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Mitochondrial selective autophagy, known as mitophagy, surveils the mitochondrial population by eliminating superfluous and/or impaired organelles to mediate cellular survival and viability in response to injury/trauma and infection. In this study, the components of the mitophagy pathway in the Pacific oyster Crassostrea gigas were screened from NCBI with reference to the protein sequences of the human mitophagy process. A total of 10 mitophagy process–related genes were identified from C. gigas, including NIX, FUNDC1, PHB2, Cardiolipin, P62, VDAC2, MFN2, PARL, MPP, and OPTN. They shared high similarities with their homologs in the human mitophagy pathway and were expressed in various tissues of C. gigas. After CCCP exposure, the fluorescence intensity of the mitochondrial probe JC-1 monomers increased significantly in hemocytes, while the fluorescence intensity of JC-1 aggregates decreased significantly. Meanwhile, the fluorescence of lysosomes was found to be co-localized with that of CgLC3 and mitochondria in CCCP-treated hemocytes. Double- and single-membrane-bound vacuoles resembling autophagic structures were observed in the hemocytes after CCCP exposure. The fluorescence intensity of JC-1 monomers and the abundance of CgLC3Ⅱ in hemocytes both increased after Vibrio splendidus exposure. At the same time, the green signals of CgLC3 were co-localized with red signals of the mitochondria, and the fluorescence intensity of autophagy increased significantly in hemocytes after V. splendidus exposure. The results confirmed the existence of a complete mitophagy pathway in mollusks for the first time, which was helpful for further study on the function of mitochondrial autophagy in mollusks.
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INTRODUCTION
Degradation of mitochondria via a selective form of autophagy, named mitophagy, is a fundamental mechanism conserved from yeast to humans (Onishi, et al., 2021). There are various proteins and other molecules to modulate mitophagy, and mitophagy is involved in many processes, such as cellular differentiation, inflammation, and apoptosis (Baechler, et al., 2019; Cervantes-Silva, et al., 2021; Onishi, et al., 2021). The mitophagy process starts when the dysfunctional mitochondria are targeted with specific receptors or adapters and engulfed in a double-membrane vacuole named autophagosome. The vesicle fuses with a lysosome to form an autolysosome in which specific enzymes degrade the organelle (Harper, et al., 2018; Poznyak, et al., 2021).
There are two pathways, the ubiquitin-dependent pathway and receptor-dependent pathway, for mitophagy to serve as a critical quality-control mechanism for selective targeting and removal of damaged or dysfunctional mitochondria (Huang and Klionsky, 2021; Nakamura, et al., 2021). The two pathways have been identified in yeast, plants, and mammals (Gan, et al., 2018; Gkikas, et al., 2018; Huang and Klionsky, 2021; Nakamura, et al., 2021; Ren, et al., 2021). The ubiquitin-dependent mitophagy is characterized by PINK1/Parkin-mediated ubiquitination of the mitochondrial proteins, including optineurin (OPTN), sequestosome 1 (SQSTM1, also known as P62), TAX1-binding protein 1 (TAX1BP1), nuclear domain 10 protein 52 (NDP52), voltage-dependent anion channel (VDAC), and mitofusin (MFN) (Huang and Klionsky, 2021; Nakamura, et al., 2021; Ren, et al., 2021). The receptor-dependent mitophagy depends on diverse mitophagy receptors, including BCL2 interacting protein 3 (BNIP3), Nip3-like protein X (NIX), FUN14 domain-containing protein 1 (FUNDC1), cardiolipin, and prohibitin 2 (PHB2) (Huang and Klionsky, 2021; Nakamura, et al., 2021; Ren, et al., 2021). Most of the mitophagy-related proteins contain LC3-interacting region (LIR) motifs, which can directly interact with LC3 to promote the engulfment of defective mitochondria. However, there is still no information about the occurrence, pathways, and molecular components of mitophagy in aquatic invertebrates.
Recently, mitophagy was reported to occur in response to some bacterial infection. In vertebrates, Listeria monocytogenes in macrophages could induce mitophagy through the virulence factor listeriolysin O (LLO) (Zhang, et al., 2019). Lactobacillus infantis infection also resulted in mitochondrial damage and impaired mitophagy in the ileum and porcine intestinal epithelial J2 cells (Xia, et al., 2020). In invertebrates, the information about mitophagy mainly comes from Drosophila and Caenorhabditis elegans, and mitophagy usually occurs in muscle cells and neuron cells (Aman, et al., 2021; Cornelissen, et al., 2018; Palikaras, et al., 2019). Meanwhile, there are a few genes identified to participate in the mitophagy process of invertebrates, including MFN2, Parkin, and FUNDC1 (Byrne, et al., 2019; Carroll, et al., 2018; Cummins, et al., 2019; Koehler, et al., 2017). However, there is no report on mitophagy in the hemocytes of aquatic invertebrates (Koiwai, et al., 2021; Picot, et al., 2019).
The Pacific oyster, C. gigas, is one of the most important cultured mollusks worldwide. It inhabits the estuarine and intertidal regions and is subjected to extraordinary abundant microbial challenges from the surrounding environment. Mitophagy is a critical mechanism necessary to maintain the mitochondrial quality by removing the damaged, old, and dysfunctional mitochondria. Recently, the released whole-genome sequence of Pacific oysters provides a powerful help to explore mitophagy and its regulation mechanism in mollusks (Zhang, et al., 2012). In the present study, the components in mitophagy were screened with the objectives to confirm the existence of the mitophagy pathway in oysters and understand its activation mechanism in response to CCCP treatment or bacterial stimulation.
MATERIALS AND METHODS
Animals, Immune Challenge, and Sample Collection
