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Long non-coding RNAs (lncRNAs) have been reported to play critical roles during pathogen infection and innate immune response in mammals. Such observation inspired us to explore the expression profiles and functions of lncRNAs in invertebrates upon bacterial infection. Here, the lncRNAs of sea cucumber (Apostichopus japonicus) involved in Vibrio splendidus infection were characterized. RNA-seq obtained 2897 differentially expressed lncRNAs from Vibrio splendidus infected coelomocytes of sea cucumbers. The potential functions of the significant differentially expressed lncRNAs were related to immunity and metabolic process based on the gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. Moreover, we identify a lncRNA (XLOC_028509), which is downregulated with Vibrio splendidus challenged, further study indicated that XLOC_028509 adsorb miR-2008 and miR-31 as competing endogenous RNAs (ceRNAs) through base complementarity, which in turn decreased the amount of miRNAs (microRNAs) bound to the 3’UTRs (untranslated regions) of mRNAs to reduce their inhibition of target gene translation. These data demonstrated that the lncRNAs of invertebrates might be important regulators in pathogen-host interactions by sponging miRNAs.
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Introduction

In eukaryotic genomes, high-throughput sequencing reveal that only 2% of the nucleic acid sequences are used to encode proteins, and the remaining 98% of the genomes are non-coding protein sequences, suggesting that a large number of transcripts are non-coding RNAs (ncRNAs) (1, 2). Among ncRNAs, long non-coding RNAs (lncRNAs) are defined as non-coding transcripts greater than 200 nucleotides in length transcribed by RNA polymerase II/III (3). According to genomic locations and neighboring protein-coding genes, lncRNAs can be classified as intergenic lncRNA, intronic lncRNA, exonic lncRNA, overlapping lncRNA and antisense lncRNA (4). In fact, classic lncRNAs such as Xist (Xi-specific transcripts) have been discovered many years ago (5). However, lncRNAs were ignored by people because of lower expression levels compared to protein-coding transcripts. In recent years, lncRNAs have been confirmed to play important roles in various biological process, such as cell differentiation (6), chromatin modification (7) and immune responses (8). It is found that 106 differentially expressed lncRNAs in transmissible gastroenteritis virus (TGEV) infected porcine intestinal epithelial cell-jejunum 2 (IPEC-J2) cells, these lncRNAs act as regulators to mediate expression of genes that related to inflammation pathways (9). As reported, there are approximately 500 differential expressed lncRNAs in four different strains of mice during severe acute respiratory syndrome coronavirus (SARS-CoV) infection, suggesting that lncRNAs are involved in regulating the innate immunity of host (10). To date, identifications of lncRNAs typically focus on vertebrates, and information about the lncRNAs of invertebrates is very little, especially in marine invertebrates.

Apostichopus japonicus is one of the most important aquatic animals with extremely high nutrients in marine aquaculture (11). Soaring demand for sea cucumber products has driven the rapid development of sea cucumber culture industry in the past few decades (12). However, with the ecological imbalance, environmental pollution and expansion of farming, worldwide sea cucumber culture has been threatened by various serious bacterial diseases, especially the skin ulceration syndrome (SUS), mainly caused by Vibrio splendidus (13). Vibrio splendidus is one of devastating sea cucumber pathogens, its virulence is particularly high in infected sea cucumber, leading to severe mortalities reach 90% within 7 days of infection (14). As well known, host ncRNAs are considered to be key regulators of pathogen-host interactions (15, 16). Deep sequencing revealed that eight miRNAs were differentially expressed between healthy and SUS-diseased sea cucumbers, in which miR-31, a highly conserved miRNA that regulate cell apoptosis by targeting AjCTRP9 in Vibrio splendidus-challenged Apostichopus japonicus (17, 18). High-throughput sequencing analysis indicated that 144 circRNAs were downregulated and 117 circRNAs were upregulated in SUS-diseased sea cucumbers which may play important roles in host immune response (19). However, the expression profiles and functions of lncRNAs in sea cucumbers after bacterial infection are largely unknown.

In the present study, the sea cucumber lncRNAs involved in Vibrio splendidus infection were characterized. According to the genome sequence of Apostichopus japonicas (20), we conducted high-throughput sequencing of coelomocytes from sea cucumbers to identify the lncRNAs in response to SUS challenges and evaluate the potential functions of them. Our study presented the regulatory networks and signal pathways mediated by differentially expressed sea cucumber lncRNAs. These findings could enrich the lncRNA database and provide a novel insight with an emphasis on the modulatory roles of host lncRNAs during pathogen infection processes.



Materials and Methods


Ethics Statement

The studies involving animals were reviewed and approved by Experimental Animal Ethics Committee of Ningbo University, China.



Sea Cucumbers Culture and Sample Collection

Apostichopus japonicus (100-120 g body weight) collected from Dalian Pacific Aquaculture Company (Dalian, China) were cultured in tank with natural seawater and aeration for 2-3 days. Then the healthy sea cucumbers were immersed with Vibrio splendidus at a final concentration of 107 CFU/mL. After bacterial challenge, the coelomocytes of sea cucumbers were collected at various times after infection (0, 1 and 7 day) and immediately stored in liquid nitrogen for later use. Sea cucumbers assays were conducted in accordance with the Committee on Publication Ethics.



RNA Sequencing and Library Preparation

Total RNAs were extracted from coelomocytes using Trizol (Thermo Fisher, USA) according to the manufacturer’s protocol. The ribosomal RNA was removed using the Ribo-Zero™ kit (Epicentre, USA). Fragmented RNAs were subjected to the first-strand and second strand cDNA synthesis, followed by adaptor ligation and enrichment with a low-cycle according to instructions of NEBNext® Ultra™ Directional RNA Library Prep Kit for Illumina (New England Biolabs Incorporation, USA). The purified library products were evaluated by Agilent 2100 Bioanalyzer (Life Technologies, USA). The libraries were paired-end sequenced by Cloudseq Biotech Inc. (Shanghai, China) using IlluminaHiSeq 4000 platform.



LncRNA Analysis

Clean reads were obtained by removing reads containing an adapter, reads containing ploy-N and low quality reads from raw data. Then clean reads with high quality were used for lncRNA analysis. All clean reads were mapped to the genome sequence of sea cucumber (20), the paired-end clean reads were aligned to the genome. All mapped reads were assembled by Cufflinks (v2.1.1), Cufflinks was used to calculate fragments per kilo-base of exon per million fragments mapped (FPKMs) based on the length of the fragments, and the read counts mapped to this fragment for both lncRNAs and coding genes in each sample. P-value < 0.01 and fold change ≥ 2 were set as the thresholds for significant differentially expressed lncRNAs.



Quantitative Real-Time PCR Analysis

Total RNAs were extracted with an RNA isolation kit (Ambion, USA). First-strand cDNA was synthesized by reverse transcription with a PrimeScript™ RT reagent kit (TaKaRa, Japan). Quantitative real-time PCR (qPCR) was used to examine the expression levels conducted with specific primers (β-actin, 5’-TCCAAACAAGGACGACCACGAAA-3’ and 5’-TCCACGGATTGCTCAAACCACAC-3’; XLOC_000209, 5’-TGAGATAGTTTCAAACTGCT-3’ and 5’-AGTCTTTTGATCTACTACAC-3’; XLOC_000311, 5’-CGTAAGCCTACTAGTAGTAA-3’ and 5’-GTAGATCACTGGGTCGTATC-3’; XLOC_000727, 5’-TATGAAAAGTACATTACAGT-3’ and 5’-GATTACAGTGCTGTAAACAA-3’; XLOC_000835, 5’-AGTAATAATTGATACTGTTT-3’ and 5’-GGCAATCCTAATAATGATAA-3’; XLOC_000033, 5’-TGCTGAAGTTCGACAAACCA-3’ and 5’-GGTTTCATTGCGTTCATATC-3’; XLOC_000182, 5’-TACCATGTATGAAGCCTGAT-3’ and 5’-AAGTGAAGGTTTCGTATTTG-3’; XLOC_000230, 5’-GTGAAAGTGACTCTTTAAGA-3’ and 5’-TGTACAAGTCCATTTGCATT-3’; XLOC_000366, 5’-TCAATTGTTGTGTACTGCAC-3’ and 5’-AAGCCTTGACTGAAAACTGA-3’; XLOC_028509, 5’-CGGCCATGTCTCGTGCACAA-3’ and 5’-GCACAATCAACATTATCATT-3’; BHMT, 5’-AGAGTTTGTCAGAGCAGGTAGCG-3’ and 5’-CTCCTTCATCAACAGCCCATTC-3’; CTRP9, 5’-TCCAGGCAGAACCCATAGAG-3’ and 5’-TATCCGGCAGTGGAAGACA-3’). The reaction mix consisted of 10 μL of SYBR Green Mix (TaKaRa, Japan), 0.5 μL of 10 μM each primer and 1 μL of cDNA at a final volume of 20 μL. The PCR conditions were 30 s at 95 °C, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The expression levels of lncRNAs were normalized to β-actin and calculated using the 2-(△△Ct) method.



GO Enrichment and KEGG Pathway Analysis

GO (gene ontology) category was performed using DAVID software (21) to annotate the target genes of lncRNAs with terms of biological process (BP), molecular function (MF) and cellular component (CC), P-value < 0.01 was chosen to be significantly enriched. KEGG (Kyoto Encyclopedia of Genes and Genomes) is a database for understanding high-level functions and effects of the biological system. KOBAS software (22) was used to test the statistical enrichment of target genes in conserved biological pathways.



Prediction of miRNAs Targeted by lncRNAs

The putative target miRNAs of lncRNAs were predicted using the TargetScan, miRanda and miRWalk algorithms. The prediction results were ranked based on targeting efficacy as calculated using the sites’ contexts+scores. The overlapped miRNAs of three algorithms were considered the potential targets of lncRNAs.



Dual-Luciferase Reporter Assay

Sea cucumber lncRNA XLOC_028509 was amplified with sequence-specific primers (XLOC_028509, 5’-ATTTTCAACTGACTCCTAGG-3’ and 5’-GTTAAGAAATATAGCTATTA-3’). As controls, the potential binding sites of XLOC_028509 to miRNAs were mutated by PCR using sequence-specific primers (5’-TGGTTCGTTCGAATCACAATTT-3’ and 5’-GTATCAAATTGTGATTCGAA CG-3’; 5’-TTATCTTGAATGACCTAGAATCA-3’ and 5’-GAAAATGATT CTAGGTCATTCAA-3’). The wild-type and mutant lncRNAs were cloned into the pmirGLO Dual-Luciferase vector (Promega, USA). Subsequently 50 nM of the synthesized miR-2008 (5’-AUCAGCCUCGCUGUCAAUACG-3’), miR-31 (5’-AGGCAAGAUGUUGGCAUAGCU-3’) or control miRNA (5’-AUCCUACGACAGUGCCGGAGAAU-3’) were co-transfected with 2 µg of the plasmids expressing wild-type or mutant lncRNA into HEK-293T cells using Lipofectamine RNAiMAX (Invitrogen, USA). At 36 h after transfection, the luciferase activities were detected according to the manufacturer’s protocol (Promega, USA).



RNA Interference Assay

Small interfering RNA (siRNA) was designed and synthesized using a T7 in vitro transcription kit according to the manufacturer’s protocol (TaKaRa, Japan). The siRNA (XLOC_028509-siRNA, 5’-UGUAAAUCUAUGACAUAACUU-3’; XLOC_028509-siRNA-scrambled, 5’-CGAGACUCACAUGAUGCAUGA-3’) were dissolved in siRNA buffer (50 mM Tris-HCl, 100 mM NaCl, pH 7.5) and quantified by spectrophotometry. RNA interference (RNAi) assay was conducted in sea cucumber by tentacle injection using a syringe. At 36 h after injection, the coelomocytes of sea cucumber were harvested for qPCR analysis. The assay was biologically repeated for three times.



Statistical Analysis

All experiments were biologically repeated three times. Numerical data were analysed using one-way analysis of variance (ANOVA) followed with two-tailed Student’s t test. The results were shown as the means ± standard deviations, p < 0.05 was considered to be statistically significant.




