −80°C freezer. During this procedure, DO was 6.53 ± 0.41 mg/L (hereafter referred to as the control group, CH).
We then rapidly flushed the water in all three tanks with N2 to reduce DO levels until the DO was around 0.5 mg/L (about 34 min). The hypoxic treatment was regulated by the flow of N2 and O2 to maintain a DO concentration of 0.5 mg/L and a water temperature of 25°C. The hypoxic stress experiment lasted for 6 h s, during which DO was averaged at 0.53 ± 0.07 mg/L and temperature was averaged 25.37 ± 0.45°C. The samples collected during the 6 hs were the same as those collected from the CH group (hereafter referred to as the hypoxic stress group, HH) and the results from the metabolic group were defined as HH.
At the end of the hypoxic stress experiment, the injection of N2 into the water was stopped and O2 was rapidly injected to raise the level of dissolved oxygen in the water of the three tanks until it reached about 7 mg/L (about 29 min). Then, the injection of O2 was regulated to maintain a constant high level. The reoxygenation process lasted for 6 h, the DO was averaged 6.64 ± 0.18 mg/L and temperatures was averaged 25.21 ± 0.37°C (hereafter, reoxygenation group, RH). Samples were collected after 6 hs of reoxygenation in the same way as samples from the CH group. The results of metabolomic were defined as RH.
Sample Collection and Pretreatment
The hepatopancreas samples were removed from −80°C, 6 samples were randomly taken as the metabolomics test and thawed in steps of −80°C→ −20°C → ice water bath. A total of 50 mg of each sample was weighed into EP tubes. After adding 400 µL of the pre-cooled methanol/water (4:1, v/v) mixture to each EP tube, the samples were broken up using a tissue crusher (parameter setting: −20°C, 50 Hz), then thoroughly mixed using a vortex. The samples were left to settle for 30 min at −20°C. The supernatant was then centrifuged (parameter setting: 4°C, 13,000 g, 15 min) and stored in the LC-MS injection vial for subsequent metabolomics analysis. LC-MS analysis performed on Tissue Samples Methanol, Acetonitrile (LCMS grade), and formic acid, (LCMS grade) purchased from Fisher Scientific (Hampton, NH, United States).
LC-MS Detection.
The LC-MS was performed on a Thermo UHPLC system equipped with a binary solvent delivery manager and a sample manager coupled to a Thermo Q Exactive Mass Spectrometer (Thermo Scientific, San Jose, CA, United States) equipped with an electrospray interface. The parameters of chromatography were as follows: column: Ethylene Bridged Hybrid C18 (100 mm × 2.1 mm, 1.7 μm, Waters, Milford, United States); gradient mobile phase: (A) deionized water containing 0.1% formic acid, (B) acetonitrile/isopropanol (1:1, v/v) mixture containing 0.1% formic acid; flow rate: 0.4 ml/min; sample injection volume: 10 μL; column temperature: 40°C. The mobile phase gradient was: 0–3 min, A: 95–80%; 3–9 min, A: 80–5%; 9–13 min, A: 5–5%; 13–13.1 min, A: 5–95%; 13.1–16 min, A: 95–95%. The MS conditions included the scan ranges (M/Z): 70–1050; sheath gas flow rate (psi): 40; Aus gas flow rate (psi): 10; Aus gas heater temp (°C): 400; normalized collision energy (V): 20–40–60; and IonSpray Voltage Floating (V): positive mode (ESI+), +3500; negative mode (ESI−), −2800. A QC sample was inserted every 6 analytical samples during the experiment to evaluate the stability of the analytical system and assess the reliability of the results.
Data Processing and Differential Metabolite Identification
The raw data obtained from the LC-MS analysis of all samples were initially processed using Progenesis QI software (Waters Corporation, Milford, MA, United States). The raw data obtained from the LC-MS analysis of all samples were initially processed using Progenesis QI software (Waters Corporation, Milford, MA, United States). comment HMDB database (http://www.hmdb.ca/), METLIN database (https://metlin.scripps.edu/), KEGG database (https://www.genome.jp/kegg/), and a self-built database were selected for retrieval. Multivariate analyses including principal component analysis (PCA) and orthogonal partial least-squares discrimination analysis (OPLS-DA) were performed by using ROPLS software (v1.6.2). Additionally, the OPLS-DA models were validated using a permutation test with 200 as the permutation number. To select differential metabolites and potential biomarkers, the variable importance in the projection (VIP, VIP >1) values of metabolites in the OPLS-DA model and P- values (p < 0.05) acquired from the t-test analysis were regarded as the screening condition. A KEGG Pathway analysis of the modulated metabolites was performed using Metabo Analyst 4.0 (Chong et al., 2018) of the Metabolomic profiling platform and using Fisher’s exact test. The p - values were adjusted by the Benjamini and Hochberg (BH) method. A P- value less than 0.05 and Impact Value over 0.1 were selected as the threshold of enrichment significance.
RESULTS
Total Ion Map Analysis of Metabolites
The typical total ion current chromatograms in positive ion mode (ESI+) and negative ion mode (ESI-) of UPLC-Q Exactive are presented in (Figure 1). The overlapped total ion current (TIC) chromatograms of the QC sample demonstrated the strong repeatability of our LC-MS system and an overlap between the response strength and retention time of the chromatographic peak response intensity. This shows that the detection results of UHPLC-Q Exactive analysis platform attain high reliability. A total of 10,168 features were detected at (ESI+) ion mode, and 9035 features at (ESI−) ion mode.
[image: Figure 1]FIGURE 1 | Total ion flow (TIC) of the samples of hepatopancreas of Cyprinus carpio var. qingtianensis were obtained in the modes of positive (ESI+) and negative (ESI-). Note: (A): ESI + mode; (B): ESI - mode; CH1-CH6: normoxic group with 6 samples; HH1-HH6:6 samples from the experimental group under hypoxic stress for 6 h; RH1-RH6: Reoxygenation recovery with 6 h experiment and 6 samples; QC1-QC4: Quality control with 4 samples.
Statistical Analysis of Data
Quality control (QC) and other experimental samples were analyzed using unsupervised multivariate analysis and supervised analysis (OPLS-DA) after data normalization. Principal component analysis (PCA) was performed on the dataset, and showed that RH groups were under EST–, other groups were within the 95% confidence interval (Hotelling’s T-squared ellipse). The R2X predictive ability values of the PCA models were 0.570 and 0.541 in positive and negative modes, respectively, suggesting that the data were statistically reliable (Figure 2). Therefore, a PLS-DA model was used to further identify the differences among different groups. The parameter R2Y represented the interpretation rate of the model, and Q2 represented the prediction rate of the model. Generally, a reliable model requires a parameter higher than 0.4. The results showed the OPLS-DA score plots of the HH vs. CH, RH vs. HH and RH vs. CH groups in positive and negative modes: ESI+: R2X = 0.994, R2Y = 0.964, R2Y = 0.997; Q2 = 0.616, Q2 = 0.522, Q2 = 0.696; ESI–: R2X = 0.995, R2Y = 0.974, R2Y = 0.997; Q2 = 0.746, Q2 = 0.593, Q2 = 0.569. These reveal that the cumulative R2Y and Q2 of the OPLS-DA model in ESI+ and ESI–modes were both above 0.50, suggesting that the models are ideal for prediction and reliability. The sample scatter points between each comparison group are concentrated on both sides of the T score [1] axis, indicating that the obvious differences between the comparison groups and the OPLS- DA model groups (Figure 3). Finally, the screening of differential metabolites between the comparison groups was performed based on VIP values >1 (OPLS-DA model) and p < 0.05 (one-way ANOVA).
[image: Figure 2]FIGURE 2 | PCA score plot of samples in treatment groups and QC (ESI+, ESI−).
[image: Figure 3]FIGURE 3 | OPLS-DA score scatter plot in HH vs. CH, RH vs. HH and RH vs. CH groups (ESI+, ESI−) (A): HH vs. CH (ESI+); (B): HH vs. CH (ESI−); (C): RH vs. HH (ESI+); (D): RH vs. HH (ESI−); (E): RH vs. CH (ESI+); (F): RH vs. CH (ESI−).
Screening of Differential Metabolites
To screen the differential metabolites, the VIP in the OPLS-DA model (VIP >1) and p-value of Student’s t-test (p < 0.05) were used as the criteria. A binding Human Metabolome Database (HMDB, http://www.hmdb.ca/) information search was used to identify differential metabolites. The results showed that 95 up-regulated and 36 down-regulated metabolites were screened and identified in the HH vs. CH group, a total of 131 differentially expressed metabolites (DEMs). The detected metabolites mainly included guanosine, D-Ornithine, phosphatidylethanolamine (PE(16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z))), Sphingolipid metabolism (d18:1/16:0), Sphingosine (Sph), lysophosphatidylcholine (LPC(20:4(5Z,8Z,11Z,14Z))), PE(16:0/20:4(5Z,8Z,11Z,14Z)), Estriol-16-Glucuronide et al. A total of 63 DEMs were screened in RH vs. HH, of which 15 metabolites were down-regulated and 48 metabolites were up-regulated. The metabolites mainly included PE (18:1(11Z)/18:1(9Z)), Sph, Valine, Spermidine, Aminoacetone, 3-Hydroxy-N6, N6, N6-trimethyl-L-lysine (TML), Tetrahydroaldosterone-3-glucuronide, hexanoic acid, D-Glutamine, Ethyl beta-D-glucopyranoside, et al. The identification of DEMs in the RH vs. CH groups mainly included PE(20:3 (8Z,11Z,14Z)/P-16:0), Phosphocholine, sphingomyelin (SM(d18:1/24:1(15Z))), Glycerophosphocholine (GPC), Gamma-Aminobutyric acid (GABA), L-Methionine, Estriol-16-Glucuronide, phosphatidylcholine (PC(22:4(7Z,10Z,13Z,16Z)/P-16:0)), phosphatidylinositol (PI(16:0/20:3 (5Z,8Z,11Z))), D-Glutamine, N-Acetyl-L-glutamic acid, N6, TML et al. (Figure 4). Of these, most genes were involved in the metabolism in terms of carbohydrate metabolism, lipid metabolism, amino acid metabolism and purine metabolism (Table 1).
[image: Figure 4]FIGURE 4 | Statistics for metabolites of differential expression among the three comparative groups. Note: (A): Overview of different metabolites between two comparison groups; (B): The volcanic figure of differential expressed metabolites in HH vs. CH groups; (C): The volcanic figure of differential expressed metabolites in RH vs. HH groups; (D): The volcanic figure of differential expressed metabolites in RH vs. CH groups.
TABLE 1 | Significantly different metabolites.
[image: Table 1]Differential Metabolites Pathway KEGG
KEGG metabolic pathway analysis showed that the 131 differential metabolites in the HH vs. CH group involved 26 metabolic pathways that mainly relate to the D-Glutamine and D-glutamate metabolism; alanine, aspartate and Alanine; aspartate and glutamate metabolism; sphingolipid metabolism; glutathione metabolism and pentose and glucuronate interconversion; and glucuronate interconversions (schematic representation of important metabolic pathways (Figure 5A). The 63 differential metabolites in the RH vs. HH group (of which ESI+:11, ESI−:4) were involved in 29 metabolic pathways, mainly focusing on the D-glutamine and D-glutamate metabolism; alanine, aspartate and glutamate metabolism; Alanine, aspartate and glutamate metabolism; taurine and hypotaurine metabolism; glyoxylate and dicarboxylate metabolism; D-arginine metabolism. Metabolism; and D-arginine and D-ornithine metabolism (schematic representation of important metabolic pathways (Figure 5B).
[image: Figure 5]FIGURE 5 | (A): Enrichment of metabolic pathways of DEMs in HH vs. CH groups (KEGG Topology Analysis). Note: a: D-Glutamine and D-glutamate metabolism; b: Glycerophospholipid metabolism; c: Steroid hormone biosynthesis; d: Sphingolipid metabolism; e: Purine metabolism; f: Alanine, aspartate and glutamate metabolism; g: Pentose and glucuronate interconversions; h: Glutathione metabolism; i: Linoleic acid metabolism; j: Arachidonic acid metabolism. (B): Enrichment of metabolic pathways of DEMs in RH vs. HH groups (KEGG Topology Analysis). Note: a: D-Glutamine and D-glutamate metabolism; b: D-Arginine and D-ornithine metabolism; c: Alanine, aspartate and glutamate metabolism; d: Arginine metabolism; e: Glutathione metabolism; f: Aminoacyl-tRNA biosynthesis; g: beta-Alanine metabolism; h: Glyoxylate and dicarboxylate metabolism; i: Taurine and hypotaurine metabolism; j: Pentose and glucuronate interconversions. (C): Enrichment of metabolic pathways of DEMs in RH vs. CH groups (KEGG Topology Analysis). Note: a: Lysine degradation; b: Glycerophospholipid metabolism; c: Alanine, aspartate and glutamate metabolism; d: Aminoacyl-tRNA biosynthesis; e: D-D-Glutamine and D-glutamate metabolism; f: Valine, leucine and isoleucine biosynthesis; g: Pantothenate and CoA biosynthesis; h: Glutathione metabolism; i: Glycine, serine and threonine metabolism; j: Pyrimidine metabolism.
In the RH vs. CH group, the 68 differential metabolites (ESI+:16 (ESI−:6)) involved 24 metabolic pathways, mainly involving Lysine degradation, Glycerophospholipid metabolism, Alanine, aspartate and glutamate metabolism, Aminoacyl-tRNA biosynthesis, D-Glutamine and D-glutamate metabolism, and glutamate metabolism (for a schematic representation of important metabolic pathways, see Figure 5C).
DISCUSSION
Fish are aerobic organisms and dissolved oxygen is one of the most important environmental factors limiting their survival (Abdel-Tawwab et al., 2019). Dissolved oxygen in the water directly affects energy metabolism, blood parameters, and physiological defense against oxidative stress in fishes, et al. (Wu, 2002). In fish, liver (PF-carp for hepatopancreas) are critical to metabolism (Guilherme et al., 2012; Qi M et al., 2020). Changes in dissolved oxygen affect the physiological function of liver and disturb energy metabolism, antioxidant stress and the synthesis of other substances (Almeida-Val et al., 2000; Wang and Richards, 2011; Jung et al., 2014). Furthermore, how liver (hepatopancreas) adapt to the reoxygenation following hypoxia and related molecular regulatory mechanisms remain unclear. Therefore, it is significant to investigate the changes in the metabolome of liver during hypoxia and reoxygenation.
In the present study, LC-MS were performed to screen metabolites in the hepatopancreas of PF-carp during hypoxia and reoxygenation, and KEGG pathway enrichment analyses were then performed. Most genes were involved in metabolisms such as carbohydrate metabolism, lipid metabolism, amino acid metabolism and purines metabolism. The same metabolic pathways were all activated among three groups, including GPs metabolism, glutamine and glutamate metabolism and purine metabolism (Figure 6). To study whether the same metabolic pathway takes part in the same physiological metabolic function in different groups, we analyzed the pathway regulation direction through metabolic pathways and the different metabolites of important nodes. Herein, some of the major metabolites and their related KEGG pathways were discussed below.
[image: Figure 6]FIGURE 6 | The main metabolites and their related KEGG pathways.
Carbohydrate Metabolism
KEGG enrichment analysis revealed that many DEMs were associated with pathways involving carbohydrate biosynthesis. Fish using the carbohydrate metabolism as the energy-supplying metabolism had the strongest metabolism (Jobling, 1994), and total hepatopancreas glycogen was about 10% of muscle glycogen (Moyes and West, 1995). When the body needs an ample energy supply, liver glycogen will soon be exhausted (Wiseman and Vijayan, 2011), and the sugar metabolism products downstream will also decrease. In our study, important node metabolite of the energy supply pathway from carbohydrate metabolism merely was oxoglutaric acid, and content significantly increased after 6 hs of hypoxia stress. In contrast, other related metabolites showed no significant changes. On the one hand, this may be related to reactive oxygen species (ROS) generated in the low-oxygen stress environment (Choi et al., 2015), which influences the entire metabolism of glycogen and glucose. On the other hand, the capacity of hepatic glycogen stores is limited. Six hours of hypoxia stress caused massive consumption of liver glycogen, but hepatic glycogen is important for the physiological homeostasis of fish (Speers-Roesch et al., 2013). When the liver glycogen is consumed to a certain extent, an amount of glycogen is retained for homeostatic regulation, which eventually leads to an insufficient glucose energy supply and affects the carbohydrate metabolism. After 6 h low-oxygen stress, the content of Cortisone in the hepatopancreas of PF-carp is significantly increased, as cortisol can increase gluconeogenesis (Tintos et al., 2008) when a sugar metabolic is substrate-insufficient, which can convert non-sugar substances into sugar metabolic substrate. One of the important gluconeogenesis pathways is amino acid transamination to form ketoglutarate, which also explains why the ketoglutarate contents will be significantly increased when the glycome supply is not enough (Rosen and Milholland, 1963). After 6 h of reoxygenation, the cortisol content was significantly reduced, but the normoxia group showed a significant increase. It can be inferred that during the reoxygenation recovery stage, the gluconeogenesis in the hepatopancreas of PF-carp was weakened but still in an activated state, so the content of ketoglutarate was not significantly reduced. In a further detection of carbohydrates, it was found that the glyceraldehyde 3-phosphate content was only significantly up-regulated under hypoxic stress in hepatopancrea; however, the other sugar detected did not markedly change during glycolysis and no activation glycolysis pathways were found. This result indicates that the glycolysis pathways is repressed as a whole, and it was detected to be significantly elevated, which may be related to the acetoacetyl-CoA produced by the metabolism of lipids (Kalyananda et al., 1987). In conclusion, PF-carp will weaken the metabolism of saccharides during acute hypoxia stress and reoxygenation recovery through the gluconeogenesis pathway to obtain more energy metabolism substrates, and this process, besides providing energy during early stages of hypoxic stress, may be mainly used to maintain physiological homeostasis later in the experiment.