Pacific oysters, C. gigas (shell length 12–16 cm) were collected from a local farm in Dalian, Liaoning, China, and cultured in aerated seawater (SW) at 15 ± 2°C for 7 days. Different tissues (hemolymph, adductor muscle, gills, mantle, gonad, labial palps, and hepatopancreas) were collected from nine untreated oysters, and every three individuals were pooled together as one sample. There were three replicates for each tissue. The collected samples were added with TRIzol reagent (Invitrogen) for RNA extraction to examine the relative mRNA expressions of mitophagy-related genes. Hemolymph was collected from the posterior adductor muscle sinus of each oyster by using 1 ml of acid citrate-dextrose anticoagulant agent (20.8 g L−1 glucose, 3.4 g L−1 EDTA·2Na, 22.5 g L−1 NaCl, and 8.0 g L−1 disodium citrate) at a ratio of 1:1 and then centrifuged at 800 × g at 4°C for 4 min to harvest the hemocytes. The collected hemocytes were treated with 20 µM CCCP (Abcam) at 18°C with a 20 µM DMSO group as control. The samples were then analyzed by using Western blot or immunocytochemical assay.
The hemocytes were also collected after the oysters received an injection of 100 µl Vibrio splendidus at 2 × 108 CFU ml−1 dissolved in SW. The SW was used as the control. Nine oysters were randomly sampled from each group at 0, 3, 6, 12, 24, and 48 h after V. splendidus stimulation. The hemocytes from three oysters were pooled together as one sample, and there were three samples for each time point. The collected samples were then analyzed using Western blot.
Characterization, Sequence Alignment, and Phylogenetic Relationship Analysis of Mitophagy-Related Genes
Searching of mitophagy-related genes in C. gigas transcriptome data was conducted by using the tBLAST program acquired from the NCBI database (https://www.ncbi.nlm.nih.gov/) with known proteins (from mammals, yeast, insects, etc.) as queries. The primers for these genes (Supplementary Table S3) were designed in accordance with the sequence information acquired from the NCBI database (https://www.ncbi.nlm.nih.gov/). The obtained PCR products were inserted into a pMD 19-T vector (TaKaRa) and sequenced by Sangon Biotech (Sangong, China).
A translation tool (http://web.expasy.org/translate/) was used to predict the amino acid sequence of mitophagy-related genes. The simple modular architecture research tool (SMART) (http://smart.embl-heidelberg.de/) was used to predict the conserved domain. ClustalW multiple alignment program (http://www.ebi.ac.uk/clustalw/) and DNAMAN were used to create the multiple sequence alignment. The neighbor-joining (NJ) phylogenetic tree was constructed using the MEGA6.0 package.
Quantitative Real-Time PCR
The mRNA expressions of mitophagy-related genes in the different tissues were examined by quantitative reverse transcription PCR (qRT-PCR) with the elongation factor (CgEF; NP_001292242.2) fragment amplified with primers CgEF-RT-F and CgEF-RT-R (Supplementary Table S3) as an internal reference. The reaction was carried out in a total volume of 10 μl, including 5 µl of SYBR Green Master Mix (Applied Biosystems), 0.2 µl of each primer, 0.2 µl of ROX, 2 µl of the 20 times-diluted cDNA, and 2.4 µl of DEPC-treated water. qRT-PCR was programmed at 95°C for 10 min, followed by 40 cycles at 95°C for 10 s and 60°C for 45 s. The relative mRNA expression levels were calculated by the comparative Ct method (2−∆∆Ct method) (Livak and Schmittgen, 2001). Significant differences were accepted at p < 0.05.
Western Blot
The hemocyte proteins were extracted from oysters after CCCP treatment or V. splendidus stimulation, separated by 15% SDS-polyacrylamide gel electrophoresis, and then transferred onto the nitrocellulose membrane by using a mini transfer tank for electrophoresis. The membranes were blocked with 5% nonfat milk in TBST (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.2% Tween 20) for 10 h at 4°C and then incubated with 1/1,000 diluted anti-LC3B antibody (ab51520, Abcam) or β-tubulin (Beyotime, China) in TBST, with 5% nonfat milk at 4°C for 10 h. HRP-conjugated Rabbit anti-mouse IgG (Shangon Biotech) diluted at 1/10,000 with TBS (10 mM Tris-HCl, pH 7.5, and 150 mM NaCl) was incubated with the membranes at room temperature for 2 h after the membranes were washed to remove the free nonspecifically bound antiserum. The membranes were finally immersed in the reaction system (1:1 mixing BeyoECL Moon A and B) in the dark for 1 min and imaged with Amersham Imager 600 (GE Healthcare, United States). The relative expression level of CgLC3Ⅱ protein was analyzed by ImageJ with β-tubulin protein as the control (Sun, et al., 2020).
Mitochondrial Membrane Potential Assay
The hemocytes were extracted from the oysters at 3 h after CCCP treatment or at 24 h after V. splendidus stimulation. The hemocytes from the dimethyl sulfoxide (DMSO) or SW group were used as control, respectively. The mitochondrial membrane potential of hemocytes was measured using a mitochondrial membrane potential assay kit with JC-1 (Beyotime, China). The treated hemocytes were deposited on clean slides in the wet chamber and mounted on buffered glycerin (50%) for observation using a fluorescence microscope (ZEISS, Germany). ImageJ was used to calculate the fluorescence signals of JC-1 monomers and JC-1 aggregates.
Immunocytochemistry
The hemocytes were collected and resuspended in an L15 medium. The suspension was deposited on clean slides (a drop on each) in the wet chamber. After the monolayer was sedimented on the side, the hemocytes were fixed with 4% paraformaldehyde (PFA) for 10 min. After being washed with L15 medium for 5 min, the hemocytes were blocked by incubating in 3% BSA at 37°C for 30 min. The supernatant was then removed, and the dishes were incubated with 500 µl of anti-LC3 (diluted 1:200 in 3% BSA) at 4°C for 2 h. After washing three times with L15 medium, the hemocytes were incubated with Alexa Fluor 488-labeled goat anti-Rabbit secondary antibody (diluted 1:200 in 3% BSA) at 37°C for 1 h. After washing another three times with an L15 medium, the hemocytes were incubated with 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) (Solarbio Life Sciences, China, diluted 1:1,000 in 3% BSA) to stain the nucleus. The slides were mounted on buffered glycerin (50%) and observed using a fluorescence microscope (ZEISS, Germany) after the final three times of washing with the L15 medium. ImageJ was used to calculate the fluorescence signals of CgLC3 in the hemocytes.