Results


Categories and Features of the Predicted Sea Cucumber lncRNAs

To investigate the host lncRNA expression profiles in response to bacterial challenge, the lncRNAs of Vibrio splendidus infected sea cucumbers were sequenced. The high-throughput sequencing was performed with the total RNAs extracted from coelomocytes of sea cucumbers at day 1 and day 7 post-infection, and non-infected sea cucumbers were used as the control. After removal of redundant transcripts, high-throughput sequencing generated a total of 93,660,382 raw sequences, of which 82,554,446 clean reads were mapped to Apostichopus japonicus reference genome. The data was deposited in Genbank with no. PRJNA774950. Then we built a strict platform to identify lncRNA transcripts larger than 200 nucleotides (nt) and having open reading frame (ORF) shorter than 100 amino acids (AA). After that, the Coding Potential Calculator (CPC) and Pfam-scan (PFAM) were used to assess the protein-coding potential of putative lncRNAs. Finally, these efforts obtained 17,804 (control), 20,405 (early) and 22700 (later) lncRNAs respectively. According to genome locations, these lncRNAs were classified into six types (intergenic, intron sense-overlapping, exon sense-overlapping, intronic antisense, natural antisense and bidirectional). Among all mapped lncRNAs, over 80% were located in the intergenic regions, less than 8.0% were antisense transcripts of protein-coding genes, while approximately 10.0% were overlapped lncRNAs (Figure 1A). To identify the features of these sea cucumber lncRNAs, the distribution of transcript length of lncRNAs were further counted. The results showed that most lncRNA transcripts had an average length between 200 to 300 nt, the rest of transcripts were mainly from 300 to 500 nt or larger than 1000 nt in length (Figure 1B).




Figure 1 | Categories and features of the predicted sea cucumber lncRNAs. (A) Categories of sea cucumber lncRNAs divided according to sea cucumber genome annotation. The lncRNAs were classified into six types (intergenic, intron sense-overlapping, antisense, exon sense-overlapping, intronic antisense, bidirectional) in different groups (uninfected, at day 1 post-infection, at day 7 post-infection). (B) Length distribution of sea cucumber lncRNAs in response to Vibrio splendidus infection. The symbols indicated uninfected and at day 1 or day 7 post-infection.





Expression of Sea Cucumber lncRNAs During Vibrio splendidus Infection

To characterize the host lncRNAs that potentially involved in the regulation of Vibrio splendidus infection, the expression profiles of lncRNAs of bacterial-free and bacterial-infected sea cucumber at different times after infection were compared. Differentially expressed lncRNAs were identified using the Cuffdiff program with the thresholds of P-value < 0.01 and fold change ≥ 2. The results revealed that 983 lncRNAs were significantly upregulated while 538 lncRNAs were downregulated in early infected group when compared to uninfected, additionally, the later infection resulted in upregulation of 729 lncRNAs while downregulation of 647 lncRNAs than those in uninfected group, indicated the pattern of lncRNA expression in sea cucumber was changed in response to Vibrio splendidus infection (Figure 2A). To examine the lncRNA analysis data, 8 of differentially expressed lncRNAs were randomly confirmed with quantitative real-time PCR. The results showed that the lncRNA XLOC_000209, XLOC_000311, XLOC_000727, XLOC_000835 were upregulated, while the lncRNA XLOC_000033, XLOC_000182, XLOC_000230, XLOC_000366 were downregulated, which were consistent with lncRNA sequencing (Figures 2B, C). The analysis suggested that these sea cucumber lncRNAs might play important roles in Vibrio splendidus infection.




Figure 2 | Expression of sea cucumber lncRNAs during Vibrio splendidus infection. (A) Scatter plot of expressed lncRNAs from uninfected (control) sea cucumbers and at day 1 (early) or day 7 (later) after Vibrio splendidus infection of sea cucumbers. X-axis and Y-axis present log2 value of FPKM of different samples, respectively. (B) Heat map analysis of selected differentially expressed lncRNAs based on the high-throughput sequencing data, red and blue represent upregulated and downregulated lncRNAs, respectively. (C) Expression of selected lncRNAs in sea cucumber. At different time post-infection, total RNAs were extracted from the coelomocytes of sea cucumbers, the expression level of lncRNAs were detected using quantitative real-time PCR. The error bars denote the means ± SD of three independent experiments (*p < 0.05; **p < 0.01). β-actin was used as a control.





Function and Pathway Analysis of Differentially Expressed Sea Cucumber lncRNAs

As reported, the function of lncRNAs could be inferred through their neighboring mRNAs (23). To investigate the functions of differentially expressed sea cucumber lncRNAs, the threshold of co-location was set to 100 kb upstream and downstream of these lncRNAs to predict target genes. The target genes (co-location) of lncRNAs were analyzed with the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genome (KEGG). The results of GO analysis revealed that most target genes were associated with intracellular part, organelle, binding and protein binding, while many genes were primarily involved in metabolic and immune system processes (Figures 3A, B).




Figure 3 | GO analysis of differentially expressed lncRNAs. (A, B) GO annotations based on the target genes of differentially expressed lncRNAs by co-location analysis, (A) between uninfected and early infected group, (B) between uninfected and later infected group. Different colors were used to distinguish functional category, red columns represented biological process (BP), blue columns represented molecular function (MF), green columns represented cellular component (CC). Only annotations with a significant P-value of < 0.01 were shown.



The target genes of sea cucumber lncRNAs were classified into 149 KEGG pathways, the most enriched pathways were glycolysis, innate immune response, RNA interference, autophagy, DNA replication, apoptosis, the MAPK signalling pathway, the NF-kB cascade, the Toll-like signalling pathway, the JAK-STAT cascade, the Wnt signalling pathway and the Notch signaling pathway. Furthermore, nearly half of the pathways were related to signaling pathways (Figures 4A, B). Interestingly, the results of the GO and KEGG analysis between uninfected and infected early (1 day) in this comparison group were similar to the group between uninfected and infected later (7 day). These data suggested that the differentially expressed lncRNAs play significant roles in immunity.




Figure 4 | The enriched KEGG pathways of differentially expressed lncRNAs. (A, B) KEGG analysis of differentially expressed lncRNAs with high enrichment score. (A) between uninfected and early infected group, (B) between uninfected and later infected group. The size of the circle represented the number of genes, red to green indicated that the corrected P-value is gradually becoming smaller. The degree of KEGG enrichment is assessed by the Rich factor, P-value, and Gene number.





Interaction Analysis of the Differentially Expressed lncRNA and miRNAs

As well known, miRNAs are considered to regulate gene expression by binding to the 3’UTRs (untranslated regions) of target mRNAs (16). In a previous study, 8 miRNAs (miR-9, miR-31, miR-124, miR-133, miR-137, miR-200, miR-210 and miR-2008) were found to participate in the sea cucumber immune response under Vibrio splendidus infection (17). To investigate whether differentially expressed sea cucumber lncRNAs regulate target genes through interacting with these miRNAs, the lncRNA-miRNA expression regulatory network was predicted using the TargetScan, miRanda and miRWalk algorithms. The results showed that only lncRNA XLOC_028509 could bind to different miRNAs (miR-2008 and miR-31) simultaneously (Figure 5A). To confirm these 2 target miRNAs, dual-luciferase reporter assays were conducted in HEK-293T cells. As shown, the luciferase activities of the cells transfected with target miRNAs and XLOC_028509 were significantly lower than that of the controls (Figure 5B). These data revealed that lncRNA XLOC_028509 interacted directly with miR-2008 and miR-31.




Figure 5 | Interaction analysis of the differentially expressed lncRNA and miRNAs. (A) Schematic diagram of lncRNA XLOC_028509 binding to miR-2008 and miR-31, the red letters indicated the direct binding sites of miRNAs with XLOC_028509 and the respective mutant sites. (B) Direct interaction between lncRNA XLOC_028509 and miRNAs. HEK-293T cells were co-transfected with target miRNAs and a luciferase reporter fused with XLOC_028509. At 36 h after co-transfection, the luciferase activities were examined. The activity of renilla luciferase was normalized to that of firefly luciferase. As controls, control miRNAs and mutants of XLOC_028509 were included in the co-transfections. Error bars indicate the means ± SD of three independent experiments (**p < 0.01).





The Effects of lncRNA XLOC_028509 on Target Gene Expression

To characterize the role of lncRNA XLOC_028509 in the progression of SUS, the expression level of XLOC_028509 in sea cucumber was examined. Quantitative real-time PCR result showed that lncRNA was significantly downregulated after Vibrio splendidus infection (Figure 6A). In addition, betaine-homocysteine S-methyltransferase (BHMT) and complement C1q tumor necrosis factor-related protein 9 (CTRP9) were demonstrated to be the target gene of miRNA-2008 and miR-31 respectively in our previous research, these 2 genes were involved in the respiratory burst and apoptotic pathway (18, 24). To find the potential function of lncRNA XLOC_028509 acting as miRNA sponges, the expression levels of BHMT and CTRP9 were analyzed after lncRNA knockdown (Figure 6B). The quantitative real-time PCR data showed that the XLOC_028509 knockdown led a significant decrease of target gene expression in sea cucumber (Figure 6C), indicating that the lncRNA may prevent the binding of miRNAs and mRNA 3’UTR via pairing to miRNAs to rescue the expression levels of target genes.




Figure 6 | The effects of lncRNA XLOC_028509 on target gene expression. (A) Expression level of lncRNA XLOC_028509 after Vibrio splendidus infection of sea cucumbers detected using quantitative real-time PCR. The error bars denote the means ± SD of three independent experiments (*p < 0.05). β-actin was used as a control. (B) Knockdown of XLOC_028509 by sequence-specific siRNA. Sea cucumbers were injected with XLOC_028509-siRNA, as a control, XLOC_028509-siRNA-scrambled was included in the injection. At 36 h after injection, the expression level of XLOC_028509 was examined by quantitative real-time PCR. β-actin was used as a control. Error bars indicate the means ± SD of three independent experiments (**p < 0.01). (C) Influence of lncRNA XLOC_028509 silencing on the target genes expression. Sea cucumbers were respectively injected with XLOC_028509-siRNA and XLOC_028509-siRNA-scrambled, at 36 h after injection, the mRNA levels of BHMT and CTRP9 were analyzed by quantitative real-time PCR (*p < 0.05; **p < 0.01).






Discussion

In general, pathogen infection can disturb the host cellular processions, such as changes in the expression of lncRNAs (25). These changes reflect that the host lncRNAs may play important roles in pathogen-host interactions. It has been reported that lncRNA-GAS5 can inhibit HCV infection as a negative regulator of HCV NS3 protein (26), while lncRNA LUCAT1 which is upregulated in response to lipopolysaccharide (LPS) can limit transcription of interferon stimulated genes (ISGs) by interacting with STAT1 (27). Studies suggest lncRNA-NEAT1 could enhance the transcription of interleukin-8 and suppress HIV-1 replication (28). However, a comprehensive investigation of diseases related marine invertebrate lncRNAs has not been performed. In this study, high-throughput sequencing was used to reveal the sea cucumber lncRNAs involved in bacterial infection. The results showed that infection of Vibrio splendidus can alter the host lncRNA expression patterns, and 2897 differentially expressed lncRNAs were identified. Further GO analysis revealed that target genes of these lncRNAs were mainly involved in intracellular part, organelle, binding and protein binding. This finding indicated that differentially expressed lncRNAs participate in the regulation of cell signal transduction in response to bacterial infection. Moreover, the KEGG analysis showed that most of the target genes are associated with host innate immune response, including RNA interference, autophagy, antimicrobial humoral response, apoptosis, the Toll-like signalling pathway and the NF-kB cascade. Therefore our study provides the characterization of marine invertebrate sea cucumber lncRNAs and their mediated immune pathways under Vibrio splendidus stimulation.