Amino Acid Metabolism
During the conversion of proteins, carbohydrates and lipids, the most important link is transamination. There is a large amount of alanine aminotransferase (ALT) in the liver which transfers the amino group from alanine to ketoglutarate for the synthesis of pyruvate and glutamate (Siest et al., 1975). Meanwhile, pyruvate from other tissues of the body (such as muscle) is used to synthesize alanine under the action of transamination, and it enters the liver as a form of pyruvate to be used in the metabolism of pyruvate and nitrogen (Rosenberg, 1946; Felig, 1973). Furthermore, there is also glutamate dehydrogenase (GIDH) in the hepatopancreas which can catalyse the interconversions of glutamate and ketoglutarate according to the energy demand for metabolism and provide the reducing electron carrier NADH. When the energy metabolism substrate is insufficient, GIDH can catalyze the oxidative deamination of glutamate to form ketoglutarate, and then enter the TCA cycle for energy metabolism, finally produce NADH (approximately 2.5 ATP for energy supply) for the energy metabolism substrate. When sufficient, GIDH catalyzes the incorporation of free NH4+ into the carbon skeleton of ketoglutarate to form glutamic acid (Yang et al., 2009). Glutaminase is the main regulator enzyme of the hepatic glutamine catabolism, which can catalyze the conversion of glutamine to glutamate and ammonia (Simon et al., 2020). Glutamine is catalyzed by glutamine synthase (GS) to form glutamine, which can effectively remove ammonia toxicity (Wee et al., 2007; Hakvoort et al., 2017). In this experiment, the content of three metabolites, glutamate, glutamine, and ketoglutarate, significantly increased after 6 hs of hypoxia stress, which verified the gluconeogenesis of glutamate and glutamine. At the same time, metabolic pathways of arginine and proline are also activated under hypoxia stress, and arginine and proline converted to form glutamic acid for supplementation. After 6 hs of reoxygenation recovery, the content of glutamate and glutamine decreased to the level of the normoxia group, while the content of ketoglutarate did not significantly decrease and was significantly higher than the level of the normoxia group, indicating that glutamate and glutamine continuous re-supply to the carbohydrate metabolism or d other pathways for transamination. When glutamate and glutamine are weakened, glutamate receptors are broadly divided into metabotropic and ionotropic types (Ruiz et al., 2021). Ionotropic glutamate receptors could open ion channels on cell membranes, causing cell ion disturbances, especially Ca2+ influx (Dohare et al., 2015). By inducing late-onset injury, excessive concentrations of glutamate require catabolism consumption and conversion through other pathways. Additionally, due to an excess of transamination, NH4 is produced in the liver, and NH4 has been shown to be toxic to fish (Benli et al., 2008). In this study, it was found that Ornithine and N-Acetyl-L-glutamic acid levels were significantly increased between the hypoxia stress 6 hs group and the normoxia group. N-acetyl-L-glutamic acid is used as a cofactor of carbamoyl phosphate synthase I (Chapel-Crespo et al., 2016) which promotes carbamyl phosphate synthetase I to catalyze glutamate, NH4, CO2 and water to generate carbamyl phosphate, and enter ornithine and arginine metabolism pathway. The node of cycle is arginine which generates ornithine and urea under the action of arginase (Huggins et al., 1969). When reoxygenation is restored, the contents of Ornithine and N-Acetyl-L-glutamic acid in the hepatopancreas and pancreas of PF-carp are significantly reduced, which also confirms the reoxygenation weakening of transamination in the process.
Lipid Metabolism
The cell membrane is critical to most enzymes localization and intracellular material metabolism. GP, a membrane component, is very important for metabolism and signal transduction (Parsons et al., 2013). Common GPs include phosphatidylcholine (PC, lecithin), PE, phosphatidylserine (PS). It has been shown that fish have a certain ability to synthesize GP by themselves (Hvattum et al., 2000).
Different metabolite enrichment metabolic pathways showed that the two types of PC (16:1(9Z)/16:1(9Z) and PC (14:1(9Z)/20:2(11Z,14Z)), two types of PE (14:0/22:4(7Z,10Z,13Z,16Z), PE (20:3(5Z,18Z),11Z)/18:1(11Z))) and PS(18:0/22:6 (4Z,7Z,10Z,13Z, 16Z,19Z) content was significantly increased after 6 hs hypoxia stress, which indicates that after being stimulated by hypoxia, the hepatopancreas of PF-carp synthesizes more GP to repair the oxidative damage of the cell membrane. At the same time, the ammonia toxicity produced by transamination also stimulates the synthesis of GP to a certain extent. After 6 hs of reoxygenation, the contents of the above five GPs were significantly reduced, but were significantly higher than the level of the normoxic group, indicating that the synthesis of GP in PF-carp was inhibited and the degradation was accelerated during the reoxygenation The results indicated that the degradation of cell membrane caused by oxidative stress could be improved to some degree. There is a dynamic balance between synthesis and decomposition in the metabolism of GP. One of the most important catabolic pathways is the production of arachidonic acid (ARA) under the action of phospholipase A2 (PLA2), linolenic acid (LA) and lysophosphatidylcholines (LysoPCs). The metabolism of GP shows a dynamic balance between synthesis and decomposition, an important catabolic pathway is the production of ARA (Balsinde et al., 2002), LA(Ballou and Cheung, 1985) and LysoPCs under the action of PLA2. In this study, four LysoPCs were detected (22:4(7Z,10Z,13Z,16Z); 20:2(11Z,14Z); (20:3 (5Z,8Z,11Z); 15:0)). A trend upon hypoxia-induced downregulation and reoxygenation-induced upregulation was observed, which indicates that the metabolism of GPs in the process of hypoxia stress mainly promoted synthesis and inhibited decomposition. To a certain extent, this increases the risk of fatty hepatopancreas forming in the hepatopancreas and pancreas of PF-carp (Zhao et al., 2018). During hypoxia stress, PF-carp activated the ARA and LA metabolic pathways. Prostaglandin E (PGE) content increased after hypoxia stress, indicating PF-carp could synthesize more PGE to improve the immunity and damage-repair ability of hepatopancreas and pancreas tissues during hypoxia. Although the metabolic pathways of ARA and LA were not activated after reoxygenation recovery, the PGE content did not significantly decrease, which implies that the hepatopancreas of PF-carp still have a certain degree of damage after reoxygenation recovery, and PGE continues to exert immunity and damage repair functions. The study also found there are significant changes in sphingolipid (SM) during acute hypoxia stress and reoxygenation. SM can be hydrolyzed by Sphingomyelinase (SMase) to generate phosphocholines and Ceramide. Ceramide is catalyzed by Ceramidase (CDase) to generate Sph and free fatty acids (Hannun and Obeid, 2008). Ceramide can act as a second messenger to inhibit PkC activity by regulating the TNF pathway (tumour necrosis factor pathway) (Spiegel and Merrill, 1996). It interferes with the normal periodic activities of cells (such as differentiation, apoptosis and proliferation) (Ruvolo, 2003). Alcohol is the basic skeleton of intracellular sphingolipids, which can be phosphorylated to produce sphingosine 1 phosphate (S1P) under the action of sphingosine kinase. Studies have shown that the process by which Sph phosphorylation produces S1P can effectively inhibit cell apoptosis, so Sph is often used as a negative regulatory marker of the apoptosis signaling pathway (Cuvillier, 2002). The results of this study showed that after 6 hs of hypoxic stress, the content of Sph was significantly reduced but the content of SM was significantly increased. This indicates that hypoxia stress promoted hepatopancreas cells to inhibit SMase activity, reduced the production of ceramide, and promoted cell apoptosis by enhanced PkC activity; at the same time, the significant decrease in Sph content also confirms accelerated apoptosis of hepatopancreas cells.
Purine Metabolism
Besides being essential in DNA and RNA synthesis, purines are important components of several biomolecules associated with the energetic metabolism such as ATP, GTP, cAMP and NADH (Peixoto et al., 2019). In the process of DNA and RNA degradation, guanosine and adenosine are released through nucleotidase or phosphatase hydrolysis; during the degradation of GMP and AMP, AMP is not easily catalyzed by nucleotidase. Purine generates GMP and hypoxanthine nucleic acid (IMP) under the action of adenylate deaminase. GMP is then transformed into Guanosine by nucleotidase. A high amount of energy is consumed after hypoxia stress; ATP and GTP are decomposed into AMP and GMP. The ROS brought on by hypoxia stress can also damage nucleic acids and other macromolecular substances and cause their degradation. This explains why the guanosine content in the hepatopancreas and pancreas of PF-carp significantly increased after hypoxia stress. At the same time, studies showed that guanosine could participate in the oxidation reaction and the regulation of glutamatergic parameters during hypoxia (Hansel et al., 2015). Combined with the increased toxicological effects of glutamate after hypoxia stress, the increase in guanosine content under hypoxia is also a regulating mechanism to relieve damage caused by excessive glutamate content. In this study, hypoxic stress can cause hypoxia in the hepatopancreas and pancreas tissues. Due to the inability to supply sufficient molecular oxygen, only two metabolites of guanine and xanthine were detected to be significantly increased in this study. Purine metabolism decreased due to the insufficient supply of molecular oxygen, so no significant increase was detected in uric acid. During the reoxygenation recovery phase, the content of guanosine and guanine was found to be significantly down-regulated, but no significant changes were detected in uric acid. At the same time, glutamine activated the purine metabolism pathway. This is because a high number of purines are decomposed in the hypoxia process, and there is an urgent need for synthetic annulus to form new RNA, DNA and for the synthesis of high-energy phosphate bond carriers. There are two purine nucleotide synthesis pathways in the body: one is the de novo synthesis pathway with glutamine, aspartic acid, glycine, phosphoribose one carbon unit and CO2 as a substrate; the other is nucleoside and free base. The base is a remedial synthesis pathway catalyzed by adenine phosphoribosyltransferase (APRT) and hypoxanthine-guanine phosphoribosyltransferase (HPRT) (Schramm and Bagdassarian, 1999).
CONCLUSION
In this study, we used LC-MS technology to compare the metabolic levels of hepatopancreas during hypoxia stress and the following reoxygenation through a comparison of metabolites. It was found that during the process of hypoxia stress, PF-carp enhanced the gluconeogenesis after amino acid transamination by taking the core metabolism of glutamate and glutamine, replenishing the intermediate products of the energy metabolism, and enhancing glutamine and removing ammonia toxicity through enhanced glutamine synthesis and urea cycling. This improves immunity and antioxidant capacity by enhancing the metabolism of phospholipids and sphingolipids and clears damaged cells by accelerating apoptosis; the purine metabolism is also enhanced to remove damaged nucleotides, and produce guanosine to antagonize the toxicological effects of glutamate, assisting the completion of hypoxic adaptation.
The continuous energy supply produced by the consumption of glutamate and glutamine accumulated during hypoxia stress could inhibit the transamination of amino acids and weak the poison of ammonia. It could also maintain the content of PGE to repair cell damage and reduce the synthesis of Sph, and inhibit cell apoptosis during reoxygenation recovery. Through supplement and de novo synthesis of purines, the synthesis of nucleotides and high-energy phosphate bond carriers were promoted, and the damage was inhibited. Notably, the carbohydrate metabolism does not significantly change during this process, which may be related to the rapid consumption of hepatopancreas glycogen. After being consumed to a certain extent, it will no longer be consumed, but instead is used to maintain the body’s homeostasis. Our paper explains the adaptation and regulation mechanism of the physiological metabolism of PF-carp at the metabolic level during acute dissolved oxygen changes. However, follow-up analysis needs to be combined with other omics to screen important and special metabolic pathways for providing an accurate explanation of the physiological regulation mechanism upon PF-carp during acute dissolved oxygen changes Cheek, 2011, Diaz, 2001, Small et al., 2014, Chen et al., 2019.
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Zebrafish-Br .M.I.T.C.Y..EK..SIA.V.IN....VIL.KS.AVY.V] TG..A.AK.LQ.T..FEQ. ... SNIAK.KKV. TYFTKALT..G 156
Croaker-Ov  .T.I.T.S.Y..NK..DIV.V.IN....LIL.RA.AVH.VLKNSH.TS..G.KE.LS.I..NES.I.. .NNVIL.KKM.TYFTKALT..G 173
Killifish-Ov .T.I.T.S.Y..KK..DIV.V.IN....LIL.RA.AVN.VLKNGN.TS..G.KK.LS.L..NER.I.. .NNVAL.KKI.SYFAKALT..S 173
Fugu-ov .T.I.T.S.Y..KK..DIV.V.VN....LVI.RA.AVH.VLKSWQ.TS..G.KQ.LS.I. . NER.I. . .NNVTE.RKI.GYFTKALT..A 169
Zebrafish-ov .S.I.T.S.Y..SK..DIV.V.IN....LIL.RS.AVY.VLRKSL.TS..G.KL.LO.I. .HEQ. .. SNVAL.KKV.AFYAKALT..G 176
Chicken .M.V.N.C.Y..KT..EFV.V.IS....FII.KS.SVF.VMKHWN.VS. .G.KL.LO.I. . YEN.I. . .NNPAH.KEI. PFFTKALS..G 155
Human M.I.S.C M.V.IS....LII.KS.SMF.IMKHNHYSS. .G.KL.LQ.T. .HEK.I.. .NNPEL.KTT.PFFMKALS..G 156
Croaker-Br  LORTVGICVASTAKHLDCLQEMIDPSGHVDSLNLLRAIVVDISNRLFLRVPLNEKDLLMKIQSYFETHQTVLIKPDI FFKIGHLYNKHKK 246
Killifish-Br LRRTVGI.VSSTAKH..R.QDMIDPSGHVDA.N.L.AIVV.I. .R...RV.LN.KELLM. .HN..ET..TV.10. . IF. KIGNLYNKHKK 241
Fugu-Br LQRTVGV.VTSTAKH. .C.VDMIDASGHVDA.N.L.AIVV. 1. .R. . .RV.LN.KDLLT. . HN. .ET. .AV.IK..IF.KIGHLFDKHRR 248
Zebrafish-Br LQKSVEV.VSATNRQ..V.QEFTDASGHVDV.N.L.CIVV.V. .R...RI.LN.KELLI..HR TV.1Q..TF.KLDFVYRKYHL 246
Croaker-Ov  LQOTTEV.VSSTQTH..D. .L.CTVV.I..R...GV.VN.KELLL..QK..DT..TV.IK..IY.KCAWIHORHKT 259
Killifish-Ov LOQTVEV.VSSTQTH..N. .L.CTVV.I..R...DV.LD.KELLL..HR..DT..TV.IK..IY.KLSWIHQRHKT 259
Fugu-0v VONTVEV.NSSTOAH. .R. L.CTVV.I..R...DI.IN.KELLL..HK..DT..TV.IK..IY.KFGHIHQKHKT 255
Zebrafish-Ov LORTMEI.TTSTNSH..D.SQLTDAQOGQLDI.N.L.CIVV.V. K. ..GV.LN.HDLLO. .HK..DT..TV.IK..VY.RLDWLHRKHKR 266
Chicken LVRMIAI.VESTIVH. .K.EEVITEVGNVNV.N.M.RIML.T. .K. . .GV.LD.SAIVL. .ON. .DA. .AL. LK. . IF.KISHLCKKYEE 245
Human LVRMVTV . AESLKTH. .R . EEVINESGYVDV.T.L.RVML.T. . T. . .RI.LD.SATVV. .QG. . DA. .AL. TK. . IF. KISWLYKKYEK 246
____ lHelixregion
Croaker-Br  AAQELQUMMESLIEIKRKIINESEKLDDDLDFATELLFAQNVGELSADNVRQCVLEMVIAAPDTLSISLFFMLMLLKONPDVELRIVEEM 336
Killifish-Br AAQE.QDAMEN.LEIKRSILNRSE..DDDLD.ATE.IF.QNHGELSADD.RQCV .L.IS..F..M.LKONPK.ELQLVE.M 331
Fugu-Br AAQE.QDTMAA . LKVKRKLVHEAE . . DDVLD . ATE.. IL. QEAGEFSADN . RQCA. .L.IS..F..M.VKQHPD.ELRIVE.L 338
Zebrafish-Br AAKE.QDEMGK.VEQKRQAINNTE. .DE-MD.ATE. IF.ONKEDELSVDD.ROCV LKQNSA.EEQIVQ.T 335
Croaker-Ov  AAQE.QDATKS.VEOKRRDMEQAD. .DN-IN.TAE.IF.RHEGELSAEN .ROSV. .L.IS..F..L.LKOHPD.ELOLLE.I 348
Killifish-Ov AAQE.RDATEG.VEOKRRQMEQAD. .D-~IN.TAD.IF.QNHGELSAEN.TOCV. .L.IS..F..L.LKONPH.ELQLLQ.T 347
Fugu-ov AARE.QEAIEG. VEQKRRDLEQAD. . EN~IN.TAE.LF.QNHGELSAEN.MQCV. ..V......L.VS..F..L.LKONPD.ELQLLO.I 344
Zebrafish-Ov DAQE.QDAITA.IEQKKVOLAKAE..DH-LD.TAE.IF.QSKGELSAEN.RQCV...V......L.IS. .F..L.LKQNPD.ELKILQ.M 355
Chicken AAKD.KGAMET . TEQKROKLSTVE . . DEHMD . ASQ. IF . QNRGDLTAEN.NQCV. . .M. . ... .L.VT..I..T.TADDPT.EEKMVR.T 356
Human SVKD.KDAIEV . IAEKRRRISTEE . .EECHD. ATE . IL.EKRGDLTREN.NOCT . . .L. .. .. .M.VS..F..F. IAKHPN.EEAITK.I 336
Ozol’s peptide region Aromatic region
Croaker-Br  DAV--LSEKGGESINYQSLKVLESFINESMRFHPVVDFTMRKALEDDI IEGTKITKGINI ILNIGLMHKSEFFPKPKEFSLINFDKTVES 424
Killifish-Br SAV--LDQTAVENIDYER.KVMEK..N.SM.FH....FT..RALD..DVE.TKIK.. I1.L..KT..LPQTQR.S.T..DSPV.S 419
Fugu-Br STVSRTGEEGEENIDYQR.KVMES. .N.SM.F4. .. .FT. KALE..TIE.IRIR. . I.L..KT..FPKPRE.S.T..EQIV.S 428
Zebrafish-Br 0SQ--IGSRDVESADLOK.NVLER..K.SL.YH....FI..QSLE..YID.YRVA.. I.R..KT..FKKPNE.S.E..ENTV.S 423
Croaker-Ov VGERQLONGDLQK . QVLES . .N.CL.FH. . . .FT. .RALS..TTG.YRVE. . FLKPNE.S.E..QRNA.R 436
Killifish-Ov IGDRELQNGDLOK.QVLES . .N.CL.FH. .. .FT. .RALS. .VID.YRVE. . T.R..RT..FHKADE.S.E..QKNT.R 435
Fugu-0v VGERQLONGDLOK . RVLET . .N.CL . FH. . . .FT. .RSLS. .VIE.YRVP....I...T.K. .RT. . FLRPTE.C.Q. .EKNA.R 432
Zebrafish-ov LAGOSLOHSHLSK . QILES . .N.SL.FH. .. .FT. .RALD. .VIE.YNVK....I...V.R..RS. .FSKPNQ.5.D. .HKNV.S 443
Chicken MGDREVQSDDMPN . KIVEN. .Y.SM.YQ. .. .LI. .KALQ. .VID.YPVK....I...I.R..KL. .FPKPNE.S.E. .EKNV.S 423
Human QTV--~IGERDIKIDDIQK.KVMEN. .Y.SM.¥Q. .. .LV. .KALE. .VID.YPVK....I...I.R..RL. .FPKPNE.T.E. .AKNV.Y 424
—Heme-binding region