Colocalization of Mitochondria With Lysosomes
An immunocytochemical assay was performed to observe the colocalization of mitochondria with lysosomes in hemocytes 3 h after the treatment with 20 μM CCCP. DMSO was used as the control. A measure of 1 ml of hemocyte resuspension (about 1 × 106 cells in L15 medium) was incubated with MitoTracker Green (Beyotime) and LysoTracker Red (Beyotime) dyes (diluted 1:15,000 in L15 medium) at 37°C in the dark for 30 min, respectively. The hemocytes were washed thrice with L15 medium and fixed with 1 ml of a mixture containing an L15 medium and 4% paraformaldehyde (1:1 in volume) for 10 min. After being washed thrice with L15 medium, the hemocyte resuspension was deposited on poly-lysine microscope slides for adhesion at room temperature for 30 min. Fluorescence was observed under an inverted fluorescence microscope (ZEISS, Germany).
The Colocalization of Mitochondria and CgLC3, CgLC3, and Lysosome
A measure of 1 mL of the hemocyte resuspension (about 1 × 106 cells in L15 medium) was incubated with LysoTracker Red or mitochondria at 37°C in the dark for 30 min. After being washed thrice with L15 medium, the hemocytes were fixed with 1 ml of a mixture containing an L15 medium and 4% paraformaldehyde (1:1 in volume) for 15 min. The hemocytes were resuspended in an L15 medium and deposited on the poly-L-lysine–coated slides. After 1 h, the slides were incubated successively with 500 µl of anti-LC3B antibody (ab51520, Abcam) (diluted 1:200 in 3% BSA) at 4°C for 2 h and Alexa Fluor 488-labeled goat anti-Rabbit as a secondary antibody (diluted 1:200 in 3% BSA) at 37°C for 1 h. The slides were washed with L15 medium three times and mounted on buffered glycerin (50%) for observation under a fluorescence microscope (ZEISS, Germany).
Autophagy
The autophagy assay kit (Abcam) was used to analyze the autophagy levels of hemocytes at 24 h after the oysters received an injection of V. splendidus. SW was used as the negative control and untreated oysters as the blank control. The hemocytes about 1 × 106 cells mL−1 were resuspended in 250 μl 1 × assay buffer and then incubated with 250 μl of diluted CYTO-ID® Green stain solution at room temperature in the dark for 30 min. The treated hemocytes were then washed with 1 × assay buffer three times. The flow cytometry assay was conducted using Amnis ImageStream MkII to count the fluorescence signals of autophagy through IDEAS analysis software. A total of 5,000 hemocytes were analyzed for each sample.
Transmission Electron Microscopy
The oyster hemolymph was collected from the sinus of five oysters 3 h after CCCP treatment and centrifuged at 1,500 rpm, 4°C for 4 min. The hemocytes were resuspended in an L15 medium. Then, 1 ml of hemocyte suspension (1 × 106 cells) was centrifuged at 1,500 rpm, 4°C for 8 min. The samples were fixed in 3% glutaraldehyde solution (Sigma-Aldrich, G5882) at 4°C for 24 h and then analyzed by JEM-1400 TEM.
Statistical Analysis
All the data were represented as mean ± standard deviation, and they were analyzed by one-way ANOVA and multiple comparisons using SPSS 22.0. The statistically significant differences were designated at p < 0.05 and were extremely significant at p < 0.01 (N = 3).
RESULTS
Mitophagy in Hemocytes Observed by Transmission Electron Microscopy (TEM) After CCCP-Treatment
The mitophagy inducer CCCP was used to induce mitophagy in oyster hemocytes, and mitophagy was observed by TEM. The organelles were observed to be intact without swelling and deformation in the DMSO group under an electron microscope, and there were few vacuoles present in hemocytes. In the CCCP treatment group, the accumulation of vacuolar structures and autophagosomes was observed in the cytoplasm of hemocytes, which was 2.36-fold (p < 0.05) of that in the DMSO group (Figures 1A,B).
[image: Figure 1]FIGURE 1 | Autophagic ultrastructures in CCCP-treated hemocytes by transmission electron microscopy. (A) Autophagic ultrastructures of hemocytes in CCCP-treated hemocytes. AC: autophagosomes. (B) Number of autophagosomes in CCCP-treated hemocytes. *: p < 0.05 (t-test).
Identification and Sequence Analysis of Ten Mitophagy Process–Related Genes
A total of 10 mitophagy process–related genes were identified from C. gigas, including CgNIX, CgFUNDC1, CgPHB2, CgCardiolipin, CgP62, CgOPTN, CgVDAC2, CgMFN2, CgPARL, and CgMPP. They all contained the conserved domains similar to their homologs in mammals and yeast, and their detailed sequence features are shown in Supplementary Table S1. Multiple sequence alignments revealed that the amino acid sequences of PHB2s, cardiolipins, P62s, OPTNs, VDAC2s, MFNs, and MPPs were relatively conserved between all the tested species (Supplementary Figures S1A–S7C). The 10 mitophagy process–related proteins were clustered with their corresponding molecules from C. virginica, and all fell in the invertebrate branch in the phylogenetic tree (Supplementary Figures S1B–S7D). CgOPTN contained three LC3-interacting regions (LIRs). CgNIX, CgFUNDC1, and CgCardiolipin contained two LIRs. One LIR was identified in CgPHB2 and CgP62 (Figure 2).
[image: Figure 2]FIGURE 2 | Molecule features of CgNIX, CgFUNDC1, CgPHB2, CgCardiolipin, CgP62, and CgOPTN and their LIR motifs.
Tissue Distribution of the Ten Mitophagy Process–Related Genes
The mRNA transcripts of the 10 mitophagy process–related genes were found to be distributed in all the tested tissues, including the gills, mantle, hepatopancreas, adductor muscle, gonad, hemolymph, and labial palps, with some differences in the expression levels (Figures 3, 4; Supplementary Table S2). The 10 genes had relatively lower expression levels in gills and mantle, and their expression levels were relatively higher in adductor muscle, gonad, and hemocytes (Figures 3, 4; Supplementary Table S2). The detailed information about their mRNA expression levels is listed in Supplementary Table S2.