As reported, mature lncRNAs can interact with a variety of molecules, including DNA, RNA and proteins to elicit their functions (29). Studies have demonstrated that miRNAs as key regulatory elements of gene expression by binding to complementary sequences of target genes. Meanwhile, growing evidences suggest that lncRNAs operate as competitive endogenous RNAs (ceRNAs) to regulate protein-coding genes through binding to specific miRNAs and relieve mRNA targets from repression (30). For example, lncRNA lnc-ISG20 upregulated with influenza A virus infection, which function as a sponge to bind miR-326 and decrease its inhibition of target mRNA (31). Similar research showed that lncRNA lncND regulate notch genes by sequestering miR-143-3p during neuronal development in human brain (32). The APF lncRNA act as a ceRNA by antagonizing miR-188-3p to increase ATG7 expression, thus affect autophagy and myocardial infarction (33). However, the potential functions of lncRNAs in sea cucumber remain poorly understood, it is still unknown whether the lncRNAs have the effects of ceRNA as same as circRNAs in previous study. Herein, we find that a sea cucumber lncRNA XLOC_028509 downregulated in response to Vibrio splendidus infection, and this lncRNA has been demonstrated to modulate expression of target genes through sponging corresponding miR-2008 and miR-31. Accordingly, the functional verifications of the lncRNA reveal detailed mechanism of the highly pathogenic Vibrio splendidus strain, indicate that XLOC_028509 could regulate bacterial infection in a ceRNA pathway. Moreover, the establishment of lncRNA-miRNA-mRNA regulatory networks in sea cucumber might provide novel insights for the effective prevention and treatments of skin ulceration syndrome disease in the future.
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Massive mortalities caused by bacterial infections in intensive aquaculture result in serious economic losses. In this study, a novel antimicrobial peptide gcIFN-20H was efficiently expressed in Pichia pastoris (GS115) and loaded on carboxylmethyl chitosan (CMCS) to prepare CMCS-20H nanoparticles. Through physical characterization assays (TEM, DLS, BCA, and Raman) and biological activity tests (antimicrobial activity and cytotoxicity), CMCS-20H nanopeptide was verified to be spherical nanoparticles with sustained release, antimicrobial activity, and negligible toxicity. CMCS-20H nanoparticles are more resistant to intestinal degradation than unloaded gcIFN-20H by indirect immunofluorescence assay. Oral administration was then carried out for 42 days. Complement C3 content, lysozyme, and total superoxide dismutase activities are highest in CMCS-20H group by serum biochemistry index assays. After challenge with Aeromonas hydrophila, the survival rate in CMCS-20H group is highest (46%), which is 64% higher than the control group (28%). Meanwhile, the tissue bacterial loads (intestine, spleen, head kidney, trunk kidney, hepatopancreas, muscle, and blood) in the CMCS-20H group are significantly lower than other groups. By PAS staining analysis, the number of intestinal villi goblet cells and the thickness of mucin in the CMCS-20H group obviously increased. CMCS-20H effectively enhances mRNA expressions of some important immune genes (IL-1β, IL-6, TNF-α, IL-2, IFN-γ2, and IgM). The minimal tissue lesions (Intestine, spleen, and trunk kidney) were seen in the CMCS-20H group by histopathological examination. 16S rRNA sequencing showed that oral CMCS-20H maintains the intestinal microbiome homeostasis in bacterial infection. The results indicate that the novel nanopeptide CMCS-20H as the immunopotentiator can remarkably boost fish immunity and precautionary effect by oral administration and address the theoretical mechanisms and insights into the promising application prospect in aquaculture.




Keywords: CMCS-20H nanoparticles, bacterial disease, immune response, antimicrobial peptide, immunopotentiator



Highlights

	CMCS-20H nanoparticles have the effects of slow release and prevent enzymatic hydrolysis.

	Oral CMCS-20H improves the innate immunity against bacterial disease.

	CMCS-20H shows excellent immune responses and highest survival rate.

	CMCS-20H remarkably improves survival rate and mucin thickness in bacterial infection.

	CMCS-20H maintains intestinal microbiome homeostasis in bacterial infection.5.





1 Introduction

Bacterial infections cause massive mortalities in intensive aquaculture, leading to serious economic losses (1, 2). The bacterial diseases of aquaculture animals are often prevented and treated by chemotherapeutants. However, this method may result in many problems, such as the production of drug-resistant bacteria, decrease of fish immune functions, and drug residues which could further affect human health (3, 4). Bacterial infections can also be prevented by vaccination (5, 6). However, commercial vaccines only prevent specific pathogens, and numerous vaccines also increase the costs (7, 8). Facing the severe bacterial diseases in aquaculture, it is urgent to develop ideal antimicrobial agents.

Immunopotentiators, based on recent successes in both laboratory and clinic, are considered a viable option for controlling bacterial diseases (9, 10). Some antimicrobial peptides (AMPs) have good immune regulation function, so they can also be used as immunopotentiators. AMPs are short peptides with cationic and amphipathic characteristics, and they widely exist from microorganisms to humans in various life forms (11). The immunomodulatory activity of AMPs mostly depends on its influence on the function of innate immune cells and mediators (12). In addition, AMPs (such as lactoferrin, polypeptide S100, LL-37, cecropin A) have the advantages of broad-spectrum antibacterial activity, small bioconcentration, and less possibility to cause bacterial resistance (13, 14). Therefore, the researches on immune enhancement of AMPs have also become a hotspot in recent years. The efficacy of AMPs is easily weakened once it enters the complex physiological environment. The bioavailability of AMPs is greatly reduced by biological digestion, thus reducing the effect of AMPs (15, 16). It is a feasible method to utilize carboxymethylation carboxylmethyl chitosan (CMCS) drug loading system to load AMPs to resist environmental impact. CMCS is a chemical modification version of chitosan (CS). CS and CMCS have been widely explored based on their biodegradability, biocompatibility, and nontoxicity (17). The functional groups on the surface of CMCS can couple with AMPs to form nanoparticles which have the effect of preventing enzymatic hydrolysis (15). The CMCS nanoparticles can slowly release AMPs at specific sites (18, 19). Through the functions of anti-enzymatic hydrolysis and sustained release, CMCS drug loading system will improve the bioavailability of AMPs. The application method of oral AMPs is suitable for elevating immunity of aquatic animals (20, 21). In order to improve the applicability, the production of AMP needs to fulfil the requirements of high yield and low cost. In many expression protein systems, Pichia pastoris expression system is a good choice because of its eukaryotic property, efficient secretion capacity, and high-cell cultivation ability (22, 23). In addition, methanol as inducer could further lower the costs in P. pastoris culture under the precise regulation of AOX1 promoter (24).

Aeromonas hydrophila is generally considered a major pathogen in almost all the animal taxa, causing hemorrhagic septicemia and intestinal inflammation in freshwater fish (25, 26). Due to the intensive culture, the bacterial diseases usually break out in the farmed commercial fish such as grass carp (Ctenopharyngodon idella). The bacterial enteritis induced by A. hydrophila is regarded as one of the most frequently occurring diseases in grass carp culture (27). In order to prevent the diseases caused by A. hydrophila, the intestinal inflammation model is developed in grass carp (26). This inflammation model can be applied to test antimicrobial drugs for potential use in aquaculture.

Our previous study found that grass carp IFN1 is a highly effective AMP (28). The fifth α-helix was identified as a novel AMP (gcIFN-20) with a typical cationic AMP structure and broad spectrum of bactericidal activity (unpublished data). In this study, we expressed gcIFN-20H through yeast expression system and prepared CMCS-20H nanoparticles by CMCS loading. The precautionary efficacy and mechanisms for bacterial diseases by oral CMCS-20H nanoparticles were investigated by grass carp against A. hydrophila infection. The results demonstrated that CMCS-20H exhibits excellent immune enhancement effect, which lays a solid foundation for the application of novel nanopeptide CMCS-20H in aquaculture.



2 Materials and Methods


2.1 Preparation of Experimental Basic Materials

Healthy grass carp (weight = 25 ± 5 g) were obtained from a fish farm in Fanzhou, Hubei Province, China. Healthy fish were randomly divided into eight experimental groups (50/group), each tank was filled with 250 L of water, and the water temperature was kept at 25°C ± 1°C. The animals acclimatized for 4 weeks before experiments, and we fed the grass carp with commercial feed twice a day. All procedures of animal experiments were approved by the Ethical Committee on Animal Research at Huazhong Agricultural University. All the efforts were made to minimize animal suffering. CMCS (deacelation degree = 85%, CAS: 83512-85-0) was provided by Santa Cruz (Dallas, TX, USA).

The P. pastoris GS115 was stored at −80°C in our laboratory. GS115 was grown in yeast extract peptone dextrose (YPD) liquid medium at 28°C, 200 rpm. C. idella kidney (CIK) cells were cultured in M199 (Gibco, Waltham, MA, USA) medium, supplemented with 10% FBS (Gibco, USA), 100 U/ml penicillin, and 100 U/ml streptomycin and maintained at 28°C in a humidified atmosphere of 5% CO2 incubator. A. hydrophila (ATCC7966) was stored at −80°C in our laboratory. The single colony was formed by inoculating a Luria–Bertani (LB) agar plate with 80 μl of cryopreserved A. hydrophila and incubated at 28°C for 48 h. A bacterial colony was then selected and inoculated into the LB medium and cultured in a shaking incubator at 150 rpm for 24 h at 28°C.



2.2 The Process of Yeast Expression of gcIFN-20H

Yeast expression system was used to express gcIFN-20H according to a previous method (22). According to the codon usage of P. pastoris, gcIFN-20H DNA sequence was optimized. The lower-frequency codons were replaced with synonymous codons with a higher frequency in P. pastoris, and accompanied by adjusting AT-rich region for suitable G + C content. 6 × His-tag sequence was linked at the end of gcIFN-20 DNA sequence. The optimized gcIFN-20H DNA sequence (GenBank accession number: OK413875) was synthesized by Tsingke Biological Technology (Beijing, China). The optimized sequence was inserted into the pPIC9K (p9K) plasmid to obtain pPIC9K-gcIFN-20H (p9K-20H). p9K vector was the negative control vector.

The p9K-20H were linearized using Sal I and transformed into P. pastoris GS115 by electroporation (7,000 V/cm, 25 μF, ×400; Life Technologies CellPorator, Carlsbad, CA, USA). Transformants were selected on minimal dextrose (MD) medium plates (1.34% YNB, 0.00004% biotin, 2% dextrose, 1.5% agar) without histidine. Clones from the MD plates were then selected in YPD+G418 (Invitrogen, Shanghai, China) plates (1% yeast extract, 2% peptone, 2% dextrose, 2% agar, and 0.2–0.8 mg/ml G418). Recombinants bearing different copies of the target gene were inoculated into 10 ml buffered glycerol-complex medium (BMGY; 1% yeast extract, 2% peptone, 1.34% YNB, 0.00004% biotin, 1% glycerol, 100 mM potassium phosphate, pH 6.0) and incubated at 28°C for 2 days. The cells in each culture were collected by centrifugation at 4,000×g for 5 min and individually inoculated into 100 ml buffered minimal methanol YP medium (BMMY; same as BMGY but replacing glycerol with 0.5% methanol). A total of 1% (v/v) methanol was then added every 24 h to induce the expression of the foreign protein. The p9K was also operated according to the above experimental procedure. In addition, gcIFN-20H in the supernatant were separated and purified by His-tag Protein Purification Kit (P2226; Beyotime, Haimen, China). Protein concentrations were determined using the Bradford method.



2.3 Preparation of Nanopeptide CMCS-20H


2.3.1 Polyacrylamide Gel Electrophoresis Analysis and Western Blot

The gcIFN-20H in the culture supernatant (10 μl) induced by methanol were analyzed on 16.5% Tris-Tricine-SDS-PAGE and Western blot (WB). The samples from shaken flask experiments were separated by Tris-Tricine-SDS-PAGE. Gels were stained by Coomassie brilliant blue R-250. Also, the gels were transferred onto the hybridization nitrocellulose (NC) filter membrane (Millipore, Burlington, MA, USA). After transfer, the membrane was blocked with 5% skim milk diluted in phosphate-buffered solution-Tween-20 (PBST, Boster, Wuhan, China) for 2 h. After washing with PBST, the blocked membrane was incubated with the mouse anti-His-tag monoclonal antibody (1:3,000, ABclonal, Woburn, MA, USA) for 2 h. Subsequently, the membrane was rewashed with PBST and incubated with a 1:2,000 dilution of horse radish peroxidase (HRP)-conjugated goat antimouse IgG antibody (Boster, Wuhan, China) for 1 h. The NC filter was washed again with TBST, subsequently stained with Clarity TM Western ECL Substrate (Bio-Rad, Hercules, CA, USA), and finally imaged by the Amersham Imager 600 (Little Chalfont). Purified proteins and control (10 μl culture supernatant of GS115 that transfected with p9K) were also detected by the above method.



2.3.2 Conjugating gcIFN-20H and CMCS and Characterizing CMCS-20H

CMCS-gcIFN-20H nanoparticles (CMCS-20H) were prepared according to the previously described ionic gelation methods (18, 29). Briefly, gcIFN-20H (1 mg/ml) and CMCS (1 mg/ml) solutions were premixed for 2 h under magnetic stirring to determine the optimal concentration of gcIFN-20H, and the formed primary structure was termed as CMCS-20H nanoparticles. CMCS-20H was collected via ultracentrifugation (12,000 rpm, 4°C, 30 min) and was washed with sterile ultrapure water twice. The encapsulation efficiency (EE) and loading efficiency (LE) of CMCS-20H nanoparticles were determined according to the previous method (30). After centrifugation, the amount of gcIFN-20H encapsulated in CMCS nanoparticles was determined by measuring the amount of protein remaining in the supernatant by bicinchoninic acid (BCA) protein assay. The EE and LE were calculated according to formulas (1) and (2):





where A, B, and C refer to the weight of total gcIFN-20H used and gcIFN-20H nonencapsulated and gcIFN-20H-loaded CMCS, respectively (n = 3).