Croaker-Br  RFFQPFGCGPRSCVGKHIAMVMMKAILVILLSRYTVCPROGCTLNSIRQOTNNLSQOPVE-DEHS-~LAMREIPRT--PPHSOH 502
Killifish-Br .F.....C...S.V..HI....M.A..ITL.CRYT.CPRQGCTVSSIRQTNN..0Q.V.-DEHS-~.S.R. IPRTTQPKHDRL 499
Fugu-Br I....M.A..ATL.SRYT.CPRHGCTLTSIRQTNN. .0Q.V.-DEHS--.A.R. IPRTIQSPS 505
Zebrafish-Br I....T.R..VIM.SRFT.CPRHGCTISTIRQTNN. .MO.V.EDPDC--.A.R. IPRAONSNGETADNRTSKE 511
Croaker-ov M....M.S..VTL.SQYS.CPHKGLTLDCLPQINN. .QQ. V. HOQEAEH. S . R . LPRORGNWOTL 518
Killifish-Oov I....M.S..ATL.SQYS.CPHEGLTLDCLPQOTNN. .0Q.V.HHEEAQQ. S.R. LERORGSHQTP 517
Fugu-0v .M.S..VTL.SQYS.CPHEGLTLDCLEQTAN. .0Q. V. HOEEAQQ. S . R. LERORGSHQTV 514
Zebrafish-0ov .M.S..VAL.SRFS.CPMKACTVENIPQTNN. .QQ.V.EPSSLSV 509
Chicken M.A. .VTL.RRCR.QTMKGRGLNNIQKNND. .MH. I.RQPL-~-.E.V.TOEAQTRIRVIKVDQH 507
Husan .M.A..VTL.RRFE.KTLOGOCVESIOKTED. . LH.D.TKNM---.E. T . TPRNSDRCLEH 503