[image: Figure 3]FIGURE 3 | Tissue distribution of CgNIX, CgFUNDC1, CgPHB2, CgCardiolipin, CgP62, and CgOPTN. The CgEF gene was used as an internal control to calibrate the cDNA template for all the samples. The relative mRNA expression levels of CgNIX (A), CgFUNDC1 (B), CgPHB2 (C), CgCardiolipin (D), CgP62 (E), and CgOPTN (F) in different tissues (the gills, mantle, hepatopancreas, adductor muscle, gonad, hemocytes, and labial palps) were normalized to that of gills. EF was used as the internal control. Vertical bars show as mean ± S.D. (N = 3). The groups that do not share the same letter are significantly different from each other (p < 0.05, one-way ANOVA), while the same letters indicate no significant differences among groups (p > 0.05).
[image: Figure 4]FIGURE 4 | Tissue distribution of CgVDAC2, CgMFN2, CgPARL, and CgMPP. The relative mRNA expression levels of CgVDAC2 (A), CgMFN2 (B), CgPARL (C), and CgMPP (D) in different tissues were normalized to that of gills. EF was used as the internal control. The vertical bars are shown as mean ± S.D. (N = 3). Different letters indicate significant differences between groups (p < 0.05, one-way ANOVA).
Mitochondrial Membrane Potential Change and CgLC3 Activation in Hemocytes in the CCCP Treatment Group
The mitochondrial membrane potential of hemocytes in the CCCP-treated oysters was determined by using the mitochondrial membrane potential assay kit with the mitochondrial probe 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1). The positive signal of JC-1 monomers in the cell cytoplasm was observed in green, while JC-1 aggregates were stained in red. After CCCP treatment, the fluorescence intensity of JC-1 monomers (green signals) in hemocytes increased significantly, which was 4.60-fold of that in the DMSO group. The value of JC-1 aggregates (red signals) in hemocytes from the CCCP treatment group decreased significantly, which was 0.20-fold of that in the DMSO group (Figures 5A,B). Western blot assay with the CgLC3 antibody revealed that there was a CgLC3B-II band in CCCP-treated hemocytes, while no bands were detected in the DMSO treatment group (Figure 5C). The immunocytochemical assay with the anti-LC3 antibody was used to analyze the subcellular distribution of CgLC3 in the hemocytes in the CCCP treatment group. The positive signals of CgLC3B were observed in green, which were accumulated in hemocytes in the form of speckled dots in the CCCP treatment group, compared with that in the DMSO treatment group (Figures 5D,E).
[image: Figure 5]FIGURE 5 | Mitochondrial membrane potential and CgLC3 activation in CCCP-treated hemocytes. (A) Mitochondrial membrane potential in CCCP-treated hemocytes. DMSO was used as the control. (B) Statistical analysis of the JC-1 monomer and aggregate green signals for A, respectively. (C) Cleavage of CgLC3B in CCCP-treated hemocytes. (D) Speckled dot accumulation of CgLC3B in CCCP-treated hemocytes. Bar: 5 μm. (E) was the statistical analysis of (D). Fluorescence signals were captured under the same exposure parameters. The vertical bars are shown as mean ± S.D. (N = 3). *: p < 0.05 (t-test).
Co-localization of Mitochondria With CgLC3 and CgLC3 With Lysosomes
The content of lysosomes was analyzed with LysoTracker Red in the hemocytes in the CCCP treatment group. The fluorescence intensity of LysoTracker Red–labeled lysosomes (red signals) in the hemocytes of the CCCP treatment group increased significantly, which was 3.91-fold of that in the DMSO group (Figures 6A,B). CgLC3 was marked by the CgLC3 antibody, and Alexa Fluor 488 conjugated antibody was observed in green. In the CCCP treatment group, the statistic value of CgLC3B (green signals) co-localized with the LysoTracker Red–labeled lysosomes (red signals) in hemocytes increased significantly (4.88-fold of that in the DMSO group) (Figures 6C,D). The mitochondria were stained by MitoTracker Green in green signals. The statistic value of mitochondria (green signals) co-localized with the LysoTracker Red–labeled lysosomes (red signals) in the hemocytes of the CCCP treatment group increased significantly, which was 5.73-fold of that in the DMSO group (Figures 6E,F).
[image: Figure 6]FIGURE 6 | Co-localization of CgLC3 and mitochondria with lysosomes. (A) Red signals of lysosomes in CCCP-treated hemocytes. (B) Statistical analysis of lysosomes in CCCP-treated hemocytes. (C) Co-localization of LC3B with lysosomes in CCCP-treated hemocytes. (D) Quantity of LC3B co-localized with lysosomes in CCCP-treated hemocytes. (E) Co-localization of mitochondria with lysosomes in CCCP-treated hemocytes. (F) Quantity of mitochondria co-localized with lysosomes in CCCP-treated hemocytes. The fluorescence signals were captured under the same exposure parameters. The vertical bars are shown as mean ± S.D. (N = 3). *: p < 0.05 (t-test).
Mitochondrial Membrane Potential Change, CgLC3 Activation, the Co-Localization of CgLC3 With Mitochondria, and the Autophagy Level After V. splendidus Stimulation
The fluorescence intensity of JC-1 monomers (green signals) in hemocytes increased after the oysters were stimulated by V. splendidus, which was 1.29-fold of that in the SW group (Figures 7A,B). The band intensity of CgLC3B-II in hemocytes increased at 3 and 12 h and peaked at 24 h after V. splendidus stimulation (Figure 7C). CgLC3 was marked by the CgLC3 antibody and Alexa Fluor 488 conjugated antibody in green signals, and mitochondria were stained by using MitoTracker Red in red signals. The co-localization of CgLC3 (green signals) with mitochondria (red signals) was enhanced at 24 h after V. splendidus stimulation, compared with that of the SW group (Figures 7D,E). The autophagy assay kit was used to analyze the autophagy levels of the hemocytes at 24 h after V. splendidus stimulation. The fluorescence intensity of autophagy in hemocytes increased after the oysters were stimulated by V. splendidus, which was 1.60-fold of that in the SW group (Figures 7F,G).