The release of gcIFN-20H from the nanoparticles was measured according to the previous description (19). In the released medium (PBS, pH = 7.4 and pH = 5.2), in vitro release profile of CMCS-20H was detected at 25°C for 20 h. CMCS-20H (1 mg) was placed into EP tubes with 2 ml of release medium in a shaking incubator at 100 rpm. The protein content in the supernatant was measured by BCA assay method within the specified time. The release efficiency (RE) was calculated according to formulas (3):



where D and B refer to the weight of gcIFN-20H in supernatant and carried respectively (n = 3).

The formed nanoparticles were resuspended in distilled water (pH = 6.4) using a probe sonication (pulse on, 3.0 s; pulse off, 2.0 s; 1 min/cycle; power 130 W) characterization. The particle size distribution and zeta potential of CMCS-20H were determined by dynamic light scattering (DLS) using a Malvern Nano-ZS 90 laser particle size analyzer (Malvern Instruments, Royston, UK) at a detector angle of 90°, 670 nm, and temperature of 25°C. The morphology of CMCS-20H was observed by transmission electron microscopy (TEM, SPA-400, Japan).



2.3.3 Cytotoxicity Test

Cytotoxicity was measured in CIK cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The cells were seeded in a 96-well plate at a density of 104 cells/well. CMCS-20H and gcIFN-20H (final concentration at 256 µg/ml) were then added into the corresponding wells. The CIK cells supplemented with fresh media and equal PBS were used as a control. After incubation for 12 and 24 h, the medium was replaced with fresh medium containing 10% MTT solution for 4 h at 28°C. The absorbance at 595 nm was measured by a microplate reader of multiwavelength measurement system. Each measurement was performed in triplicate.



2.3.4 Antimicrobial Test

Antimicrobial activity is evaluated by CFU assay (31). Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 25923) were cultured overnight in LB medium at 37°C. The bacteria were subcultured to achieve midlogarithmic phase growth. The bacteria were washed with Tris buffer (10 mM Tris-HCl, 5 mM glucose, pH = 7.4), then diluted to a final concentration of 1 × 106 CFU/ml in Tris buffer. The bacteria (1 × 106 CFU) were incubated with CMCS-20H, gcIFN-20H, and CMCS (20 μg/mL) for 2 h. The mixtures were then spread onto the LB agar plates, and bacterial counts were measured at 16 h. Antibacterial experiments were tested in triplicate.




2.4 Indirect Immunofluorescence Analysis

Grass carp (n = 4) were reared in 10 L plastic aquaria that were filled with dechlorinated tap water (water temperature 25°C) and aerated. According to the LE, grass carp were respectively fed with 0.5 ml solution of CMCS-20H nanoparticles (5 mg/ml) and gcIFN-20H (1 mg/ml) by using a catheter. Grass carp were fed with PBS as control. At 6 and 12 h, intestines were excised to make frozen sections. The sections were then incubated with 5% BSA at 37°C for 1 h. After incubation, the sections were bound to primary mouse anti-His antibody (1:3,000, ABclonal, China) and secondary antibody (FITC-conjugated goat antimouse IgG, 1:200, Dia-an, China) at 37°C for 1 h, respectively. After washing three times with PBS, the sections were observed on UltraVIEW VoX 3D Live Cell Imaging System (Olympus, Shinjuku, Japan). Indirect immunofluorescence analysis of intestine was repeated four times. Fluorescence intensity was analyzed by ImageJ software.



2.5 Investigating the Immune Enhancement Effect of CMCS-20H In Vivo


2.5.1 Bacterial Challenge and Survival Rate

Grass carp were divided into two kinds of experimental groups. There were 100 fish in each experimental group; 50 of them were used to measure mortality, and the remaining 50 were used for sampling. Based on previous experimental methods (18, 32), the dosage of CMCS-20H was converted into the same dose of free gcIFN-20H according to LE. The feeding situations before challenge were as follows: CMCS-20H (20 mg/kg, CMCS-20H group), gcIFN-20H (4 mg/kg, gcIFN-20H group), CMCS (16 mg/kg, CMCS group), and common fodder (control group). Each group of fish was fed twice a day for 42 days. Feeding was stopped for 1 day before the challenge and given common fodder after challenge. A. hydrophila was resuspended in PBS buffer (pH = 7.4). A. hydrophila (100 μl, 2 × 105 CFU/mk) was intraperitoneally injected on D43. The mortality was monitored from D1 to D7 postchallenge.



2.5.2 Tissue Bacterial Loading Assay

The tissue bacterium-loading experiment was based on the previous experimental method (33, 34). At 72 h after challenge, four fish were taken from each group, and trunk kidney, intestine, hepatopancreas, blood, muscle, spleen, and head kidney were collected and grinded by multisample tissue grinding machine (CEBO-24, Cebo, Aberdeen, UK), respectively. These tissue homogenates were used to detect the bacterial load in tissues. The homogenates were diluted using sterile PBS (pH = 7.4), spread on Rimler-Shotts (RS) medium plates (Haibo, Ningbo, China) for 12–16 h at 28°C. Colonies of A. hydrophila were counted by two independent investigators.



2.5.3 Hematoxylin and Eosin Staining

The intestine, spleen, and trunk kidney were taken on D46 and fixed immediately in 10% neutral buffered formalin for 24 h. Tissue samples were embedded in paraffin. Four-micrometer-section samples were mounted on aminopropyl triethoxysilane-coated slides. Following the deparaffinization in xylene, sections were rehydrated, stained with hematoxylin and eosin (HE), and mounted with neutral gum, and then the images were captured. Images were captured using an Eclipse Ti-SR microscope with a DS-U3 Image-Pro system (Nikon, Minato, Japan).



2.5.4 Periodic Acid-Schiff Staining

Periodic acid-Schiff (PAS) staining was used to detect goblet cells and mucus layer thickness in intestine. Intestine tissues were collected on D46 and immediately fixed in methanol-Carnoy’s fixative at 4°C for 2.5 h, and then transferred to 100% ethanol. Fixed intestinal tissues were washed with distilled water for 5 min and embedded in paraffin. Sections of 5 μm thickness were deparaffinized and stained with PAS. Images were captured using an Eclipse Ti-SR microscope with a DS-U3 Image-Pro system (Nikon, Japan). Three fields (×20) and three fields (×70) were respectively selected for goblet cell count and mucin thickness measurement. The PAS staining experiments were repeated three times.



2.5.5 qRT-PCR Assay of Immune Genes

Total RNAs of head kidney tissue were isolated with RNAiso Plus kit (TaKaRa, Kusatsu, Japan), the purification and concentration were measured by a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA), and the quality was evaluated using 1.5% agarose gel electrophoresis. mRNAs were reverse-transcribed into cDNAs respectively with MMLV reverse transcriptase, RNase inhibitor (Thermo Fisher Scientific, USA), hexamer random primer. The primers for qRT-PCR analyses are listed in Supplementary Table S1. Sequence source (GenBank): 18S rRNA (EU047719.1), TNF-α (KX094934.1), IL-1β (KX094935.1), IL-6 (MG188797.1), IL-2 (MH883895.1), IFN-γ2 (JX657683.1), and IgM (DQ417927.1). 18S rRNA was used as a reference control gene, and the relative mRNA expression levels were calculated with the CT method (2−△△CT).



2.5.6 Serum Biochemistry Index Assay

Blood samples were collected from the caudal vein and placed for 2 h at 25°C. After centrifugation (4,500 rpm/min, 10 min) at 4°C, the serum samples were collected and stored at −80°C. The serum biochemical indexes of complement 3 (C3), lysozyme, total superoxide dismutase (TSOD), and total protein (TP) were examined by the commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Sera of four grass carp were taken from each group for detection.



2.5.7 Microbiome Analysis

We used 16S rRNA gene sequencing method to investigate the intestinal microbiota in total intestinal samples. PCR amplification of the bacterial 16S rRNA gene V3–V4 region was performed using the forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. PCR volume consists of 4 μl 5×FastPfu buffer, 2 μl dNTPs (2.5 mM), 1.0 μl each primer (5 μM), 0.2 μl FastPfu polymerase, 5.0 μl BSA, 2 μl template DNA (10 ng), and 4.8 μl ddH2O. Thermal cycling is composed of initial denaturation at 98°C for 5 min, followed by 25 cycles consisting of denaturation at 98°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45s, with a final extension of 5 min at 72°C. PCR amplicons were purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Waltham, MA, USA). After the individual quantification step, amplicons were pooled in equal amounts, and pair-end 2 × 250 bp sequencing was performed using the Illumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

In this study, 20 samples were sequenced by Illumina MiSeq system, and a total of 93,210 high-quality sequences were obtained. On average, each sample has 44,908 reads. All the sequence reads were trimmed and assigned to each sample based on their barcodes. Sequences with high quality (length >250 bp, without the ambiguous base “N,” an average base quality score >30) were used for further analysis. Assignment of operation taxonomic units (OTUs) was completed at 97% identity using the Uclust function in web (https://www.genescloud.cn). The gut microbial community compositions at phylum and genus levels in different samples were analyzed by R software. The α-diversity metrics of intestinal microbiota, including Chao1 index, Goods coverage index, Simpson index, and Observed species index were calculated using web (http://www.genescloud.cn/analysisProcess). For the β-diversity metrics, the principal coordinate analysis (PCoA) and permutational multivariate analysis of variance (PERMANOVA) analysis were performed using OTUs for each sample through the web (https://www.genescloud.cn/analysisProcess). Kruskal-Wallis, Wilcoxon rank sum, and Dunn’s multiple comparison tests were used for hierarchy cluster analyses. Grass carp fed with common fodder and unchallenged with A. hydrophila were used as blank control group (BC).




2.6 Statistical Analysis

The results were expressed as the means ± standard deviation (SD), and all the statistical analysis were done using SPSS 26.0 package. The experimental data were subjected to the Kruskal-Wallis test, followed by Dunn’s multiple comparison (with Bonferroni adjustment) to identify the significance (p < 0.05). Different superscript letters in each group (a, b, and c) denote significant variations. The survival rates were analyzed by Mantel-Cox test; * denotes significant variation.




3 Results


3.1 CMCS-20H Nanoparticles Possess Antimicrobial Activity, Sustained Release, and Low Toxicity

By SDS-PAGE analysis, band associated with gcIFN-20H was found in the supernatant (Figure 1A). In addition, the band of purified sample was confirmed as gcIFN-20H by WB using specific antibody (Figure 1B). These results showed that GS115 strain successfully expressed gcIFN-20H. CMCS-20H nanoparticles were prepared according to the ionic gelation methods. CMCS-20H nanoparticles form through the adsorption of negatively charged CMCS and positively charged gcIFN-20H. The unloaded CMCS was spherical with smooth surfaces in PBS solution (Figure 1C), and after gcIFN-20H was loaded onto the surface of CMCS, protein shadow was observed, surrounding the surface of CMCS (Figure 1D). Raman spectroscopy analysis indicated that numerous specific peaks were observed in the CMCS group, and no peak was observed in the gcIFN-20H group. After the surface of CMCS was covered by gcIFN-20H, the intensity of peaks in the CMCS-20H group was decreased (Figure 1E). By drug release analysis, gcIFN-20H was released from CMCS-20H nanoparticles in different buffers (pH = 5.2 and 7.4). Compared with that in neutral environment, CMCS-20H releases gcIFN-20H faster in acidic environment (Figure 1F). Compared with the control group, CMCS-20H and gcIFN-20H exhibit forceful antibacterial activity (Figure 1G). By MTT assay, CMCS-20H and gcIFN-20H do not show sensible cytotoxicity (Figure 1H).




Figure 1 | Preparation, characterization, and bioactivity of CMCS-20H nanoparticles. (A) SDS-PAGE and (B) WB analyses of gcIFN-20H. Lane M: protein marker. Lane 1: the fermentation supernatant of gcIFN-20H. Lane 2: the fermentation supernatant of blank vector as negative control; Lane 3: purified gcIFN-20H. (C) Transmission electron micrograph of CMCS. (D) Transmission electron micrograph of a CMCS-20H. The black arrow indicates the position of gcIFN-20H. (E) Raman spectroscopy analysis. (F) In vitro release efficiency of gcIFN-20H (plotted as a function of % cumulative release vs. time) from CMCS-20H in PBS buffer (pH = 5.2 and 7.4). (G) Antibacterial activity detection of CMCS-20H and gcIFN-20H. E. coli and S. aureus (1 × 106 CFU) were incubated with CMCS-20H, gcIFN-20H, and CMCS (20 μg/ml) for 2 h at 37°C, respectively. The equivalent volume of Tris was used as control. (H) Cytotoxicity of CMCS-20H and gcIFN-20H to CIK cells. CMCS-20H and gcIFN-20H (final concentration at 256 µg/ml) were respectively incubated with CIK cells for 24 h at 28°C. PBS was employed as control. Data are presented as means ± SD (n = 3).  Different lowercase letters in each group (a and b) denote significant variations suggested by the Kruskal-Wallis statistics followed by the Dunn’s multiple comparison (p < 0.05).