OPS/images/fphys-12-720200/fphys-12-720200-g002.jpg
A Schematic di m of aromatase proteins

Mem-Spn I-Helix Ozol's Pep Arom Reg Heme-Reg

Croaker Br AROM
wifsn g rom  ——{——{__— —{—{ -

24 97 78 58 95

43 91 86 91 95

31 91 65 75 87

37 91 73 75 87

37 91 73 66 83

31 88 69 58 87

56 94 69 66 87

25 65 56 83 87

31 62 65 75 83

i .

518 amino acids

B (o] — Croaker Br AROM
Sequence identity (%) s
with croaker Br AROM RIHEHSEARON
Killfish Br AROM 80 Fiigu Br AROM
Fugu Br AROM 76 - — Croaker Ov AROM
Zebrafish Br AROM 64 L Fundulus Ov AROM
Croaker Ov AROM 62
Killfish Ov AROM 60 — —HUguOVAROM
Fugu Ov AROM 59 Zebrafish Ov AROM
Zebrafish Ov AROM 64 Zebrafish Br AROM
Chicken AROM 52 | |— )
Human AROM 52 005 Chicken AROM

Human AROM





OPS/images/fphys-12-720200/fphys-12-720200-g003.jpg
Aw 2004

F>‘) Male

2 I Female

< i

=] 150

(0l

€

S 100

o

<

]

2 5

8 1

i

0 [l B i P — N i PO s P
BR EY Gl GO HE IN [ LI MU SP

B c

400+ AROM NR
» Male . == ————————
[ B Female [ |

I9)

< 300

= kb

o

c 47—

% 2004 b7 .

E( i

1.8

5 100 157

>

E 1.0—

[}

(5 0 S

OB TEL POAH MT CE+OT MO PIT M F ™ F





OPS/images/fphys-12-720200/fphys-12-720200-g004.jpg
Plaalc) ®)
[3]
2
3 Male Female
< 1.5 5B
-
4
S
= 1.0
31 —
4
< *3k
Qo
_g 0.59 -
: |
&
0.0
CTL  HYP CTL  HYP
C
BR OV TE _ANT+PEP_
kDa
100 —
80— ™
60~ W A c— <AROM
50— i)
MW BR OV TE
60— ==

50— = e amm—— <Actin

40 — S—

D Expression of AROM protein

a

bAROM protein levels

Mw CTL (M)

CTL (F)

HYP (M)

HYP (F)

k..

(b) Expression of actin protein

oy RS = G ==Y =

1007 o) ®
Male Female
0.75-
——
ES
0.50+
seieck

0.25-
0.00

CTL  HYP CTL  HYP





OPS/images/fphys-12-706579/fphys-12-706579-g004.jpg
el m»
XoNah ot

e ———
et

Porncht

yric—
e
Hrigngasinds
ety

LeeE(15000
]

St
P onaa] yonae(1.9)

iz

BB e s

Dot guconte

B ey

ooty

PR G2 9358 120 620717 Z.72)

P20 542,72, 107157,162Y22 842,12, 102132,162197)

P8 022y L RN AZATD) 4

Joey a5

i 3

A spagemn

Pl candine 26
Sk oot 2

Pcuummuzuszmwzumznz ez 15

g

e
tncpugico
e

N h 01 oy 24 oy ln 24 Chno
Cocamicoomds (0191201
oy

Fridassohne
ENRvoS taton L sk 1)






OPS/images/fphys-12-706579/fphys-12-706579-t001.jpg
OPLS-DA PLS-DA

R2Y (cum)  Q2Y(cum)  R2Y(cum)  Q2Y (cum)

POS 0.996 0.438 0.952 0.507
NEG 0.991 0.548 0.991 0.581

OPLS-DA, orthogonal partal least squares discriminant analysis; PLS-DA, partialleast
squares discriminant analysis; POS, positive mode; NEG, negative mode; and cum,
cumulative.
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Description

Fatty acid degradation
Oxidative phosphorylation

Purine metabolism

Giycine, serine, and threonine metabolism
Lysine degradation

Giycerophospholipid metabolism
Arachidonic acid metabolism

Linoleic acid metabolism

Alpha-Linolenic acid metabolism
Sphingolipid metabolism

Fatty acid metabolism

ABG transporters

FoxO signaling pathway

Neuroactive ligand-receptor interaction
Lysosome

AMPK signaling pathway

Platelet activation

Retrograde endocannabinoid signaling
Taste transduction

Renin secretion

Insulin resistance

Bile secretion

Parkinson's disease

Choline metabolism in cancer
Metabolic pathways

Metabolites KEGG
compound ID

C00489; C02990
00008

00008

C06231
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Glycerophosphoethanolamines: 12 (16.44%)
others: 1 (17.81%)

Glycerophosphoinositls: 1 (1.37%)
Fiavonoid glycosides: 1 (1.37%)

Fatty amides: 1 (1.37%)
Diterpenoids: 1 (1.37%) ‘Amino acids, peptides, and analogues: 9 (12.33%)
Diphenyimethanes: 1 (1.37%)
Dicarboxylc acids and derivatives: 1 (1.37%)
Cycloartanols and derivatives: 1 (1.37%)
Bile acids, alcohols and dervatives: 1 (1.37%)
Benzoic acids and derivalives: 1 (1.37%)

Terpene glycosides: 2 (2.74%)

‘Steroid lactones: 2 (2.74%) Glycerophosphocholines: 9 (12.33%)
‘Sesquiterpenoids: 2 (2.74%)

Glycerophosphoglycerols: 2 (2.74%)

‘Carbohydrates and carbohycrate conjugates: 2 (2.74%)