[image: Figure 7]FIGURE 7 | Mitochondrial membrane potential, autophagy, CgLC3 activation, and co-localization of CgLC3 with mitochondria after V. splendidus stimulation. (A) Mitochondrial membrane potential in hemocytes at 24 h after V. splendidus stimulation analyzed by flow cytometry. SW was used as the control. R6: Only green fluorescence of JC-1 monomers (a marker of mitochondrial autophagy). (B) Statistical analysis of JC-1 monomer green signals for (A). (C) Cleavage of CgLC3B in hemocytes at 0, 3, 6, 12, 24, and 48 h after V. splendidus stimulation. Tubulin was used as an internal control. (D) Quantity of CgLC3 co-localized with mitochondria in hemocytes after V. splendidus stimulation. (E) Co-localization of CgLC3 with mitochondria in hemocytes at 24 h after V. splendidus stimulation. The fluorescence signals were captured under the same exposure parameters. (F) Autophagy in hemocytes at 24 h after V. splendidus stimulation. The hemocytes were labeled by CYTO-ID® Green reagent and analyzed by flow cytometry. R3: the cells with green signals. (G) Statistical analysis of autophagy green signals for (F). The vertical bars are shown as mean ± S.D. (N = 3). *: p < 0.05 (t-test).
DISCUSSION
The mitochondrion is an organelle essential for multiple biological processes, including energy production, metabolite biosynthesis, cell death, and immunological responses (Cervantes-Silva, et al., 2021; Lou, et al., 2020; Xu, et al., 2021). Mitophagy surveils the mitochondrial population by eliminating superfluous and/or impaired mitochondria and mediating the cellular survival and viability in response to infection (Deretic, 2021; Gkikas, et al., 2018). It is a mechanism widely conserved in the eukaryotes and well described in the model organisms such as yeast and humans (Gkikas, et al., 2018). Although the phenomenon of mitophagy has been reported in Drosophila and C. elegans (Cornelissen, et al., 2018; Palikaras, et al., 2019), the information about the components and the molecular machinery of the mitophagy pathway in invertebrates remains scarce.
It has been well documented that mitophagy plays an important role in the response to various stress factors (Gkikas, et al., 2018). As mollusks are generally exposed to numerous biotic (pathogens) and abiotic (tide, pollution) stressors (Deretic, 2021), it is very important to elucidate the mitophagy pathway in mollusks. CCCP is an oxidative phosphorylation uncoupler, which can increase the permeability of the mitochondrial membrane to protons and thereby destroy the mitochondrial membrane potential (Jin, et al., 2021). In the present study, the accumulation of vacuolar structures and autophagosomes was observed in the cytoplasm of hemocytes in the CCCP treatment group, indicating that mitophagy occurred in oyster hemocytes. With the release of the genome, the mitophagy pathway has been proposed by data mining in the Pacific oyster C. gigas (Zhang, et al., 2012). In the present study, the full-length cDNA sequences of mitophagy process-related genes in C. gigas were cloned by PCR. The 10 genes all contained the conserved corresponding domains similar to their homologs in mammals and yeast, and they all fell in the invertebrate branch in the phylogenetic trees. A hallmark of most LC3-interacting proteins is the presence of an LIR motif, which is required for their interaction with LC3 (Onishi, et al., 2021). The requirement for LIR motifs to convey the ability of autophagy-related proteins to interact with LC3 is conserved across the eukaryotes (Chu, 2019; Jacomin, et al., 2020). In this study, CgNIX, CgFUNDC1, CgPHB2, CgCardiolipin, CgP62, and CgOPTN were identified with one or more LIR motifs, indicating their potential interaction with CgLC3 in oysters. The results suggested the existence of the mitophagy pathway in oysters.
The molecules involved in the mitophagy pathway are reported to be widely distributed in various tissues. In humans, the molecules in the mitophagy pathway had been reported to be distributed in the brain, kidney, breast, and pancreas (Li, et al., 2021), while in the lower vertebrates and invertebrates, there were still no reports about the distribution of molecules in the mitophagy pathway. In the present study, the 10 mitophagy process-related genes were found to be constitutively expressed in the gills, mantle, hepatopancreas, adductor muscle, gonad, hemocytes, and labial palps. Similarly, autophagy-related genes, such as ATG12, ATG9, SQSTM1, Beclin1, and LC3, from C. gigas were demonstrated to be constitutively expressed in different tissues (Picot, et al., 2020). The results indicated that mitophagy was an evolutionarily conserved process, and it could occur in different tissues of oysters, indicating the important roles of mitophagy in mollusks.
Mitophagy is a form of macroautophagy (Hansen, et al., 2018), which can be induced by CCCP (Liu and Okamoto, 2021). The exposure of cells to the mitochondrial uncoupler CCCP causes an increase in membrane proton conductance and consequently a loss of mitochondrial membrane potential (Kasianowicz, et al., 1984; Seabright, et al., 2020). However, the information about the induction of CCCP on the mitochondrial membrane potential is still unknown in invertebrates. In the present study, CCCP (20 μM) was found to induce the cleavage of LC3Ⅰ into LC3Ⅱ and also promoted the accumulation of LC3 speckled dots in oyster hemocytes. Apart from this, the value of JC-1 monomers in the hemocytes of the CCCP treatment group increased significantly, while the value of JC-1 aggregates decreased significantly, which indicated that CCCP was able to induce a loss of mitochondrial membrane potential. These results suggested that CCCP (20 μM) was able to induce mitophagy in the oyster hemocytes. In mammals, CCCP is normally used as a mitochondrial autophagy inducer to elicit PINK1-induced mitophagy (Shin and Chung, 2020; Soutar, et al., 2019). In this study, CCCP (20 μM) was able to increase the lysosomes and induce the co-localization of LC3 with lysosomes, as well as the co-localization of mitochondria with lysosomes in hemocytes. The results indicated that CCCP could be used as a mitochondrial autophagy inducer to induce mitophagy, and an index was established to test the occurrence of mitophagy in mollusks.