Zeta potential of CMCS was −34.8 ± 3.3 mV. gcIFN-20H layer was added to the CMCS shell to form CMCS-20H, then the surface potential turned into +17.5 ± 2.4 mV, and the mean particle size increased to about 186 ± 13.4 nm. The polydispersity index (PDI) value of CMCS-20H and CMCS was less than 0.25. EE and LE of CMCS-20H were 26.11 ± 1.56% and 21.20 ± 1.62%, respectively (Table 1). These results indicate that CMCS-20H is spherical nanoparticle with features of uniform particle size, sustained release, antimicrobial activity, and low toxicity.


Table 1 | Properties of CMCS-20H and CMCS (mean ± SD, n = 3).





3.2 CMCS-20H Has Excellent Resistance Activity to Hydrolase Degradation

To explore the stability of CMCS-20H in intestine, CMCS-20H and gcIFN-20H were fed into the intestine of grass carp. By indirect immunofluorescence detection, the intestines of CMCS-20H group and gcIFN-20H group show obvious green fluorescence at 6 h. The green fluorescence in the CMCS-20H group is still be observed at 12 h, but the green fluorescence in the gcIFN-20H group disappeared (Figure 2A). Subsequently, the fluorescence intensity analysis of intestinal frozen sections showed that the fluorescence intensity in the CMCS-20H group was significantly higher than that in the gcIFN-20H group and control group at 6 and 12 h (Figures 2B, C). In addition, there was no significant difference in the fluorescence intensity between the gcIFN-20H group and control group at 12 h (Figure 2C). These results show that CMCS-20H possesses better stability and strongly resists degradation in intestine.




Figure 2 | The antidegradation efficacy of CMCS-20H in intestine. (A) Fluorescence microscopic images of intestine section of grass carp. CMCS-20H and gcIFN-20H were poured into the foregut, and the hindgut was taken at 6 and 12 h to make frozen sections. The green fluorescence indicates the gcIFN-20H. (B, C) Fluorescence intensity analysis of intestine section at 6 and 12 h. Fluorescence intensity was analyzed by ImageJ software. Data are presented as means ± SD (n = 4).  Different lowercase letters in each group (a, b, and c) denote significant variations suggested by the Kruskal-Wallis statistics followed by the Dunn’s multiple comparison (p < 0.05).





3.3 CMCS-20H Nanoparticles Effectively Establish Serum Immune Barrier Against Bacterial Infection

The immune enhancement function of CMCS-20H was explored through in vivo experiments. The experimental flow and sampling time points are shown in Figure 3A. In the analyses of serum biochemical indexes before challenge, the activities of lysozyme and TSOD and complement C3 content were significantly higher than those in the gcIFN-20H, CMCS, and control groups on D14, D28, and D42 (Figures 3B–D). There was no significant difference of serum total protein concentration among the four groups (Figure 3E). After challenge, TSOD, lysozyme, and C3 in serum decreased on D44. They then increased and were significantly higher in the CMCS-20H group than those in the other three groups on D46 (Figures 3B–D). The total protein content in serum was significantly higher in the CMCS-20H group than that in the other three groups on D46 and D50 (Figure 3E). These data indicated that a beneficial serum immune barrier was induced by CMCS-20H to fight bacterial infections.




Figure 3 | Serum biochemical indexes of innate immunity assay. (A) Oral administration, challenge, and sampling schedule. Fish in each group (n = 50) were feed with CMCS-20H+fodder, gcIFN-20H+fodder, CMCS+fodder, and fodder alone (control) and challenged with 100 µl A. hydrophila (2 × 105 CFU/ml) on D43. (B) The assay of total superoxide dismutase (TSOD) activity. (C) The assay of lysozyme activity. (D) The assay of complement 3 content. (E) The assay of total protein content. Serum biochemical indexes were determined by the corresponding specific commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Data are presented as means ± SD (n = 4).  Different lowercase letters in each group (a and b) denote significant variations suggested by the Kruskal-Wallis statistics followed by the Dunn’s multiple comparison (p < 0.05).





3.4 Oral Administration of CMCS-20H Nanoparticles Can Effectively Prevent Bacterial Infections by Improving Survival Rate and Immune Defense Capability, Alleviating Tissue Bacterial Load, Lesion, and Enteritis

The survival rate in the CMCS-20H group (46%) was significantly higher than that in the gcIFN-20H (32%), CMCS (24%), and control (28%) groups. There was no significant difference in survival rate among the gcIFN-20H, CMCS, and control groups (Figure 4A). The CMCS-20H group dramatically reduced the content of A. hydrophila in grass carp tissues (intestine, spleen, head kidney, trunk kidney, hepatopancreas, muscle, and blood) by approximately 2–4 orders of magnitude (Figures 4B–H). These results indicated that CMCS-20H can efficiently prevent bacterial infections.




Figure 4 | The survival rate and tissue bacterial load in grass carp post-A. hydrophila infection. (A) Survival rate was monitored and calculated for 7 days. (B–H) The content of A. hydrophila in each tissue (intestine, spleen, head kidney, trunk kidney, hepatopancreas, muscle, blood) in infected grass carp in each treatment group (n = 50). Samples were taken at 72 h postchallenge. Data are presented as means ± SD (n = 4).  Different lowercase letters in each group (a and b) denote significant variations suggested by the Kruskal-Wallis statistics followed by the Dunn’s multiple comparison (p < 0.05). p values were calculated by Log-rank (Mantel-Cox) Test. * denotes significant variation (p < 0.05).



The intestinal goblet cell number and mucin thickness were analyzed by PAS staining. Overall, the number of goblet cells in the CMCS-20H group increased, compared with blank control group. The number of goblet cells in groups gcIFN-20H, CMCS, and control decreased, compared with blank control group (Figures 5A–E). Compared with the blank control group, the mucins on intestinal villi in the CMCS-20H group increased, while the mucins in groups gcIFN-20H, CMCS, and control decreased (Figures 5A–E). Through the quantitative analysis of the number of goblet cells and mucin thickness, the number of goblet cells and mucin thickness in the CMCS-20H group were significantly higher than those in the other three groups. Compared with blank control group, the number of goblet cells and mucin thickness in the gcIFN-20H, CMCS, and control groups decreased significantly (Figures 5F, G).




Figure 5 | Mucus barrier investigations in grass carp intestine. (A–E) PAS staining of intestine section. The goblet cells are marked with black arrows. (a–e) Magnification of black box region to show the mucin thickness. The thickness of mucin was measured with a black line segment. (F) The number of goblet cells. Three fields (×20) were selected for goblet cell count. (G) The thickness measurement of mucin. Three fields (×70) were selected for goblet cell count. Samples were taken on D46.  Different lowercase letters in each group (a and b) denote significant variations suggested by the Kruskal-Wallis statistics followed by the Dunn’s multiple comparison (p < 0.05).



mRNA expressions of representative immune genes including IL-1β, IL-6, TNF-α, IL-2, IFN-γ2, and IgM were examined by qRT-PCR in head kidney at different time points postfeeding and challenge. mRNA expressions of IL-1β, IL-6, TNF-α, and IL-2 in the CMCS-20H group were rapidly upregulated and significantly higher than those in other three groups on D44 (Figures 6A–D). mRNA expression of IFN-γ2 in the CMCS-20H group was significantly upregulated on D46 (Figure 6E). mRNA expression of IgM increased gradually and was significantly higher than the other three groups on D46 and D50 (Figure 6F).




Figure 6 | mRNA expression patterns of representative important immune regulation and effector genes in head kidney. (A–F) mRNA expressions of IL-1β, IL-6, TNF-α, IL-2, IFN-γ2, and IgM were determined by qRT-PCR. 18S rRNA gene was used as an internal control gene. Data are presented as means ± SD (n = 4).  Different lowercase letters in each group (a and b) denote significant variations suggested by the Kruskal-Wallis statistics followed by the Dunn’s multiple comparison (p < 0.05).



To assess the extent of tissue lesion, intestine, spleen, and trunk kidney tissues were collected, fixed, and sliced for HE staining on D46. In intestinal sections, the gcIFN-20H, CMCS, and control groups showed obvious symptoms, such as submucosal swelling and lymphocyte aggregation. The CMCS-20H group had no symptom of submucosal swelling and the slight symptom of lymphocyte aggregation (Figure 7A). In spleen and trunk kidney sections, macrophage aggregation center was the most obvious lesion. The melano-macrophage centers in the gcIFN-20H, CMCS, and control groups were more serious than those in the CMCS-20H group (Figures 7B, C). Together, oral CMCS-20H can improve the survival rate in three ways: increasing the thickness of mucin and the number of goblet cells in the intestinal villi, improving mRNA expressions of the innate and adaptive immune genes, and reducing the tissue bacterial load and tissue lesion.




Figure 7 | Tissue lesion assays of intestine, spleen, and trunk kidney postoral administration and challenge. On D46, the intestine, spleen and trunk kidney in grass carp were removed to make sections and stained by HE. Healthy grass carp tissues were used as blank control. (A) Histopathologic photographs of intestine. Submucosal swelling and lymphocyte aggregation were two main lesion signs in intestine. (B) Histopathologic photographs of spleen. Melano-macrophage centers were main lesion sign in spleen. (C) Histopathologic photographs of trunk kidney. Melano-macrophage centers were main lesion sign in trunk kidney.





3.5 Oral Administration of CMCS-20H Can Maintain the Intestinal Microbiome Homeostasis in Bacterial Infection

16S rRNA gene sequencing method was used to evaluate the intestinal microorganisms in five groups. Abundance analysis of OTUs from five groups was carried out at levels of phylum and genus (Figures 8A, B). Compared with the gcIFN-20H, CMCS, and PBS groups, the relative abundance of Proteobacteria in the CMCS-20H group was highest and that of Fusobacteria was lowest at the phylum level. At the genus level, the relative richness of Cetabacterium in the CMCS-20H group was significantly lower than that of the gcIFN-20H, CMCS, and PBS groups. The intestinal microbiome richness in the CMCS-20H group was similar to that in the blank control group. The α-diversity (represented by Chao1, Goods coverage, Simpson, and Observed species indexes) of the gut microbiota was calculated in the five groups. According to Chao1 and Observed species indexes, the index richness in CMCS-20H and blank control groups were significantly higher than those in the gcIFN-20H, CMCS, and PBS groups (Figures 8C, F). The goods coverage value in the CMCS-20H and blank control groups were significantly lower than that in the gcIFN-20H, CMCS, and PBS groups (Figure 8D). The Simpson value in the gcIFN-20H group was significantly lower than that in the other four groups (Figure 8E). These results indicate that oral administration of CMCS-20H can effectively prevent the destruction of intestinal flora richness and maintain the stability of intestinal flora. PCoA analysis based on weighted UniFrac distances revealed that the bacterial composition in the CMCS-20H group was clearly segregated from that in the gcIFN-20H, CMCS, and PBS groups (Figure 8G). PERMANOVA was used to test the significant difference of sample distance among groups. After testing, the sample distance between the CMCS-20H group and the other three groups (gcIFN-20H, CMCS, and PBS) was significantly different (Figure 8H). In order to further compare the species composition differences between samples and display the species abundance distribution trend of each sample, we will use heatmap to display the species composition results. In species composition heatmap, we observed that the richness of Flavobacterium, Rhodobacterium, and Ensifer were the highest and that of Acidovorax, Vibrio, and Shewanella were the lowest in the CMCS-20H group (Figure 8I). These results indicate that oral CMCS-20H nanoparticles can effectively maintain the stability of intestinal microbiome in bacterial infection.




Figure 8 | 16S rRNA amplicon-sequencing analysis of intestinal microorganisms in grass carp. (A, B) Taxonomic composition analysis at phylum and genus levels. Grass carp fed with common fodder and unchallenged with A. hydrophila were used as blank control (BC). Each color bar represents one phylum and genus. The height of bar represents the phylum or genus relative abundance. “Others” includes the sum of different genera which are less than 1% in the sample. (C–F) Chao1, Goods coverage, Simpson, and Observed species were analyzed. (G) Principal coordinates (PCo) analysis. (H) Permutational multivariate analysis of variance (PERMANOVA) analysis. (I) Heatmap of hierarchy cluster results for the relative abundance of all samples at genus level. The sample information is shown along the horizontal axis. Annotations are shown along the vertical axis on the right. The genera clustering tree is shown along the vertical axis on the left. The sample clustering tree is shown above. The color represents the Z-score, which is the standardized relative abundance. Data are presented as means ± SD (n = 4).  Different lowercase letters in each group (a and b) denote significant variations suggested by the Kruskal-Wallis statistics followed by the Dunn’s multiple comparison (p < 0.05).