Fatty acid esters: 4 (5.48%)
‘Glycosphingolipids: 3 (4.11%)

Not Available: 4 (5.48%)
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T(C) S (ppt) Qa

Before After
17 33 3.27 3.04
20 33 3.38 2.83
23 33 3.53 2.68
26 33 3.75 2.56
29 33 3.91 2.59
32 33 4.07 2.46
35 33 4.21 3.08
26 18 1.87 1.29
26 23 2.38 1.61
26 28 3.02 2.03
26 33 371 2.40

26 38 3.82 272
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Primers Sequence

PSP-F 5 -GGMRTGYATTGGGATGGAAG-3'
PSP-R 5'-CAACASAGTGACCAGRATGG-3'
GSP 5'-1 5'-CCACTATGGCTCTCAGCAGATTGA-3'
GSP &/-2 5-CCAGAGTGGGACATCACTGTTGAA-3
GSP 3'-1 5'-CAATGAGGAAAGCTCTGGAGGATG-3'
GSP 3'-2 5'-ACAGTTCCCAGTCGTTTCTTCCAG-3'
gRT-PCR-F 5'-TCCAGAGGACTGTGGGAATC-3'
gRT-PCR-R 5'-CACCACTATGGCTCTCAGCA-3'
18S-F 5'-AGAAACGGCTACCACATCCA-3'
188-R 5'-TCCCGAGATCCAACTACGAG-3'

PSR, partial sequence primer; GSR gene-specific primer; gRT-PCR, quantitative
reverse transcription-polymerase chain reaction; F, forward; R, reverse; M, A/C; R,
A/G; Y, C/T; S, C/G.
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Total length (bp)

5'UTR length (bp)
3'UTR length (bp)

ORF length (bp)

Amino acids length
Weight (kDa)
Theoretical pl

Number of exons
Number of introns
Number of alpha helixes
Number of beta strands
Number of coils
Number of turns

ERK1/2

1962
861
9
1092
363
42.28
6.28
11
10
21
21
26
35

JNK

2075
291
557
1227
408
46.25
6.02
11
10
15
27
34
36

p38
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630
209
24.09
9.49

13
12
14
15
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MSFKMASNP---MDAVLVKGQEFHVGPRYVELQYIGEGAYGMVVSAIDTHSPLSKKERVAIKKHIS-PFEHQTYCQRTLREIKILTRFKHENIINIHN
MACNP=---SDVVLVKGQEFHVGPRYVELQYIGEGAYGMVVSAIDTHSPQSKKERVAIKKIS~-PFEHQTYCQRTUREIKILNRFKHENIINIQON
MATAAVSAPAGGGPNPGSGAEMVRGQAFDVGPRYSNLSYIGGGAYGMVCSAYDRDN--~--KVRVAIKKIS-PFEHQTYCQRTLREIKILLRFKHENIIGIND

MAAAAAAGAGP------ EMVRGQVFDVGPRYTNLSYIGEGAYGMVCSAYDNVN--~-KVRVAIKhﬁﬁ;gﬁﬁﬂgzxsgﬁxéREIKILLRFRHENIIGIND
MTNPPAASPPNFYMVEVGDSTFTILERYQNLKPIGSGAQGIVCAAYDTVA-~---GTNVAIKKLSRPFQNVTHAKRA
MTNPPAAAPPNFYMVEVGDSTFTILDRYQNLKPIGSGAQGIVCAAYDTVA----GANVAIKELSRPFQNVTHAKRAYREFVLMKLVNHKNIIGLLN

REFVLMKLVNHKNIIGLLN

MNRRFLYNCSAPVLDVKIAFCQGFGKQVDVSYIAQHYNMSKSKVDNQFYSVEVGDSTFTVLKRYQONLKPIGSGAQGIVCAGYDAVL-~---DRNVAIKKELSRPFONQTHAKRAYRELVLMKCVNHKNIISLLN
MSLHFLYYCSEPTLDVKIAFCQGFDKQVDVSYIAKHYNMSKSKVDNQFYSVEVGDSTFTVLKRYQNLKPIGSGAQGIVCAAYDAVL————DRNVAIKFLSRPFQNQTHAKRAYRELVJMKCVNHKNIISLLN
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Prime Nucleotide sequences Accession No.

Hdh-GnRH Fw 5'-GCACCAAACCACAGAATGTC-3 KY264019
Hdh-GnRH Rv 5'-CTGAAGACGCAGCTGGTG-3

Hdh-GnRH-like peptide Fw  &'-ATCGCTGCCAGAACGGAGTG-3' MKO089558
Hdh-GnRH-like peptide Rv  &'-CCACTGTTACTGCTACTACTG-3'

Hdh-GnRH-R Fw 5'-CAACTGAGATTCTATTTGTGGC-3"  MN270936
Hdh-GnRH-R Rv 5'-AGCCACAATCATCTTCTTAGC-3
Hdh-APGWamide Fw 5'-ACAATGGAAATGATGTCCTTCG-3  MG751779
Hdh-APGWamide Rv 5'-GTATCAGGTACGTGTTTGGGA-3'

5-HThgn Fw 5'-TAT ATT CGT AAC CGC AGT GC-3'  MK564084
5-HThgn Rv 5'-CAT GAC AAG CAT GGG AAG AT-3

HSP70 Fw 5'-CAGAGAACACAATCTTCGATGC-3'  DQ324856
HSP70 Rv 5'-CGTTGAGAGTCGTTGAAGTAAG-3'

Hdh-BActin Fw 5'-CCGTGAAAAGATGACCCAGA-3 AY380809

Hdh-BActin Rv 5'-TACGACCGGAAGCGTACAGA-3'
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Note: a: PC—Phosphatidyicholine, PE—Phosphatidylethanolamine, LysoPC~Lyso phosphatidyicholine, SM—Phingomyelin; b: Variable importance in the Projection (VIF) is obtained
from the OPLS-DA, model. These discriminating metabolites were obtained using a statistically significant threshold of variable influence on projection (VIP >1.0). ¢: p value obtained from
analysis of variance (ANOVA). Setting the screening threshold to p-value < 0.05. p-value = 0.000 means p-value s less than 0.001; d: “I" indlcates a significant increase, | indicates a
significant reduction, “—" indicates no significant difference.
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Primer name Primer sequence (5'-3') Ta/°C Product length (bp)

sHSP-F ACCAGTGTTTTGGTGGGGAC 60 137
sHSP-R CAGCTCTAGCAATGGGGTCA

HSP20-F GGCGGGGCATGTATGTAAGA 60 133
HSP20-R ACGTGGATCTCCTCTGGTGT

HSP70-F AGTGTGAGACAAGCGACAACA 60 121
HSP70-R CCACACCAGCCAGTGAGTT

HSP9O-F TGGAATCGTCATCCTCGTCTC 60 135
HSP90-R TACATGCCAGCAGAATCCACA

MRP-F TCATCCGGGCATTTCGTTCT 60 118
MRP-R AGCCTTAGTCCCATCCACCT

Prx-F AAGTTCCCGTCTGTGGAGGT 60 116
Prx-R CACCCAGGTGTAAATGCTCC

MT-F GCTGTACCTTGAACAGCTTGAG 60 119
MT-R TGCACTTAGCAGGATCTCACC

RGN-F GGATCTTGGTGGACCCGATG 60 95

RGN-R TTGGGTCAAAACGGACGACT

GST-F TGAACAGAAAGGTGCGGAGT 60 172
GST-R GCCAGTCTGGAATGCTTCGT

Casp-F CTATGCCACAGTTCCGGGTT 60 159
Casp-R TTAGCATTGGCTCTCCCCAC

TRAF-F AGCCAGCCATTTTACACGGA 60 195
TRAF-R ACGTCCTCCAGTCTCATGGT

GRP78-F GCGGATCCACCAGAATTCCA 60 142
GRP78-R TCCTGTTCGCCACCCAATAC

18S-F CTTTCAAATGTCTGCCCTATCAACT 59 195
185-R TCCCGTATTGTTATTTTTCGTCACT

Ta indicates annealing temperature.
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Species

Contaminant

Biomarker

Effect

References

S. cucullata

S. cucullata
M. gigas

M. gigas

C. virginica

C. virginica

C. virginica

C. brasiliana

C. rhizophorae

Suspected PAH

Suspected PAH
Suspected PAH from oil spill

Suspected PAH from oil spill

Suspected PAH and pesticide

Miscellaneous pollutants: heavy
metals, PAH, PCB, pesticides
(chlordane, DDT)

Miscellaneous pollutants: heavy
metals, PAHs, PCBs, pesticides

Suspected PAH, PCB, linear
alkylbenzenes, fecal steroids,
coliform bacteria, nitrogen,
phosphorus

PAHSs, Ag, As, Pb, Cd

Antioxidant activity,
Detoxification
response,
DNA damage
DNA damage

Immune function

Immune function

Infection

Immune function

Immune function

Oxidation damage

Flesh condition,
Shell growth,
Histology,
Reproductive
anomalies,
Parasites,
Inflammation,
Stress on stress test

Upregulation in CAT, SOD,
Upregulation in GST,
Greater number of DNA strand breaks

Greater number of strand breaks

Possibly reduced granulocyte count*

Possibly reduced phagocytic capacity*
Possibly reduced ROS production®

Impaired mitochondrial function in hemocytes
Reduced number of competent phagocytes
Reduced phagocytic capacity

Increased prevalence and intensity of Persinsus
infection, but likely confounded

Inconclusive changes in hemocyte activity,
Elevated hemocyte density,

Elevated mobile hemocyte numbers

Elevated hemocyte numbers,

Elevated mobile hemocyte number,
Faster-moving hemocytes,

Elevated lysozyme concentration in hemolymph,
inconclusive increase in ROS by hemocytes,

Elevated levels of reduced protein thiol and reversibly

oxidezed protein thiol in the hemolymph

Increased soft tissue mass,

Reduced shell weight,

Digestive gland atrophy,

Presence of edema, brown cell aggregates,
Reduced gamete mass,

Oocyte atresia,

Increased presence of intracellular protists,
Reduced ability to tolerate desiccation,

Sarkar et al., 2017

Sarker et al., 2018
Donaghy et al.,
2010

Auffret et al., 2004

Wilson et al., 1990

Fisher et al., 2000

Qliver et al., 2001

Trevisan et al., 2016

Aguirre-Rubi et al.,
2018b

*The trends observed were not statistically significant. It is very difficult to attribute the effects to any particular cause, especially since none of the abiotic conditions are
controlled in the field and that the oysters are under chronic exposure.
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Species

C. virginica

C. virginica

M. gigas

M. gigas

M. gigas

M. gigas

C. virginica

C. virginica

C. brasiliana

Contaminant

WAF of PAHs in sediment

PAHs + heavy metals + pesticides
in sediment suspension

PAHSs + heavy
metals + miscellaneous
contaminants in sediment or
elutriate

PAH

Heavy metals

PAHs + heavy metals
miscellaneous contaminants
elutriate, contaminated algae

PAHSs + heavy metals (Cd, Cu,

Zn) + miscellaneous contaminants
in sediment or elutriate

PAHS (various) + heavy metals (Cd,
Cu, Zn) + miscellaneous
contaminants in sediment or
elutriate