Mitophagy can be triggered by a pathogen infection (Oh, et al., 2021). For example, M. tuberculosis and M. bovis were reported to cause similar metabolic rewiring of cells coupled to the activation of mitophagy in humans (Mahla, et al., 2021). Bovine papillomavirus could induce Parkin-mediated mitophagy in urothelial cells (De Falco, et al., 2020). Recently, it was reported that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) could also promote the accumulation of LC3 in mitochondria and induce mitophagy (Li, et al., 2022). However, in invertebrates, there were still no reports about the mitophagy induced by pathogens. In the present study, V. splendidus was found to induce the JC-1 monomer, the cleavage of CgLC3 (Picot, et al., 2020; Picot, et al., 2019), the co-localization of LC3 with mitochondria, and autophagy in oyster hemocytes. The results demonstrated that pathogen infection was able to induce hemocyte mitophagy in mollusks. In mammals, emerging lines of evidence highlight a crucial role of mitophagy in the regulation of the immune system (Lazarou, 2015). Mitophagy was conserved and functional in oysters, and it was an important defense mechanism against the pathogen V. splendidus, associated with mortality outbreaks that affected oyster aquaculture (Moreau, et al., 2015).
CONCLUSION
Mitophagy was observed in the hemocytes of C. gigas induced by CCCP, and it was constitutively detected at the mRNA levels in the tested tissues of the Pacific oyster. A total of 10 genes in the mitophagy pathway were identified in C. gigas, and their corresponding domains were similar to their homologs in mammals and yeast (Figure 8). CCCP and V. splendidus were used as inducers to induce mitophagy, and this study also described an integrated approach to investigate the potential effects of mitophagy on pathogens.
[image: Figure 8]FIGURE 8 | Molecular mitophagy pathway of the Pacific oyster, C. gigas.
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 authors.
AUTHOR CONTRIBUTIONS
JS, XL, and JL designed, performed, and analyzed the experiments, participated in the design of the study, and drafted the manuscript. JS, LW, and LS conceived the study, coordinated the experiments, and helped draft the manuscript. All authors have read and approved the final version of this submission.
FUNDING
This research was supported by the National Key R&D Program (2018YFD0900606 to LW), grants (Nos. 41961124009 to LS; 32173002 to JS) from the National Science Foundation of China, the China Agriculture Research System of MOF and MARA (to LS), the Fund for Outstanding Talents and Innovative Team of Agricultural Scientific Research (to LS), Liaoning Climbing Scholar (to LS), the Distinguished Professor of Liaoning (XLYC1902012 to LW), and the Innovative Talents of University in Liaoning (LR2020044 to JS).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.885478/full#supplementary-material
REFERENCES
 Aman, Y., Schmauck-Medina, T., Hansen, M., Morimoto, R. I., Simon, A. K., Bjedov, I., et al. (2021). Autophagy in Healthy Aging and Disease. Nat. Aging 1 (8), 634–650. doi:10.1038/s43587-021-00098-4
 Baechler, B. L., Bloemberg, D., and Quadrilatero, J. (2019). Mitophagy Regulates Mitochondrial Network Signaling, Oxidative Stress, and Apoptosis during Myoblast Differentiation. Autophagy 15 (9), 1606–1619. doi:10.1080/15548627.2019.1591672
 Byrne, J. J., Soh, M. S., Chandhok, G., Vijayaraghavan, T., Teoh, J.-S., Crawford, S., et al. (2019). Disruption of Mitochondrial Dynamics Affects Behaviour and Lifespan in Caenorhabditis elegans. Cell. Mol. Life Sci. 76 (10), 1967–1985. doi:10.1007/s00018-019-03024-5
 Carroll, B., Otten, E. G., Manni, D., Stefanatos, R., Menzies, F. M., Smith, G. R., et al. (2018). Oxidation of SQSTM1/p62 Mediates the Link between Redox State and Protein Homeostasis. Nat. Commun. 9 (1), 1–11. doi:10.1038/s41467-017-02746-z
 Cervantes‐Silva, M. P., Cox, S. L., and Curtis, A. M. (2021). Alterations in Mitochondrial Morphology as a Key Driver of Immunity and Host Defence. EMBO Rep. 22 (9), e53086. doi:10.15252/embr.202153086
 Chu, C. T. (2019). Mechanisms of Selective Autophagy and Mitophagy: Implications for Neurodegenerative Diseases. Neurobiol. Dis. 122, 23–34. doi:10.1016/j.nbd.2018.07.015
 Cornelissen, T., Vilain, S., Vints, K., Gounko, N., Verstreken, P., and Vandenberghe, W. (2018). Deficiency of Parkin and PINK1 Impairs Age-dependent Mitophagy in Drosophila. Elife 7, e35878. doi:10.7554/eLife.35878
 Cummins, N., Tweedie, A., Zuryn, S., Bertran‐Gonzalez, J., and Götz, J. (2019). Disease‐associated Tau Impairs Mitophagy by Inhibiting Parkin Translocation to Mitochondria. EMBO J. 38 (3), e99360. doi:10.15252/embj.201899360
 De Falco, F., Gentile, I., Cerino, P., Cutarelli, A., Catoi, C., and Roperto, S. (2020). Prohibitin 2 Is Involved in Parkin-Mediated Mitophagy in Urothelial Cells of Cattle Infected with Bovine Papillomavirus. Pathogens 9 (8), 621. doi:10.3390/pathogens9080621
 Deretic, V. (2021). Autophagy in Inflammation, Infection, and Immunometabolism. Immunity 54 (3), 437–453. doi:10.1016/j.immuni.2021.01.018
 Gan, Z., Fu, T., Kelly, D. P., and Vega, R. B. (2018). Skeletal Muscle Mitochondrial Remodeling in Exercise and Diseases. Cell Res 28 (10), 969–980. doi:10.1038/s41422-018-0078-7
 Gkikas, I., Palikaras, K., and Tavernarakis, N. (2018). The Role of Mitophagy in Innate Immunity. Front. Immunol. 9, 1283. doi:10.3389/fimmu.2018.01283
 Hansen, M., Rubinsztein, D. C., and Walker, D. W. (2018). Autophagy as a Promoter of Longevity: Insights from Model Organisms. Nat. Rev. Mol. Cel Biol 19 (9), 579–593. doi:10.1038/s41580-018-0033-y
 Harper, J. W., Ordureau, A., and Heo, J.-M. (2018). Building and Decoding Ubiquitin Chains for Mitophagy. Nat. Rev. Mol. Cel Biol. 19 (2), 93–108. doi:10.1038/nrm.2017.129
 Huang, Y. J., and Klionsky, D. J. (2021). Yeast Mitophagy: Unanswered Questions. Biochim. Biophys. Acta (Bba) - Gen. Subjects 1865 (8), 129932. doi:10.1016/j.bbagen.2021.129932
 Jacomin, A.-C., Petridi, S., Di Monaco, M., and Nezis, I. P. (2020). A Nuclear Role for Atg8-Family Proteins. Autophagy 16 (9), 1721–1723. doi:10.1080/15548627.2020.1794356