4 Discussion

Facing the detriment of fish bacterial diseases with high infectivity and high mortality, the development of immunopotentiator with low cost, no obvious toxicity, and excellent prevention effect remains a challenge and high priority (35). AMP family plays an important physiological role, such as bactericidal, immunoregulation, and others (32). Therefore, a great variety of AMPs have been developed as an immunopotentiator to prevent diseases (36, 37). In this study, a novel AMP gcIFN-20H was highly expressed in yeast and loaded on CMCS to form enzymatic hydrolysis-resistant CMCS-20H nanoparticles. The immunomodulatory function and the effect of preventing A. hydrophila infection by oral CMCS-20H were then explored on grass carp.

The methylotrophic yeast P. pastoris which has the advantages of simple operation, high yield, and low cost of production was extensively used in fundamental research and industry (23, 38). The gcIFN-20H DNA sequence was cloned into pPIC-9K plasmid between the α-factor secretion signal and the His-tag. Multicopy genes usually have a positive effect on yeast expression (22). In order to make the gene cassette carry a higher copy number of gcIFN-20H gene, a series concentration of G418 (0.2–0.8 mg/ml) was used to select the putative multicopy insertion transformants. In addition, the signal peptide can be naturally removed from the target protein without affecting the normal function of the target protein, and the target protein with His-tag can be easily separated from the culture medium (39). The results of SDS-PAGE analysis and WB assay showed that the secreted expressions of the target proteins were achieved by methanol induction in P. pastoris.

CMCS drug delivery nanotechnology provides a novel method to overcome the disadvantage of using peptide-based agents, especially in controlling the release and avoiding the digestion by enzymes (40, 41). The principle of CMCS binding to AMPs has confirmed that the negatively charged surface of CMCS and positively charged AMPs can attract each other through electrostatic interaction, and then form new nanoparticles by intermolecular forces (19). In this study, we successfully loaded AMP gcIFN-20H onto CMCS nanoparticles and obtained CMCS-20H nanoparticles. CMCS-20H has uniform particle size, good biocompatibility, and not obvious cytotoxicity. Previous studies have shown that free AMPs were readily degraded in tissues by hydrolases, causing the function of AMPs to be affected greatly (15). In the observation of intestinal frozen section, CMCS-20H can exist in the intestine for 12 h, and free gcIFN-20H can only exist for 6 h. This showed that CMCS-20H nanoparticles are more likely to function in vivo than free gcIFN-20H. CMCS-20H nanoparticles also have sustained release property, which can be released continuously for 20 h. Previous studies have shown that continuous release of AMPs can help nanoparticles function in the tissues (19, 42).

At present, CMCS drug delivery system has been widely used in the treatment of human diseases (18, 43), but few studies pay attention to the effect of loading AMPs on preventing fish diseases and improving immune response. In this study, the effect of oral CMCS-20H on serum biochemical indexes reflecting innate immunity was firstly investigated. Complement is a humoral factor of innate immunity and plays important roles in immune surveillance and clearance of invading pathogens. Complement 3 is a central molecule in the complement system whose activation is essential for all the important functions performed by this system (44). As having the same effect of lactoferrin (12), the activation of CMCS-20H to complement system can increase the content of C3 in serum. The main function of lysozyme in the process of disease resistance and immunity is to hydrolyze bacterial cell wall, leading to bacterial rupture and death, inducing and regulating the synthesis and secretion of other immune factors, so as to resist the invasion of foreign microorganisms (44). TSOD is an important antioxidant enzyme, which helps to remove the oxides produced by the body against pathogens (45). Previous studies showed that the resistance of grouper to bacterial and viral pathogens was related to the increase of TSOD and lysozyme activity (46). Compared with other experimental groups, the CMCS-20H group significantly increased the lysozyme activity in serum, indicating that oral administration of CMCS-20H helps grass carp establish a stronger innate immune barrier to resist the invasion of A. hydrophila. The highly active TSOD can help the body remove excessive oxides and help the body restore a stable state. After challenge, fish consume a large amount of C3, lysozyme, and TSOD in serum to eliminate A. hydrophila. Only biochemical indexes in the CMCS-20H group increase rapidly on D50, and the total protein concentration in the CMCS-20H group remains stable in the overall process. This indicates that the CMCS-20H group rapidly produce a beneficial serum innate immune response to fight bacterial infection, so as to keep the internal environment from damage. Noteworthy, innate immune response is not specific, leading to the strong innate immunity established by the oral administration of CMCS-20H to suffice to resist various types of pathogens (such as bacteria, viruses, and parasites). In addition, innate immunity can heighten protection upon reinfection with the same or unrelated pathogens (47).

The survival rate is the best reflection of the drug efficacy. In our previous study, the survival rate of the AMP hepcidin (60 mg/kg) group was 15% higher than that in the control group after injection of Flavobacterium columnatus (48). The survival rate of shrimp fed with AMP S100 (10 g/kg) after infection by Harvey bacilli was significantly higher than the control group (49). These AMPs are considered to be immunopotentiators with protective effects. In our experiment, the survival rate in the CMCS-20H group was significantly higher than that in the other three experimental groups. These results showed that CMCS-20H is an excellent immunopotentiator that can prevent bacterial infection.

Mucin is a highly glycosylated glycoprotein secreted by goblet cells (50). Mucin forms the skeleton of intestinal mucus layer, which is an important barrier against pathogens (51). The mucin in the CMCS-20H group help the body resist the invasion of A. hydrophila. This showed that CMCS-20H helps grass carp build a stable innate immune barrier, which is also one of the reasons to improve the survival rate. The CMCS-20H group significantly reduced the tissue bacterial load and the damage of A. hydrophila to visceral tissue. These effects are conducive to the body to produce beneficial adaptive and innate immune response to resist pathogenic infections (45). Therefore, it is necessary to explore the mechanism of oral CMCS-20H on innate and adaptive immunity. IL-1β, IL-6, and TNF-α are usually induced together to regulate immune responses and inflammation, which play an important role in regulating defensive and pathological innate immune responses (48). mRNA expressions of IL-1β, IL-6, and TNF-α in the CMCS-20H group were rapidly upregulated, suggesting that this treatment can better improve the inflammatory response. IL-2 promotes the proliferation and survival of activated T cells and has a strong upregulation effect on the effector cytokines (IFN-γ1, IFN-γ2, TNF-α, and IL-12) secreted by Th1 cells (52, 53). In addition, IL-2 is a cytokine necessary to activate B cells to synthesize immunoglobulin (52, 54). In this experiment, mRNA expressions of IL-2, IFN-γ2, and IgM in the CMCS-20H group were significantly upregulated at different time points, indicating that the cellular and humoral immunity in grass carp have been effectively improved.

Intestinal microorganisms form a symbiotic ecosystem, which helps maintain the steady balance in intestine and is essential to the health of humans and animals (14, 55). It is reported that intestinal inflammation will lead to changes in intestinal microorganisms, thus affecting the normal function of organisms (56). Through the sequencing of 16S rRNA gene by Illumina, we found that the relative abundance of Proteobacteria in the CMCS-20H group was highest and that of Fusobacteria was lowest. Previous research declared that the reduced Proteobacteria and elevated Fusobacteria may be related to the occurrence of intestinal inflammation (57, 58). α-Diversity in the exploration of diversity, Chao1, and observed values showed that the biodiversity in the CMCS-20H group was significantly higher than that in the gcIFN-20H, CMCS, and PBS groups. These results indicated that the intestinal inflammation in the CMCS-20H group is lower than the other challenged groups. In the principal coordinate analysis, we found that the distance between the CMCS-20H group and the other three groups (gcIFN-20H, CMCS, and PBS) was significantly different. The different distance between groups is caused by the difference of bacteria in each genus in the group (50, 55), in which different genera have been listed (Aeromonas, Rhodobacter, and Cetabacterium). We conclude that the intestinal inflammation in grass carp after oral administration of CMCS-20H is mild and the intestinal microbial richness is relatively stable, which is conducive to the normal function in grass carp.



5 Conclusion

CMCS-20H nanoparticles designed by us exhibit excellent features of sustained release and low toxicity, which can effectively prevent hydrolase degradation. Oral CMCS-20H treatment effectively enhances the activity and concentration of innate immune-related enzymes in serum. Oral CMCS-20H nanoparticles effectively reduce the mortality, tissue bacterial load, and tissue damage, significantly improve the innate and adaptive immune responses, and observably increase the thickness of mucin and the number of goblet cells in intestine in infected grass carp. In addition, the treatment of oral CMCS-20H improved the intestinal microbiome composition and microbial community balance. This study indicates that we have created a novel immunopotentiator and provide a method for the development of green AMPs for the prevention of fish diseases in practical large-scale aquaculture.
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Coronavirus disease 2019 (COVID-19) raises the issue of how hypoxia destroys normal physiological function and host immunity against pathogens. However, there are few or no comprehensive omics studies on this effect. From an evolutionary perspective, animals living in complex and changeable marine environments might develop signaling pathways to address bacterial threats under hypoxia. In this study, the ancient genomic model animal Takifugu obscurus and widespread Vibrio parahaemolyticus were utilized to study the effect. T. obscurus was challenged by V. parahaemolyticus or (and) exposed to hypoxia. The effects of hypoxia and infection were identified, and a theoretical model of the host critical signaling pathway in response to hypoxia and infection was defined by methods of comparative metabolomics and proteomics on the entire liver. The changing trends of some differential metabolites and proteins under hypoxia, infection or double stressors were consistent. The model includes transforming growth factor-β1 (TGF-β1), hypoxia-inducible factor-1α (HIF-1α), and epidermal growth factor (EGF) signaling pathways, and the consistent changing trends indicated that the host liver tended toward cell proliferation. Hypoxia and infection caused tissue damage and fibrosis in the portal area of the liver, which may be related to TGF-β1 signal transduction. We propose that LRG (leucine-rich alpha-2-glycoprotein) is widely involved in the transition of the TGF-β1/Smad signaling pathway in response to hypoxia and pathogenic infection in vertebrates as a conserved molecule.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes coronavirus disease 2019 (COVID-19). As of October 22, 2021, more than 242.3 million SARS-CoV-2 infections and 4.9 million COVID-19-related deaths have been documented (1, 2). A previous proteomic study of COVID-19 autopsies indicated dysregulation of key factors involved in hypoxia, angiogenesis, blood coagulation, and fibrosis in multiple organs from COVID-19 patients, and these factors contributed to typical histopathological features of COVID-19, such as microthrombi, proliferation of fibroblasts/myofibroblasts and fibrosis in alveolar septa, and intussusceptive angiogenesis (3, 4). COVID-19 raises the issue of how hypoxia destroys the normal physiological function and immunity of the human body and therefore promotes the invasion of SARS-CoV-2 (5, 6).

Physiological hypoxia plays a role in shaping innate and adaptive immunity and maintaining physiological homeostasis, while pathological hypoxia drives tissue dysfunction and disease development through immune cell dysregulation (7). A prominent instance of pathological hypoxia is inflammation. Usually, inflammation demands the recruitment of a large number of myeloid cells, and the severe metabolic burden and huge demand for energy for the transport of cells contribute to an increase in oxygen consumption (8–10). Therefore, host cells have developed strategies to adapt to the antibacterial response under hypoxia. For instance, neutrophils, which play a major role in countering infection, principally utilize glycolysis as a way to obtain energy (11), and an oxygen concentration as low as 4.5% does not significantly affect their respiratory burst activity (12); therefore, neutrophils recognize and phagocytize pathogens under hypoxia (13).

From an evolutionary perspective, animals living in complex and changeable marine environments might develop signaling pathways to address bacterial threats under hypoxia (14). In this study, Takifugu obscurus (an ideal model to study the vertebrate genome) and Vibrio parahaemolyticus (a common opportunistic pathogen in the temperate zone and the tropics) were utilized to study the effects of hypoxia on immunity against pathogens (15–17). The metabolomic and proteomic characteristics of the entire liver of T. obscurus exposed to hypoxia and/or infection with V. parahaemolyticus were comparatively analyzed, and a theoretical model of the critical signaling pathway in response to hypoxia and infection was defined. We propose that LRG (leucine-rich alpha-2-glycoprotein) is widely involved in the transforming growth factor-β1 (TGF-β1) signaling pathway in response to hypoxia and pathogenic infection in vertebrates as a conserved molecule.