PAHs + heavy

metals + miscellaneous
contaminants in sediment
suspension

PAHs + miscellaneous
contaminants in sediment

PAHs + heavy
metals + miscellaneous chemicals
in coal tar-based paint

Biomarker

Infection

Histology

Gamete health
Fertilization
Embryogenesis

Embryogenesis
Larval growth

Larval growth
Metallothionein

Embryogenesis
Larval growth

Infection
Immune function

Embryogenesis
Larval development

Lysosomes

Effect

Increased prevalence of Perkinsus infection

Extensive neoplasia
Renal cell tumors,

Gill flament tumors,
Gastrointestinal adenocarcinoma
Neuroblastoma,

Girculatory system tumors,
Gonadal papillary lesions

No change in fertiization rate,
Larval abnormalities

Larval abnormalities,
Mortality,
Delayed larval growth

Larval abnormalities,
Metallothionein produced

Delayed blastula formation,
Larval abnormalities

No significant difference in neutral red uptake by
hemocytes,

Increased tetrazolium dye reduction,

Increased ®H-leucine incorporation,

Significantly increased rate of Perkinsus infection

Fertilization inhibition,
Embryo abnormalties,
Reduction in shell growth

Lysosomal destabilization

References

Chu and Hale.
19094

Gardner et al.,
1991

Geffard et al., 2001

Geffard et al., 2002

Geffard et al., 2003

Geffard et al., 2004

Chu et al., 2002

Boulais et al., 2018

Chiovatto et al.,
2021

The contaminant mixtures are either derived from sediments collected from contaminated sites or from anthropogenic chemical products. This non-exhaustive list provides
a collection of common end points used to study chemical toxicity and some of the effects of the contaminants that may manifest in a less controlled setting.
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Species Contaminant (medium) Biomarker Effect References

M. gigas Ant, Chr, ledP, Phe (cyclohexane) Immune response Decreased hemocyte mortality Bado-Nilles et al.,
2008
C. virginica BaP, Naph, Pyr (contaminated diatoms) Immune response Elevated agranular hemocyte numbers, Croxton et al,
Reduction in granular hemocytes, 2012
Decreased hemocyte mortality
M. gigas BOF (cyclohexane) Immune response Increased phenoloxidase activity Bado-Nills et a.,
2008
M. gigas DBahA (eyclohexane) Immune response Increased lysosomal presence Bado-Niles et a.,
2008
C. tulpa Flu (OMSO) Detoxication response Increase in CYP2AUT transcripts only, no change in other GYP and Zacci et al,, 2019
GST transcripts in gils
M. gigas Flu (DMSO) Detoxification response, Increased CYP2AU2, GST, SULT transcripts in gills, dos Reis etal.,
Histology No change in EROD, GST, MGST activty 2020
Elevated numbers of mucous cells in mantle
M. gigas Naph (cyclohexane) Immune response. Increased% non-specific esterase calls. Bado-Nilles et al.,
2008
C. brasilana Phe (DMSO) Detoxification response, CYP2AU1 levels increased in gils, mantle, digestive tract, dos Reis etal.,
Histology Elevated numbers of mucous cells in mantle, 2015
Digestive tubular atrophy/thinning,
C. brasilana Phe (DMSO) Detoxification response, Limited increase in CYP, SULT transcripts, no change in GST Zacchi et ., 2017
Antioxidant response. transcripts,
No change in CAT, SOD transcripts
C. brasilana Phe (DMSO) Stress response, Limited inhibition of hsp70 release, Lima et al, 2018
Detoxifcation response, No difierence in hsp90 or FABP transcripts,
Antioxidant response, Aimost no diference in CYP, GST, SULT, SOD, CAT, GPx
Oxidative damage transcripts,
No difference in CAT, GST, GPx, GBPDH, and MDA activities
C. brasiliana Phe (DMSO) Detoxification response, Reduced CYP and GSTQ transcripts, Lima et al., 2019
Antioxidant response Increased SOD, CAT, GST activity,
Reduced GR actity
C. tulipa Pyr (OMSO) Detoxification response, Increased CYP, GST, SULT transcripts, EROD, MGST activity in Zacchi et al., 2019
Histology gils

Elevated numbers of mucous cels in mantle,
Digestive tubular atrophy

M. gigas Pyr (DMSO) Detoxification response, Increased MGST activity in gils, dos Reis etal,
Histology Digestive tubular atrophy 2020
M. gigas Py, Flu (cyclohexane) Immune response Reduction in phagocytotic aciviy, Bado-Nills et al.,
No change non-specific esterase cel%, 2008
No change lysosome presence,
Decreased hemocyte mortaiity
. glomerata Pyr + Fla (contaminated rice flour) Detoxification response, Upregulation of laccase 1-like protein, carbonyl reductase, Ertietal., 2016
Immune response, cytochrome p450 proteins
Cell maintenance Downregulation of aldo-keto reductase, B10-ike, GST pi
proteins
M. gigas PAH mixture —10 species (acetone) Gamete health, Fewer motile sperm, Jeong and Cho,
Fertiization, Reduced sperm swimming speed, 2005
Larval development Reduced linearty in swimrming,

Reduced fertiization success.
Delayed larval development
M. gigas PAH mixture —10 species (acetone) Feeding, Reduced clearance rate, Jeong and Cho,
Metabolism Reduced food absorption effciency, 2007
Increased respiration rate,
Increased ammonia excretion,
No change in oxygen consumption vs ammonia excretion ratio,

Reduced energy available for growth
C. virginica PAH mixture —24 species (DMSO) Lysosomes Lysosomal destabilization Hwang et al, 2008
M. gigas Diesel oil (WSF) Immune response No significant changes. Bado-Nilles et al.,
2008
M. gigas Heavy fuel oil (WSF) Immune response Reduction in phagocytotic activity, Bado-Niles et a.,
Decreased hemocyte mortality 2008
C. virginica Crude oll from existing slick—Deepwater Fertiization, Gamete abnormality, Vignier et al., 2015
Horizon (DWH) (HEWAP), Embryogenesis, Reduced fertiization success,
Dispersant corext, Larval development Embryo abnormaity,
Crude oil + dispersant (CEWAF) Reduced shel length,
Extruded and granulated tissue,
Mortality
C. virginica DWH oil sick (HEWAR), Larval development, Reduced shelllength, Vignier et al, 2016
Dispersant Corexit, Larval health and survival, Starvation, sudden shell retraction, Narcosis, Mortality,
Grude oil + dispersant (CEWAF) Larval settlement Reduced settlement success
C. virginica DWH oil slick (HEWAR), ‘Sperm viabilty, No change in suvivorship or viabilty, Volety et al., 2016
Dispersant Corexit, Fertilization, Reduced fertilization success,
Crude oil + dispersant (CEWAF) Sperm health and Drop in mitochondrial membrane potential (increased metabolism),
‘metabolism, Increased acrosomal integrity,
Oxidative ativity, Reduced ROS activity
C. virginica DWH oil slick (HEWAF) Juvenile survival, No difference in mortality, Vignier et al., 2018
Feeding, Reduced clearance rate, starvation,
Histology, Increased digestive tubule luminal surface area, digestive tubule
Tissue condition, atrophy and necrosis, prevalence of dilated lumens with reduced
Hemocyte health, epithelial height, uicers, hemocyte diapedesis in stomach and
Oxidative damage labal palps,
Elevated numbers of hypertrophic mucous cells and mucus in
alimentary tract, hyperplasia,
Hemocyte apoptosis, Syncytia, Inflammation,
Insignificant differences in ipid peroxi
C. virginica  DWH oil slick (HEWAF), Larval development, Larval abnormaliy, Vigner et al, 2019
Dispersant Corexit, Larval survival Stunted growth,
Crude ol + dispersant (algae) Mortalty
C. virginica  Crude oil—MC252 (mixed), Juvenie survival Mortait Schrandt et al,
Crude ol + SickGone Shell growth Reduced shell height 2018
dispersant (CEWAF)
M.gigas  Crude oil—Brut Arabian Light Antioxidant response, Increased laccase-type phenoloxidase, SOD activites, Luna-Acosta
(HEWAF), Lysosomes, Lysosomal enlargement, etal, 2017
Dispersant FINASOL, Histology Lipofuscin accumulation,
Crude oil + dispersant (CEWAF) Reduced neutralliid content,
Digestive tubule atrophy

This non-exhaustive list provides a collection of common end points used to study chemical toxicity and some of the effects of the contaminants that may manifest in a
less controlled setting.
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Scallop FMO No. LRT statistics (p-value)
subfamily copies (No. sites Pr > 95%)

MO vs. M3 Miavs. M2a M7 vs. M8

Yesso scallop  FMO_N-oxide 8 138.7(0) 46.5(0) 34.6(0)(9)
(Patinopecten
Yessoensis)

FMO_GS-OX 4 153.7(0) 46.5(0) 55.4(0)(11)
ZhiKong FMO_N-oxide 7 553.9(0) 0o(1) 0.08(0.95)
scallop
(Chlamys
farreri)

FMO_GS-OX 3 553.9(0) 2.0(0.99) 0.08(0.96)

LRT is the likelihood ratio test statistic for MO vs. M3, M1a vs. M2a, and M7 vs. M8
according to the PAML package.

Significant results with p < 0.05 are in bold.

Pr, posterior probability for sites under positive selection.
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scallop scallop
FMO_N-oxide 5 3 3 1 8 7
FMO_GS-OX 0 0 1 1 4 g
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Acropora hyacinthus

Porites cylindrica

Factor 1 Factor 2 Factor 1 Factor 2

Eigen values 3.3 25 3.9 1.9
Explained variance (%) 46.8 36.2 55.8 27.0
Component loadings

Carbohydrates 0.829 —0.152 0.445 0.769
Lipids 0.340 0.888 0.909 0.353
Proteins -0.227 0.907 0.980 0.038
Tissue biomass 0.374 —0.816 —0.153 0.835
Zooxanthellae density 0.833 0.477 —-0.712 0.506
Chla 0.794 —0.291 0.804 0.201
Skeletal growth rate 0.938 —0.064 0.573 0.769

PCA generated two principal components, factor 1 and factor 2. Factor 1 explained 46.8 and 55.8% of the variance for A. hyacinthus and P. cylindrica, respectively.
Factor 2 explained 36.2 and 27.0% of the variance for A. hyacinthus and P. cylindrica, respectively. Taken together, they explained about 83.1 and 82.8% of the variation

in these two species, respectively. The numbers in bold indicate the values that contributed more than 0.7 of variance.
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Acropora hyacinthus

Porites cylindrica

Turbidity Light intensity DO (mg-L™ ) Turbidity Light intensity DO (mg-L~")
(FTU) (wmol (FTU) (wmol
photons-m—2.s~1) photons-m=2.s~1)
Control 3.21 +£0.112 436.8 + 9.32 6.50 4+ 0.022 3.22 4 0.262 441.8 + 5.8° 6.53 4+ 0.03?
Treatment 1 3.684+0.182 460.2 +9.32 6.33 4 0.04b 3.234+0.182 450.6 + 3.42 6.50 4 0.042
Treatment 2 3.18 £ 0.242 432.0 + 19.22 6.37 +0.04P 3.43 +0.232 446.0 +7.82 6.51 +0.012
Treatment 3 6.34 + 0.32P 311.2+£12.9° 6.18 4+ 0.08° 5.91 4+ 0.34° 340.2 + 10.7° 5.92 + 0.05°