 Jin, X., Wang, K., Wang, L., Liu, W., Zhang, C., Qiu, Y., et al. (2021). RAB7 Activity Is Required for the Regulation of Mitophagy in Oocyte Meiosis and Oocyte Quality Control during Ovarian Aging. Autophagy , 1–18. doi:10.1080/15548627.2021.1946739
 Kasianowicz, J., Benz, R., and McLaughlin, S. (1984). The Kinetic Mechanism by Which CCCP (Carbonyl Cyanidem-Chlorophenylhydrazone) Transports Protons across Membranes. J. Membrain Biol. 82 (2), 179–190. doi:10.1007/BF01868942
 Koehler, C. L., Perkins, G. A., Ellisman, M. H., and Jones, D. L. (2017). Pink1 and Parkin Regulate Drosophila Intestinal Stem Cell Proliferation during Stress and Aging. J. Cel Biol. 216 (8), 2315–2327. doi:10.1083/jcb.201610036
 Koiwai, K., Koyama, T., Tsuda, S., Toyoda, A., Kikuchi, K., Suzuki, H., et al. (2021). Single-cell RNA-Seq Analysis Reveals Penaeid Shrimp Hemocyte Subpopulations and Cell Differentiation Process. Elife 10, e66954. doi:10.7554/eLife.66954
 Lazarou, M. (2015). Keeping the Immune System in Check: a Role for Mitophagy. Immunol. Cel Biol. 93 (1), 3–10. doi:10.1038/icb.2014.75
 Li, X., Hou, P., Ma, W., Wang, X., Wang, H., Yu, Z., et al. (2022). SARS-CoV-2 ORF10 Suppresses the Antiviral Innate Immune Response by Degrading MAVS through Mitophagy. Cell. Mol. Immunol. 19 (1), 67–78. doi:10.1038/s41423-021-00807-4
 Li, Y., Zheng, W., Lu, Y., Zheng, Y., Pan, L., Wu, X., et al. (2021). BNIP3L/NIX-mediated Mitophagy: Molecular Mechanisms and Implications for Human Disease. Cell Death Dis 13 (1), 1–11. doi:10.1038/s41419-021-04469-y
 Liu, Y., and Okamoto, K. (2021). Regulatory Mechanisms of Mitophagy in Yeast. Biochim. Biophys. Acta (Bba) - Gen. Subjects 1865 (5), 129858. doi:10.1016/j.bbagen.2021.129858
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. methods 25 (4), 402–408. doi:10.1006/meth.2001.1262
 Lou, G., Palikaras, K., Lautrup, S., Scheibye-Knudsen, M., Tavernarakis, N., and Fang, E. F. (2020). Mitophagy and Neuroprotection. Trends Mol. Med. 26 (1), 8–20. doi:10.1016/j.molmed.2019.07.002
 Mahla, R. S., Kumar, A., Tutill, H. J., Krishnaji, S. T., Sathyamoorthy, B., Noursadeghi, M., et al. (2021). NIX-mediated Mitophagy Regulate Metabolic Reprogramming in Phagocytic Cells during Mycobacterial Infection. Tuberculosis 126, 102046. doi:10.1016/j.tube.2020.102046
 Moreau, P., Moreau, K., Segarra, A., Tourbiez, D., Travers, M.-A., Rubinsztein, D. C., et al. (2015). Autophagy Plays an Important Role in Protecting Pacific Oysters from OsHV-1 andVibrio Aestuarianusinfections. Autophagy 11 (3), 516–526. doi:10.1080/15548627.2015.1017188
 Nakamura, S., Hagihara, S., and Izumi, M. (2021). Mitophagy in Plants. Biochim. Biophys. Acta (Bba) - Gen. Subjects 1865 (8), 129916. doi:10.1016/j.bbagen.2021.129916
 Oh, S.-J., Lim, B.-K., Yun, J., and Shin, O. S. (2021). CVB3-Mediated Mitophagy Plays an Important Role in Viral Replication via Abrogation of Interferon Pathways. Front. Cel. Infect. Microbiol. 11, 704494. doi:10.3389/fcimb.2021.704494
 Onishi, M., Yamano, K., Sato, M., Matsuda, N., and Okamoto, K. (2021). Molecular Mechanisms and Physiological Functions of Mitophagy. EMBO J. 40 (3), e104705. doi:10.15252/embj.2020104705
 Palikaras, K., Lionaki, E., and Tavernarakis, N. (2019). Mitophagy Dynamics in Caenorhabditis elegans. Methods Mol. Biol. 1880, 655–668. doi:10.1007/978-1-4939-8873-0_43
 Picot, S., Faury, N., Arzul, I., Chollet, B., Renault, T., and Morga, B. (2020). Identification of the Autophagy Pathway in a Mollusk Bivalve, Crassostrea gigas. Autophagy 16 (11), 2017–2035. doi:10.1080/15548627.2020.1713643
 Picot, S., Morga, B., Faury, N., Chollet, B., Dégremont, L., Travers, M.-A., et al. (2019). A Study of Autophagy in Hemocytes of the Pacific Oyster, Crassostrea gigas. Autophagy 15 (10), 1801–1809. doi:10.1080/15548627.2019.1596490
 Poznyak, A. V., Nikiforov, N. G., Wu, W.-K., Kirichenko, T. V., and Orekhov, A. N. (2021). Autophagy and Mitophagy as Essential Components of Atherosclerosis. Cells 10 (2), 443. doi:10.3390/cells10020443
 Ren, K., Feng, L., Sun, S., and Zhuang, X. (2021). Plant Mitophagy in Comparison to Mammals: What Is Still Missing?Ijms 22 (3), 1236. doi:10.3390/ijms22031236
 Seabright, A. P., Fine, N. H. F., Barlow, J. P., Lord, S. O., Musa, I., Gray, A., et al. (2020). AMPK Activation Induces Mitophagy and Promotes Mitochondrial Fission while Activating TBK1 in a PINK1‐Parkin Independent Manner. FASEB j. 34 (5), 6284–6301. doi:10.1096/fj.201903051R
 Shin, W. H., and Chung, K. C. (2020). Human Telomerase Reverse Transcriptase Positively Regulates Mitophagy by Inhibiting the Processing and Cytoplasmic Release of Mitochondrial PINK1. Cel Death Dis 11 (6), 1–14. doi:10.1038/s41419-020-2641-7
 Soutar, M. P. M., Kempthorne, L., Annuario, E., Luft, C., Wray, S., Ketteler, R., et al. (2019). FBS/BSA media Concentration Determines CCCP's Ability to Depolarize Mitochondria and Activate PINK1-PRKN Mitophagy. Autophagy 15 (11), 2002–2011. doi:10.1080/15548627.2019.1603549
 Sun, J., Wang, L., Yang, C., and Song, L. (2020). An Ancient BCR-like Signaling Promotes ICP Production and Hemocyte Phagocytosis in Oyster. Iscience 23 (2), 100834. doi:10.1016/j.isci.2020.100834
 Xia, B., Yu, J., He, T., Liu, X., Su, J., Wang, M., et al. (2020). Lactobacillus Johnsonii L531 Ameliorates Enteritis via Elimination of Damaged Mitochondria and Suppression of SQSTM1‐dependent Mitophagy in a Salmonella Infantis Model of Piglet Diarrhea. FASEB j. 34 (2), 2821–2839. doi:10.1096/fj.201901445RRR
 Xu, Y., Yu, Y., Yang, B., Hui, J., Zhang, C., Fang, H., et al. (2021). Extracellular Mitochondrial Components and Effects on Cardiovascular Disease. DNA Cel Biol. 40 (9), 1131–1143. doi:10.1089/dna.2021.0087
 Zhang, G., Fang, X., Guo, X., Li, L., Luo, R., Xu, F., et al. (2012). The Oyster Genome Reveals Stress Adaptation and Complexity of Shell Formation. Nature 490 (7418), 49–54. doi:10.1038/nature11413
 Zhang, Y., Yao, Y., Qiu, X., Wang, G., Hu, Z., Chen, S., et al. (2019). Listeria Hijacks Host Mitophagy through a Novel Mitophagy Receptor to Evade Killing. Nat. Immunol. 20 (4), 433–446. doi:10.1038/s41590-019-0324-2
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Sun, Lv, Leng, Wang and Song. 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.
OPS/images/fcell-10-885478-g005.gif