Results


Hypoxia-Accelerated Deaths Caused by Infection of V. parahaemolyticus and Fibrosis Caused by the Two Stressors

We established and observed a model of T. obscurus under hypoxia and infection with V. parahaemolyticus for 7 days, and then the mortality rate was counted (Figure 1A). Deaths first occurred on Day 4 in the normoxic infection (NI) (5 * 107 colony-forming unit, cfu) group, and the final survival rate after 7 days was 60%. Deaths occurred on Day 6 in the hypoxic control (HC) group, and the final survival rate was 90%. The number of deaths in the hypoxic infection (HI) (5 * 107 cfu) group increased from the first day, and the final survival rate was 50%. The final survival rate in the HI (5 * 109 cfu) group was 20%, which meant that the bacterial load affected the final mortality. Therefore, although hypoxia had no significant effect on the number of deaths caused by V. parahaemolyticus infection, it advanced the occurrence of deaths (Figure 1A). Pathological observation of the liver indicated that tissue damage and fibrosis occurred in the walls of interlobular veins, arteries or bile ducts in the portal area (Figures 1B, C). Deaths principally occurred on the first day (from 12 to 24 h); therefore, we anticipated that the host response in the early stage of infection would largely determine the final survival. Accordingly, metabolomic and proteomic analyses of the entire liver were performed at 12 h.




Figure 1 | Survival curve and pathological observation of portal area. (A) The survival curve was measured in the independent preliminary experiment. For treatments of hypoxia and infection, T. obscurus were exposed to hypoxia for 12 h and then infected by V. parahaemolyticus. Finally, the survival rate of T. obscurus was monitored for 7 d. n = 10 biologically independent animals per group. P values were determined using two-sided log-rank (Mantel-Cox) tests. NS, not significant. *P value < 0.05. (B) Representative image from at least three biological replicates of the NC group. IV, interlobular vein. (C) Representative images of different stages of fibrosis from at least three biological replicates of the HI group. Black arrows, damaged walls; Red arrows, fibers.





Screening and Characterization of Differential Metabolites

Principal component analysis (PCA) compared the differences in metabolic characteristics between the normoxic control (NC) and HI groups and the degree of variation between parallel samples in the group. Partial least squares discriminant analysis (PLS-DA) established a model of the relationship between metabolite production and sample categories, and variable importance in the projection (VIP) was obtained to assist in the screening of differential metabolites (Figure 2). The model demonstrated good explanatory and predictive ability (Neg: R2Y = 0.99, Q2Y = 0.77. Pos: R2Y = 0.99, Q2Y = 0.63). The method described before was used to indicate that overfitting had not occurred (R2 > Q2, y-intercept of Q2 < 0) (18). As expected, minor differences in metabolic characteristics of hypoxia or infection were obtained (Figure S1).




Figure 2 | The screening of differential metabolites of the NC and HI groups was carried out for quality control and comparisons of differential metabolic characteristics. PC1 and PC2 represent the scores of the first and second principal components, respectively. (A) PCA, PLS-DA and function based on the sevenfold cross-validation method of the NC and HI groups in negative ion scanning mode. (B) PCA, PLS-DA and function based on the sevenfold cross-validation method of the NC and HI groups in positive ion scanning mode.



The differential metabolites of the 3 comparison groups were enriched in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Figure 3). Hypoxia affected the metabolisms of vitamins (nicotinamide/VB3, biotin/VB7, thiamine/VB1, folate/VB9 and VB6) and amino acids (histidine, lysine, arginine, phenylalanine, tyrosine, tryptophan, proline, valine, leucine, isoleucine and β-alanine) (Figure 3A). Under infection, the metabolism of serotonergic synapse was influenced. Moreover, taurine metabolism involved in bile acid synthesis was also modulated (Figure 3B). In addition to some of the above metabolites, sphingolipid was found to be regulated under hypoxia and infection (Figure 3C). These results indicate that the metabolisms of vitamins and amino acids are important for the host to resist hypoxia and infection.




Figure 3 | The enriched top 18 or 20 KEGG pathways sorted by P value based on the differential metabolites of the three compared groups. The size of the point indicates the number of enriched metabolites. Rich Factor, the ratio of x to M. (A) The enriched KEGG pathways of NC versus HC. (B) The enriched KEGG pathways of NC versus NI. (C) The enriched KEGG pathways of NC versus HI.





Characterization of Differential Proteins

The enriched Gene Ontology (GO) terms and KEGG pathways of differential proteins indicated cellular processes under hypoxia or (and) infection of V. parahaemolyticus (Figure 4). Under hypoxia, the main processes focused on RNA processing, lyase activity and ATPase activity, and the activities of many other enzymes were influenced. The enriched pathways focused on mitophagy, purine metabolism, galactose metabolism, drug metabolism-other enzymes and selenocompound metabolism. Interestingly, nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) signaling pathway was regulated (Figure 4A). Under infection, the main processes focused on the modification (deubiquitination, ADP-ribosylation and neddylation) and transport of proteins. The enriched KEGG pathways focused on sphingolipid metabolism, cell adhesion molecules, lysosomes, cytokine-cytokine receptor interactions and glycan degradation. Consistent with the metabolites, thiamine metabolism was influenced. Other vitamins like riboflavin/VB2 and pantothenic acid/VB5 were also modulated. In addition, fatty acids and galactose were also regulated (Figure 4B). Under hypoxia and infection, the main processes of transmembrane transport of substances and the regulation and activity of enzymes were seriously influenced. The enriched KEGG pathways focused on sphingolipid metabolism, glycosphingolipid biosynthesis, linoleic acid metabolism, ABC (ATP-binding cassette) transporters and mucin type O-glycan biosynthesis (Figure 4C), partially overlapped with the reactions under infection. Apparently, more biotic activities are influenced, which emphasizes the complexity of the effects of double stressors. According to association analysis between metabolome and proteome, five metabolites and 6 proteins were involved in purine metabolism under hypoxia, while 4 metabolites and 2 proteins were involved under hypoxia and infection (Tables S1–3). This indicates that purine metabolism is important for resisting infection under hypoxia.




Figure 4 | The enriched GO terms (P value < 0.05) and top 20 KEGG pathways sorted by P value based on the differentially expressed proteins of the three compared groups. Percent of proteins: the ratio of x to n. The size of the point indicates the number of enriched metabolites. Rich Factor, the ratio of x to M; BP, biological process; CC, cellular component; MF, molecular function. (A) The enriched GO terms and KEGG pathways of NC versus HC. (B) The enriched GO terms and KEGG pathways of NC versus NI. (C) The enriched GO terms and KEGG pathways of NC versus HI.





Theoretical Signaling Pathways in Response to Hypoxia or (and) Infection of V. parahaemolyticus

All identified differential metabolites and proteins were used to draw Venn diagrams, which revealed that there were 22 metabolites and 14 proteins that changed under hypoxia or infection of V. parahaemolyticus. Sixteen metabolites and 6 proteins also changed under simultaneous stressors (Figure 5A). Importantly, the changing trends of these 22 metabolites or proteins were consistent in the three pairs of groups, which indicated that hypoxia and bacterial infection may aggravate each other. We examined the specific functions of these 22 metabolites or proteins and found that seven of them were principally involved in TGF-β1, hypoxia-inducible factor-1α (HIF-1α), and epidermal growth factor (EGF) signaling pathways (Figures 5B, C). Finally, a theoretical model of the host in response to hypoxia and bacterial infection was drawn through mechanisms that had been or had not been determined (Figure 6).




Figure 5 | Common differential metabolites and proteins. The peak area was used for relative quantification. (A) Venn diagram of differential metabolites of the three compared groups (NC versus NI, NC versus HC, NC versus HI) in positive ion scanning mode; Venn diagram of differential metabolites of the three compared groups in negative ion scanning mode; Venn diagram of differential proteins of the three compared groups. (B) Three of the common differential metabolites. DHT: 5α-dihydrotestosterone. (C) The common differential proteins. TRAP1, TGF-β receptor-associated protein 1; LRG, leucine-rich alpha-2-glycoprotein; UCH19, ubiquitin C-terminal hydrolase 19; PACS1, phosphofurin acidic cluster sorting protein 1; Tox4, TOX high mobility group box family member 4; PSMD10, 26S protein non-ATPase regulatory subunit 10; AU, arbitrary unit. Error bars on graphs indicate mean ± SD.






Figure 6 | Critical signaling pathways in response to hypoxia and/or V. parahaemolyticus infection. This represents the cellular process of liver cells under three treatments (hypoxia, infection, and infection under hypoxia). The yellow ellipses indicate differential metabolites or proteins. The increased metabolites or proteins are shown in red font, while the decreased metabolites or proteins are shown in green font. ENG, endoglin.






Discussion


Enriched KEGG Pathways and GO Terms

According to the results of KEGG pathways and GO terms, B vitamins were found to play an important role in the effects of hypoxia and infection. VB1-derived molecules are important cofactors for numerous enzymes involved in energy production via the tricarboxylic acid (TCA) cycle (19). VB2 may promote the proliferation of neutrophils and monocytes and activate macrophages to enhance host resistance to infection (20). Sirtuin 1, an inhibitor of non-redox enzymes that helps cells survive under various stress conditions, converts nicotinamide adenine dinucleotide (NAD) to nicotinamide/VB3 (21). VB5 is necessary for coenzyme A (CoA) synthesis, and CoA is a key cofactor in TCA cycle and fatty acid metabolism (19). VB6 can be used as an inhibitor of cell proliferation (22), and VB7 deficiency is associated with increased inflammation (23), while VB9 deficiency has been shown to inhibit the proliferation of primary human CD8+ T lymphocytes (24). Taken together, B vitamins are the key factors that regulate immunity under hypoxia and bacterial infection. In addition, amino acid homeostasis was destroyed. A variety of amino acid metabolism was regulated, and lysine was significantly increased under hypoxia and infection (Figure 5B), however, little is known about its specific role.

Pattern recognition receptor NLRs signaling pathway was regulated under hypoxia, indicating that hypoxia may affect the host innate immunity against pathogens. Under infection, the metabolisms of serotonin and bile acid were modulated, and this might have regulated virulence of V. parahaemolyticus (25, 26). Sphingolipid, an important component of biofilm structure, plays an important role in cell signaling, and V. parahaemolyticus has been demonstrated to destroy the integrity of the host cell membrane (27). The other cellular processes enriched by KEGG pathways and GO terms may partly be attributed to the effectors secreted by V. parahaemolyticus because the identified effectors of the type III secretion system (T3SS) have been proven to control the cellular processes of the host (28). Under hypoxia and infection, mucin-type O-glycans was regulated, which was considered to have critical roles in defending mucus barrier integrity, and therefore regulated host–microbe interactions at mucosal sites (29). Taken together, these results represented the effects of hypoxia and infection on the host.



LRG Regulates TGF-β1 Signaling Pathway

We assigned TGF-β receptor-associated protein 1 (TRAP1), LRG, ubiquitin C-terminal hydrolase 19 (UCH19) and phosphofurin acidic cluster sorting protein 1 (PACS1) to TGF-β signal transduction, which is essential to maintain the homeostasis and normal immune function of the liver, pancreas and gastrointestinal system (30). The compound formed by TGF-β receptor I (TβR I, also known as activin receptor-like kinase, ALK) and TGF-β receptor II (TβR II) recognizes TGF-β and then phosphorylates the C-termini of the transcription factors Smad2 and Smad3. The common mediator Smad4 binds to phosphorylated Smad2 and Smad3 and translocated into the nucleus to regulate target gene expression (31). In the above processes, TRAP1, as a molecular chaperone of Smad4, assists it in moving to the compound and binding to Smad2 (32).

LRG1 is a highly conserved member of the leucine-rich repeat family of proteins and promotes the transition of TGF-β1 signaling from Smad2/3 to Smad1/5/8 signaling transduction, which leads to cell proliferation and pathogenic angiogenesis (33). Interestingly, LRG was significantly increased in the liver and significantly decreased in the heart in COVID-19 autopsies (3). Some recent studies indicated that LRG involved in regulations of EGF and HIF-1α signaling pathways (34, 35), and modulated kidney fibrosis (36). Therefore, we propose that LRG is widely involved in the transition of the TGF-β1/Smad signaling pathway in response to hypoxia and pathogenic infection in vertebrates as a conserved molecule.