Data were expressed as the mean + standard error (SE). Different letters in the same column indicate significant differences at P < 0.05 level among different treatments.
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Golgi phosphoprotein 3
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Mitochondrial inner membrane
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NADH:Ubiguinone oxidoreductase beta
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Core Subunit S2

Peptidase, Mitochondrial Processing
Subunit Beta (PMPCB)
3-methylcrotonyl-CoA carboxylase
subunit o

Phosphorylation decreased in response to H/R stress
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beta subcomplex subunit 11
Mitochondrial ribosomal protein S22
2-methoxy-6-polyprenyl-1,4-
benzoquinol
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Y

F-type HT-transporting ATPase subunit
i

Function

Electron transport, ETS Complex |

Reversible protein phosphorylation,
anchoring of the PKA regulatory
subunits

Amino acid metabolism
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ETS Complex IV assembly

Control of Golgi localization, activated
by mtDNA depletion

Apoptosis

mtDNA synthesis
Anaerobic glycolysis
Phosphagen metabolism

Assembly of the mitochondria
Fo,F1-ATPase

Electron transport, ETS Complex |

TCA cycle
Electron transport, ETS Complex |

Mitochondrial protein import and
maturation

Amino acid (L-Leu) and fatty (isovaleric)
acid catabolism

Protein quality control, mitochondria
stress response

Amino acid (L-Lys, L-hydroxylysine and
L-Try) catabolism

Alcohol dehydrogenase, glutamate

catabolism

Electron transport, ETS Complex |
Mitochondrial protein synthesis
Ubiguinone biosynthesis

Fatty acid p-oxidation

ATP synthesis

ATP synthesis

Molecular weight (kDa)

22
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29
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27
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25
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32

20

22

37

34

32
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Fold change in H/R

INF
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2.4

4.9
3.8

2.9

2.7
2.4
22
1.9
1.7

INF

2.5

2.5

1.4
1.4

Fold changes were calculated from NSAF values in Scaffold. INF — indicates an “on-off” response where a phosphorylated protein was exclusively found in the normoxic
samples but not in those exposed to H/R stress, or vice versa. Accession numbers refer to the sequences from the NCBI reference genomes (M. coruscus or M. edulis)
used for protein identification.
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Temperature 15°C  25°C 15°C 25°C 15°C 25°C 15°C 25°C 15°C 25°C 15°C 25°C 15°C 25°C
Control Mean 3.26 7.59 4.42 11.38 11.78 28.64 14.06 30.40 0.18 0.43 017 0.36 017 0.24
SEM 0.20 0.51 0.31 0.85 0.93 2.57 1.54 3.60 0.02 0.04 0.02 0.03 0.02 0.03
N 17 13 17 13 17 13 12 13 15 13 15 13 15 13
Taurine Mean 3.29 7.78 4.48 11.79 12.58 32.08 156.21 34.65 0.17 0.38 0.16 0.33 0.15 0.17
SEM 0.23 0.73 0.33 1.12 1.04 3.00 2.01 4.03 0.02 0.06 0.02 0.05 0.02 0.03
N 13 8 13 8 13 8 8 8 12 8 12 8 12 8
Glycine Mean 3.47 7.11 4.68 10.66 11.92 27.38 13.06 28.67 0.10 0.49 0.10 0.44 0.12 0.40
SEM 0.41 1.08 0.71 1.77 2.51 5.19 3.03 4.88 0.01 0.08 0.01 0.09 0.02 0.10
N 4 5 4 5 4 5 4 5 4 5 4 5 4 5

Paired t-test with Bonferroni correction showed no significant differences between the control and amino acid-treated mitochondria (P > 0.05). Respiration rates were
expressed in umol O, min~' g~ protein, and H>O» production in wmol HoOs min~1 g~ protein.
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Gene name

Signaling molecules
Bone morphogenetic protein 2

Bone morphogenetic protein 4

Bone morphogenetic protein 5

Sonic hedgehog

Indian hedgehog

Transcription factors
SRY-related high mobility group-box gene 8

SRY-related high mobility group-box gene 9

Twist gene

Runt-related transcription factor 2

Extracellular matrix
Collagen type 1 alpha 1

Collagen type 2 alpha 1

Matrix metalloproteinase 9

Matrix metalloproteinase 13

Decorin gene

Vimentin gene

Osteocalcin

Housekeeping gene
Encoding elongation factor 1—alpha

Gene abbreviation

BMP2-F
BMP2-R
BMP4-F
BMP4-R
BMP5-F
BMP5-R
Shh-F
Shh-R
Ihh-F
Ihh-R

Sox8-F
Sox8-R
Sox9-F
Sox9-R
Twist-F
Twist-R
Runx2-F
Runx2-R

Coltal-F
Coltal-R
Colzal-F
Col2a1-R
MMP9-F
MMP9-R
MMP13-F
MMP13-R
Decorin-F
Decorin-R
Vimentin-F
Vimentin-R
Ocn-F
Ocn-R

EFta-F
EF1a-R

Sequence (5'-3')

CAGGCAGCCACTCCGCAAAC
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Ingredient %
Fish meal 10
Soybean meal 44.4
Wheat bran 10
Yellow corn 18.6
Rice bran 10
Fish oil 5
Dicalcium phosphate 1
Vitamins and minerals mixture’ 1

Chemical composition

Dry matter
Crude protein
Ether extract
Total ash
Gross energy (kcal/100 g)?

%

92.8
30.9
71
2
446

1Vitamin mixture (except vitamin E, mg kg~' premix): vitamin A (3300 IU),
vitamin Dz (410 IU), vitamin By (133 mg), vitamin By (580 mg), vitamin Bg
(410 mg), vitamin B12 (50 mg), biotin (9,330 mg), colin chloride (4,000 mg), vitamin
C (2,660 mg), inositol (330 mg), para-amino benzoic acid (9,330 mg), niacin
(26.60 mg), pantothenic acid (2,000 mg), manganese (325 mg), iron (200 mg),
copper (25 mg), and iodine, cobalt (5 mg). 2Gross energy was calculated as 5.65,
9.45, and 4.11 kcal/g for protein, lipid, and carbohydrates, respectively.
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“~~_Pathogen V. fluvialis

Antibiotic

~ 2.D. (mm)
Doxycycline 18.33  0.38
Oxytetracycline 13.66 +0.33
Sulfamethoxazole-Trimethoprim 0
Florfenicol 21+1.16
Amoxi 0
Spiramycin 14£057
Erythromycin 184057

Values are mean of zone diameter in mm. = SE.

o DD O

» -

P aeruginosa

2.D. (mm) Int.

17 £0.57
15.66 + 0.66
0
2166+ 1.76
9.33£0.88
9+0.567
0

D DOD -0

2D, Zone Diameter in milimeter; Int, interpretation; R, resistant; I, intermediate; S, susceptible.

S. aureus

2.D. (mm) Int.

10.66 £ 0.88
0
0
26566+ 1.2
16.66 £ 0.33
12+£057 I
14.66 + 0.66 I

-—»oDd3DD

<12
<14
<15
<14
<13
<10
<18

Breakpoints (mm)

13-15.
15-18
16-18
156-18
14-17
11-14
14-17

=16
=19
=19
=19
=18
=15
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Group Group 10 Group 11

Water temperature 27°C 30°C
Plasma cortisol (ng mi~") 582+ 951° 56+ 6.76"
SOD (Uml~Y) 86.8 +9.18% 95 + 4.29*
MDA (Mol mi~" 4984620 52+ 305
Catalase (U mi~") 32:+£3.75° 33.1£2.77°

SOD, superoxide dlismutase; MDA, melondialdehyde; GTR, glutathione reductase.
Velues are mean  SE.
Values in the same row with the same superscription letters are non-significant at p < 0.05.

Group 12

33°C
1296 + 15.85°
124.6 +9.23°
56+ 4.76°
49 +38°

Group 13

36°C
383.4 & 30.35°
160.5 +9.73°
92.2 +4.83°
64.2 +6.81°
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Number of fish in each group is 18 fish.
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Dead fish no.
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Temperature range °C Q4o (respiration) Q4o (excretion)

17-20 2.23 1.50
20-23 212 1.44
23-26 1.88 1.40
26-29 1.83 1.28
29-32 1.61 1.23

32-35 0.79 1.36
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Vitek gram negative identification card

Biochemical reactions

Ala-Phe-Pro-arylamidase
Adonitol
L-Pyrrolydonyl-arylamidase
L-Arabitol

D-Cellobiose:
p-Galactosidase

H,$ production
B-N-Acetyl-Glucosaminidase
Glutamyl arylamidase pNA
D-Glucose
y-Glutamyl-Transferase
Glucose fermentation
B-Glucosidase

D-Maltose

D-Mannitol

D-Mannose

B-Xylosidase

B-Alanine arylamidase pNA
L-Proline arylamidase
Lipase

Palatinose

Tyrosine arylamidase
Urease

D-Sorbitol
Saccharose/Sucrose
D-Tagatose

D-Trehalose

Sodium citrate

Malonate
5-Keto-D-Gluconate
L-Lactate alkalinization
a-Glucosidase

Succinate alkalinization
B-N-acetyl-galactosaminidase
a-Galactosidase
Phosphatase

Glycine arylamidase
Omithine decarboxylase
Lysine decarboxylase
L-Histidine assimilation
Courmarate
B-Glucuronidase

/129 resistance (comp. vibrio)
Glu-Gly-Arg-arylamidase
L-Malate assimiation
Eliman

L-Lactate assimilation
Probabilty

Number of isolates

«, Alpf , Beta; y, Gamma.

Abbreviation

APPA
ADO
PyrA
IARL
dCEL
BGAL
H25
BNAG
AGLTp
daGLU
GaT
OFF
BGLU
dMAL
AMAN
AMNE
BXYL
BAlap
ProA
up
PLE
TyrA
URE
dSOR
SAC
dTAG
ATRE
o
MNT
5KG
ILATK
AGLU
sucT
NAGA
AGAL
PHOS
GlyA
onc
LG
HiSa
CMT
BGUR
O129R
GaAA
IMLTa
ELLM
ILATa

V. fluvialis

P, aeruginosa

99%
23

Vitek gram positive identification card

Biochemical reactions Abbreviation
D-Amygdalin AMY
Phosphoinositide phospholipase G PIPLC
D-Xylose axvL
Arginine dihydrolase1 ADH1
p-Galactosidase BGAL
a-Glucosidase AGLU
Ala-Phe-Pro-arylamidase APPA
Cyclodextrin CDEX
L-Aspartate arylamidase AspA
B-Galactopyranosidase BGAR
a-Mannosidase AMAN
Phosphatase PHOS
Leucine arylamidase LeuA
L-Proline arylamidase ProA
B-Glucuronidase BGURr
a-Galactosidase AGAL
L-Pyrrolydonyl-arylamidase PyrA
B-Glucuronidase BGUR
Alanine arylamidase AlaA
Tyrosine arylamidase WA
D-Sorbitol dSOR
Urease URE
Polymyxin B resistance POLYB
D-Galactose dGAL
D-Ripose dRIB
L-Lactate alkalinization ILATK
Lactose LAC
N-acetyl-D-glucosarmine NAG
D-Maltose dVAL
Bacitracin resistance BACI
Novobiocin resistance Novo
Growth in 6.5% NaCl NC65.
D-Mannitol dVAN
D-Mannose dMNE
Methyl-B-D-glucopyranoside MBdG
Pullulan PUL
D-Raffinose dRAF
07129 resistance (Comp. Vibrio) of20R
Salicin SAL
Saccharose/Sucrose SAC
D-Trehalose dTRE
Arginine dihycirolase2 ADH2s
Optochin resistance OPTO