OPS/images/fcell-10-885478-g006.gif





OPS/images/fcell-10-885478-g003.gif





OPS/images/fcell-10-885478-g004.gif





OPS/images/fcell-10-885478-g007.gif





OPS/images/fcell-10-885478-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		LC3-Mediated Mitophagy After CCCP or Vibrio splendidus Exposure in the Pacific Oyster Crassostrea gigas		Introduction

		Materials and Methods		Animals, Immune Challenge, and Sample Collection

		Characterization, Sequence Alignment, and Phylogenetic Relationship Analysis of Mitophagy-Related Genes

		Quantitative Real-Time PCR

		Western Blot

		Mitochondrial Membrane Potential Assay

		Immunocytochemistry

		Colocalization of Mitochondria With Lysosomes

		The Colocalization of Mitochondria and CgLC3, CgLC3, and Lysosome

		Autophagy

		Transmission Electron Microscopy

		Statistical Analysis





		Results		Mitophagy in Hemocytes Observed by Transmission Electron Microscopy (TEM) After CCCP-Treatment

		Identification and Sequence Analysis of Ten Mitophagy Process–Related Genes

		Tissue Distribution of the Ten Mitophagy Process–Related Genes

		Mitochondrial Membrane Potential Change and CgLC3 Activation in Hemocytes in the CCCP Treatment Group

		Co-localization of Mitochondria With CgLC3 and CgLC3 With Lysosomes

		Mitochondrial Membrane Potential Change, CgLC3 Activation, the Co-Localization of CgLC3 With Mitochondria, and the Autophagy Level After V. splendidus Stimulation





		Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-885478-g001.gif





OPS/images/fcell-10-885478-g002.gif
NX i FUNDC1
PHBZ i} Cardiolipin Py -
-










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