S. aureus

&

+ o4

R

P

+

+ +

99%
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Farm no. Total
‘ammonia

1 0.53

2 0.65

3 1.36

Acceptable value

Unionized
ammonia (mg

L

0.097
0.102
0.153

0.05

Dissolved Oz
(mgL~")

25
265
257

8.37
8.40
8.13

75-85

Salinity (%)

14
10
11

10-30

Hardness
(mg L")

276
252
bigl

100-300

Alkalinity (mg
L")

197

140

75-200

Nitrite (mg
L)

0.01
0.01
0.015

0.02

Temp. (°C)

325
318
323

20-25
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Name human mouse Chicken zebrafish channel Japanese fugu spotted large Nile tilapia spotted
catfish medaka gar yellow sea bass
croaker
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Clade Gene ORF Predicted MW (kDa) Isoelectric Domain Domain NCBI
name length (bp) protein point (pl) location accession
length (aa) (aa) number

HSP90 HSP90AA1 hsp90aal.1 1944 647 74.22 4.91 HATPase_c 28-182 MN646875

hsp90aal.2 2127 708 81.98 5.18 HATPase_c 36-190 MN646876

HSP90AB1 hsp90ab1 1989 663 76.44 5.38 HATPase_c 11-165 MN646877

HSP90B1 hsp90b1 2241 744 85.31 4.65 HATPase_c 65-224 MN646878

TRAP1 trap1 2148 715 81.20 5.99 HATPase_c 119-272 MN646879

HSP70 HSPA8 hspa8a.1 1683 560 61.48 5.18 HSPA1-2_6-8- 1-295 MN646861
like_NBD

hspa8a.2 2982 993 110.19 6.81 HSPA1-2_6-8- 412-723 MNB646860
like_NBD

hspa8b 1758 585 64.40 5.43 HSPA1-2_6-8- 7-319 MN646863
like_NBD

HSPA1 hsc70 1950 649 71.00 5.18 HSPA1-2_6-8- 6-381 MN646862
like_NBD

hspaib 1920 639 70.62 5.54 HSPA1-2_6-8- 8-383 MN646857
like_NBD

hsp70.1 1866 621 68.28 5.70 HSPA1-2_6-8- 8-383 MN646858
like_NBD

hsp70.2 1920 639 70.10 5.42 HSPA1-2_6-8- 8-383 MN646859
like_NBD

HSPA5 hspab 1965 654 72.23 4.95 HSPAS- 26-401 MNB646872
like_NBD

HSPA9 hspa9 2043 680 73.68 6.43 HSPA9- 52-428 MN646873
like_NBD

HSPA13 hspal3 1329 442 48.10 5.92 HSPA13- 12-434 MNB646864
like_NBD

HYOU1 hyout 2961 986 110.39 5.00 HYOU1- 29-415 MN646874
like_NBD

HSPA4 hspada 2517 838 93.98 5.23 HSPA4_NBD 2-384 MN646867

hspa4b 2532 843 94.50 5.06 HSPA4_NBD 2-384 MN646865

hspadl 2499 832 93.26 5.35 HSPA4- 2-384 MN646866
like_NBD

HSPA14 hspa14 15621 506 54.66 5.72 HSPA14- 2-376 MN646868
like_NBD

HSPA12 hspal2a 2016 671 7517 6.72 HSPA12A- 55-521 MNB646869
like_NBD

hspa12b 2058 685 76.15 7.22 HSPA12B- 55-525 MN646870
like_NBD

ORF, open reading frame; MW, molecular weights; NCBI, the National Center for Biotechnology Information.
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Gene
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Primer sequence (5'-3')

F

R

R
F
R
F
R
F
R
F
R: GCAGCACTATTTTCGTTCC
F
R
F
R
F
R
F
R

F
R
F
R
F
R
F
R
F
R
F
R
F
R:
F
R
F
R
F
R
F
R
F
R
F
R
F

: CAATGATGACGAGCAG

: AGGGTAGCCAATGAAC

: GCTGAACAAAACCAAACC

: AAAGAGTAGGGCACGGA

: TCGTGGAGACGCTCAGACAG
: GTAGATGCGGTTGGAGTGGG
: TGGTTGCCAGTCAGTACG

: GATGTTTGGGATTGATTTCT

: TGGTTCCAAGGCATTTT

: CAAGAAGGACATCAGCGACAAC
: CAAGGTGCCACGGAAGAGG

: AGGACATCAGCGACAACAAGAG
: CAAGGTGCCACGGAAGAGG

: CTGCTGCTGCTATTGCTTACG

: CCTCTTGTTGTCGCTGATGTC

: CAAGACCTGCTTCTGCTGGA

: TGGTCATGGCTCTCTCACCT

: TCTCAGAGGCAAGCAACAAAGG
: TCAAAGATGCCGTCCTCAATGG
: GGACGCCGACAAATACAAAGC

: CGATGGTCTGGTCACACTTCTC
: CCTCATCCAGGTCTACG

: CTGCTCATCCTCGCTAA

: GACATTGGTGGTGGCCAGAT

: CAGGAACAGTGACCACAGCA

: TTGGCATTGACCTGGGAACC

: TGTGAAGGCGATGACTGAAGG

: CTCAACCTCACCCTCCAA

: CGGCTAACACGGTCTCAA

: TCGGGTGGAGTCGGTCTTTG
TGTCCTCGTCCTTGCCATCC

: CGGCATGTTCAGTGTATCAAGC
: GGCTGGTCGTTCTTCTTCTCC

: CACAGTCCAAGGGTTCAAGAGG
: CACAACACAGTCAGCCACAGG
: AAGGCAGAGGACCAGACC

: TGACTTTGGGCTTGCTTCC

: GGCTGAAGTCGTGGCTAA

: GGTAATGACCGCATCTGTG

: TCGGATGCGATGGCTAAT

: CGTGGTTGGAGTCTTCTGA

: CGACTACTACAAGCGACACAGG
: CACCAACCAGGAAGAGGAAGC
: GGGTCCGAAGCGTTTACT

: TCACCTCTAGCGGCACAA
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Uric acid (mg/dl)

Creatinine (mg/dl)
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Bilirubin (mg/dl)

Globuiin (g/dl)

Albumin (g/dI)

Total protein (g/dl)

ALP (U/L)

AST (U/L)

ALT (U

Cortisol (ng/mi)

Sampling post infection
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48h
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24 h
48h
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24 h
48h

1 week
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48h
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48h
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24 h
48h
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24 h
48h
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24 h
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24 h
48h

1 week
24 h
48h

1 week
24 h
48h

1 week

Control

1.99 + 0.0142
2.09 + 0.03%°
2.15 +0.020°
0.23 4 0.02Aeb
0.26 + 0.01BP
0.27 + 0.008°
3.90 + 0.09
3.83 4 0.022
3.90 + 0.012
3.16 + 0.25"
3.19 + 0.16"2
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2.38 +0.13°
1.39 £ 0.18%0
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4.19 + 0.04BP
4.18 + 0.03%°
1.57 £0.032
1.54 +0.032
1.50 £ 0.042
1.17 £ 0.02B2
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1.10 + 0.00"2
2.73 + 0.0552
2.68 4+ 0.0552
2.59 + 0.05"2
98.73 + 0.168¢
99.65 + 0.08B¢
92.80 + 0.38"°
89.94 + 0.09°°
91.13 £ 0.518P
122.60 + 8.43CP
4.13 £ 0.05°¢
4.49 + 0.048
4.73 + 0.02Bd
78.16 + 1.059
78.81 + 0.829
76.66 + 1.387

LP20

1.94 £0.032
1.88 +0.042
1.92 4+ 0.052
0.19 4+ 0.0182
0.19 + 0.015
0.16 4+ 0.03%2
3.74 4+ 0.09?
3.91 4+ 0.022
3.87 4+ 0.022
2.93 4+ 0.0182
2.92 + 0.0282
2.77 £0.0172
2.714+£0.13P
2.68 4 0.05°
2.69 + 0.05°
1.69 4 0.1140
1.73 + 0.008°
1.73+£0.01B°
4.40 +0.23°
4.40 + 0.06°
4.42 +0.049
74.28 + 0.5982
76.27 + 0.65852
71.93 +1.20M
68.95 + 3.6142
85.26 + 2.2582
97.27 + 0.61C2
3.10 £0.05"2
3.34 4+ 0.0482
3.40 + 0.0282
56.34 + 2,63
61.16 & 0.75852
58.84 +0.1242

DLM + LP20

1.99 4 0.01%4
1.96 + 0.014a
2.07 + 0.045°
0.27 £ 0.01P
0.29 + 0.01°
0.29 + 0.03°
4.23 4+ 0.1040¢
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3.97 +£0.01°
4,02 +0.01°
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2.19 4+ 0.05%°
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1.42 + 0.03°
1.32 £ 0.01AP
3.14 4 0.024eb
3.55 + 0.018°
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83.87 + 2.04Bb
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81.84 + 2,59/
84.91 +0.83°P
87.66 + 1.14B
86.28 + 0.81B2
3.78 + 0.074¢
3.87 + 0.03A°
4,03 4+ 0.028¢
72.48 + 0.53%°
75.40 + 0.618¢
71.06 + 1.63%°

*Values expressed as means + SE (n = 3). Capital superscript letters indicate significant differences between groups, while small letters refer to differences within the

same group and among the different sampling periods for each parameter (P < 0.05).
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Gene Primer

B-actin - F: AGCAAGCAGGAGTACGATGAG
R: TGTGTGGTGTGTGGTTGTTTTG
HSP70  F: TGGAGTCCTACGCCTTCAACA
R: CAGGTAGCACCAGTGGGCAT
CAT F: TCAGCACAGAAGACACAGACA
R: GACCATTCCTCCACTCCAGAT
GPx F: CCAAGAGAACTGCAAGAACGA
R: CAGGACACGTCATTCCTACAC
SOD F: GACGTGACAACACAGGTTGC
R: TACAGCCACCGTAACAGCAG
IL-12 F: GGCGGAAGATACTGGTGA
R: TCCACAGAGCACTTGTGTT
TNF-o F: GAGGTCGGCGTGCCAAGA
R: TGGTTTCCGTCCACAGCGT
IL-8 F: GCACTGCCGCTGCATTAAG
R: GCAGTGGGAGTTGGGAAGAA
IFN-y F: TGACCACATCGTTCAGAGCA

R: GGCGACCTTTAGCCTTTGT

Target size (bp)
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107

95

159

119

180

128

Annealing (°C)

58.5

59

58

58

55

60

60

55

57

Slope

—3.521

—3.47

—3.68

—3.48

—3.33

—3.65

—3.69

—3.45

—3.69

Efficiency

1.923137

1.94171

1.869559

1.938011

1.996642

1.879198

1.866391

1.949194

1.866391

Efficiency%

92.3137

94.17103

86.95588

93.80114

99.66425

87.91983

86.63913

94.9194

86.63913

Accession number

KJ126772

FJ213839.1

JF801726.1

NM_001279711.1

JF801727.1

XM_003437924.4

NM_001279533.1

NM_001279704.1

NM_001287402
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