Eukaryotes utilize the ubiquitin proteasome system (UPS) to degrade proteins, and TGF-β/Smad signal transduction is blocked by inhibitory Smad7, which recruits the ubiquitin ligase Smurf2 to form a complex that degrades the TβR compound through the UPS (37). However, ubiquitination is reversed by the deubiquitinating enzyme UCH37, which competitively binds Smad7 (38). In addition, UCH37 stabilizes Smad2/3 and promotes TGF-β1 signal transduction (39). Similarly, we propose that the reduction of UCH19 may promote the transition of TGF-β from Smad2/3 to Smad1/5/8 signaling transduction. A pathway is found to prevent the excessive activation of TGF-β signal transduction in the model. Furin, a member of the proprotein convertase family, is located in the trans-Golgi network (TGN), which catalyzes the maturation of TGF-β1 (40, 41). PACS1 is involved in controlling the correct subcellular localization of furin (42). Therefore, the reduction in PACS1 may inhibit the release of mature TGF-β1 by affecting the correct localization of furin to the TGN.

Fibrosis in the portal area of the liver may be related to the signal transduction of TGF-β1 (Figure 1C). It is believed that inflammatory monocytes, tissue-resident macrophages, activation of TGF-β1, cytokines and recognition of the microbiome by pattern recognition receptors all contribute to fibrosis (43). Repairs after injuries are related to the accumulation of collagen and fibronectin in the extracellular matrix. When the injuries are excessive, the accumulation of these components leads to excessive fibrosis (43). The accumulation is closely related to TGF-β1 (44). The activation of TGF-β1 mediated by integrin in the extracellular matrix results in activation of classical Smad signaling and Smad-independent signaling pathways, and they contribute to the expression of profibrotic genes and other transduction of signaling related to fibrosis (45).



EGF Signaling Pathway

Considering the correlation between protein kinase B (Akt) and Smad3, we assigned 5α-dihydrotestosterone (DHT) to the EGF signaling pathway, which plays an essential role in impairing apoptosis dominated by TGF-β1/Smad3 (46). The proapoptotic activity of the transcription factor Smad3 in hepatocytes requires nuclear translocation governed by C-terminal phosphorylation, and the activation of p38 mitogen-activated protein kinase is also required. In the nucleus, Smad3 enhances apoptosis by binding the promoter of Bcl-2 (an important inhibitor of apoptosis) to inhibit its transcription (47). However, Akt interacts directly with unphosphorylated Smad3 in the cytoplasm. At the same time, Akt phosphorylates and therefore inhibits the activities of some upstream kinases of p38 signaling (48–50). We propose that Akt may hinder the phosphorylation and nuclear translocation of Smad3.

Caveolin-1 (a structural protein of caveolae) and TGF-β1 mediate the correct localization and activation of metalloprotease TACE/ADAM17, which is necessary for the activation of EGF signaling (51, 52). After translocating to the nucleus, the complex formed by DHT and androgen receptors (ARs) may directly bind to the androgen response element (ARE) in the promoter region of the EGF gene, which simultaneously increases the expression of the EGFR gene (53–55). Interestingly, translocated Smad3 binds to the Smad-binding element (SBE) of the EGFR promoter and is rarely responsible for transcriptional activation (56). However, the DHT/AR complex inhibits TGF-β1/Smad3 transcriptional responses by repressing the binding of Smad3 to SBE (57). In conclusion, DHT may prevent the phosphorylation and nuclear translocation of Smad3, therefore inhibiting the apoptotic effect of TGF-β1/Smad3 signaling by activating EGF/phosphatidylinositol-3-kinase (PI3K)/Akt, this seems to be synergistic with LRG.



Bidirectional Regulation of HIF-1α Signaling Pathway

In this model, TGF-β1 and EGF signaling indicate a response of bidirectional regulation to HIF-1α. Under normoxic conditions, the prolyl hydroxylase PHD2 hydroxylates two proline residues of HIF-1α, and HIF-1α is degraded through the UPS (58, 59). However, hypoxia hinders this process, causing HIF-1α to translocate to the nucleus and form a dimer by interacting with HIF-1β. Then, the dimer binds to the hypoxia response element (HRE) to regulate gene transcription (60). TGF-β1 inhibits the gene transcription of PHD2 by activating Smad2/3 (61); therefore, the transition of TGF-β1 signaling from Smad2/3 to Smad1/5/8 signaling transduction may relieve this inhibition and ultimately promote the degradation of HIF-1α. In contrast, DHT induces PI3K/Akt activation through EGF signaling and promotes HIF-1α gene transcription and protein synthesis (53). In the proteomic results, HIF-1α is not a significantly differential protein, and this supports the bidirectional regulation.



Cell Proliferation, V. parahaemolyticus and Cancers

At present, cell proliferation seems to be a significant event under hypoxia and infection. Interestingly, the last two common differential proteins, TOX high mobility group box family member 4 (Tox4) and 26S protein non-ATPase regulatory subunit 10 (PSMD10, also known as gankyrin), reflect an association with Rb and p53. Rb and p53 are two key tumor suppressors that inhibit abnormal cell proliferation, and PSMD10 is their negative regulator (62, 63). Therefore, PSMD10 is overexpressed in numerous types of cancers, including hepatocellular carcinoma, breast cancer and pancreatic cancer (62, 64, 65). PSMD10 has been demonstrated to promote the proliferation, invasion, metastasis and angiogenesis of cancer cells through PI3K/Akt/HIF-1α signaling, which may depend on promoting the degradation of HIF-1α (66, 67). Phosphatase nuclear targeting subunit (PNUTS) is one of the target genes of HIF-1α, and it regulates the phosphorylation of Rb and p53 by binding to protein phosphatase-1 (PP1). Under hypoxia, the separation of PNUTS and PP1 leads to the dephosphorylation and activation of Rb, and the activity of p53 is enhanced (68, 69). Some evidence proposes that Tox4 is capable of binding to PNUTS and PP1 to form complexes; however, it is unclear how Tox4 is involved in regulating the activities of Rb and p53 (70, 71). Another report provides direct evidence that Tox4 inhibits cell proliferation (72). Accordingly, Tox4 may be a positive regulator of Rb and p53. In this model, the decrease in Tox4 and the increase in PSMD10 synergistically promoted cell proliferation. Gluconic acid is associated with cancers. Glucose oxidase reacts with intracellular glucose and O2 to produce hydrogen peroxide and gluconic acid (73); therefore, the decrease in gluconic acid means that glucose may be principally utilized for cell proliferation (Figure 5B).

Eleven biological agents are clearly designated carcinogens by the International Agency for Research on Cancer. Epstein Barr virus (EBV), Kaposi’s sarcoma herpes virus (KSHV) and Opisthorchis viverrini control cell proliferation as one of the carcinogenic mechanisms (74). The reason why V. parahaemolyticus stimulates the proliferation of host cells partially overlaps with EBV (75). A previous report principally attributed this activity to the effector VgpA of the T3SS of V. parahaemolyticus. VgpA translocates into host cells and binds to EBV nuclear antigen 1-binding protein 2 (EBP2) in the nucleus (76). c-Myc, the key transcription factors controlling cell growth, metabolism and angiogenesis, form a positive feedback loop to promote cancer cell proliferation with EBP2 (77). We provide evidence to support the purpose of focusing on the role of microbiota in changing the balance between host cell proliferation and death in cancer progression (78), especially those bacteria that deploy additional virulence factors such as V. parahaemolyticus.




Conclusion

The main finding of this study is that both of hypoxia and bacterial infection will lead to differences in some metabolites and proteins involved in TGF-β1, EGF and HIF-1α pathways, which may be related to pathological hypoxia caused by inflammation and represent conserved vertebrate signaling pathways. The specific effects of the pathways should be widely studied. In particular, it is necessary to study whether cell proliferation aggravates the metabolic burden. This study provides a basis for understanding how hypoxia destroys the immunity of animals and promotes disease progression.



Materials and Methods


Animals and Treatments of Stressors

Five hundred T. obscurus (length: from 7.5 to 8.0 cm, 10 months old) were purchased from Guangzhou Jinyang Aquaculture Company Limited, China. All fish were allowed to adapt laboratory conditions for 2 weeks. Then 400 T. obscurus were randomly divided into the NC (100 fish, normal dissolved oxygen concentrations without infection), NI (100 fish, normal dissolved oxygen concentrations with infection), HC (100 fish, hypoxic condition without infection) and HI (100 fish, hypoxic condition with infection) groups. Each group was treated in two repeated water tanks, and each 100 liters of water contained 50 fish. Before formal experiment, the remaining fish were used to determine the survival curve in preliminary experiment to determine the bacterial dose of the formal experiment.

Dissolved oxygen concentrations were controlled by adding nitrogen or O2 to the tanks. The dissolved oxygen concentrations of the normoxic and hypoxic groups were 7.60 ± 0.20 mg/L and 2.50 ± 0.20 mg/L, respectively (25.0 ± 0.5°C). V. parahaemolyticus was grown in Luria-Bertani medium, supplemented with NaCl to a final concentration of 3% (w/v), at 37°C. After reaching the logarithmic growth phase, V. parahaemolyticus was centrifuged at 5000 x g for 5 min and prepared the suspension with phosphate-buffered saline (PBS, Sangon Biotech, cat. no. E607008, China). After 12 h of hypoxic treatment, each fish in the infection group was injected with 5 * 107 cfu V. parahaemolyticus RIMD 2210633 as described before (the survival curve was measured in the independent preliminary experiment, and 10 T. obscurus in each infection group were injected with 5 * 107 or 5 * 109 cfu V. parahaemolyticus according to the same steps) (79, 80), and PBS was used as the control.



Sample Collection

After infection in the formal experiment, the oxygen concentration was maintained for 12 h. Then, six fish were taken from each group and anesthetized with 200 mg/L tricaine methanesulfonate (BIDE, cat. no. BD234866, China). For metabolomic and proteomic analyses, the entire liver of each fish (2.60 ± 0.32 g) was rapidly cut into small pieces of about 0.5 cm3 and transferred to a 15 ml centrifuge tube, then was stored in liquid nitrogen until omics analysis. For pathological observation, another 4 fish from each group were taken and anesthetized, the liver of each fish was rapidly cut into small pieces of about 0.5 cm3 and fixed in 4% paraformaldehyde overnight at 4°C before dehydration.



Pathological Observation

The livers from four fish in each group were treated with Advanced Smart Processor Vacuum Tissue Processor ASP300 S (Leica, Germany) before paraffin embedding. The clearing reagent was turpentine oil. The tissue was then embedded in paraffin and sliced to a thickness of 5 μm using the microtome RM2235 (Leica, Germany). After rehydration, the sections were stained with hematoxylin and eosin (81). And then the sections were mounted and visualized with versatile stereo microscope SMZ 800N (Nikon, Japan).



Metabolomic Analysis Based on Liquid Chromatography Coupled to Mass Spectrometry (LC–MS)

Considering the heterogeneity of liver tissue, the entire liver was pulverized in a mortar containing liquid nitrogen using a cryogenically cooled pestle for preparing homogenate (liver powder), and 100 mg of homogenate was resuspended in 500 μL of prechilled aqueous solution (80% methanol, 0.1% formic acid, Thermo Fisher Chemical, USA) by vortexing (82). After incubation on ice for 5 min, the mixture was centrifuged at 15,000 x g and 4°C for 20 min. Some of the supernatant was diluted to a final concentration containing 53% methanol by adding LC–MS grade water (Merck, cat. no. 1153331000). The samples were then transferred to a fresh centrifuge tube and centrifuged at 15,000 x g and 4°C for 20 min. The untargeted LC–MS system included a Vanquish UHPLC system (Thermo Fisher Scientific, USA) and an Orbitrap Q Exactive™ HF-X mass spectrometer (Thermo Fisher Scientific). Samples were injected into a C18 column (Hypesil Gold, 100 * 2.1 mm, 1.9 μm) using a 17-min linear gradient at a flow rate of 0.2 mL/min. Eluent A (0.1% formic acid in water) and eluent B (methanol) were used for positive polarity mode, while eluent A (5 mM ammonium acetate/Thermo Fisher Chemical, pH 9.0) and eluent B (methanol) were used for negative polarity mode. A gradient run was set up as 0-1.5 min at 2% B, 1.5-12.0 min from 2% to 100% B, 12.0-14.0 min at 100% B, 14.0-14.1 min from 100% to 2% B, 14.1-17 min at 2% B. The mass spectrometer was operated with a spray voltage of 3.2 kV, a capillary temperature of 320°C, a sheath gas flow rate of 40 arb and an aux gas flow rate of 10 arb (82).



Proteomic Analysis Based on Data-Independent Acquisition (DIA) Mode

The homogenate was lysed with PASP lysis buffer (100 mM NH4HCO3/Merck, cat. no. 5330050050, 8 M urea, pH 8) and ultrasonicated on ice for 5 min. After centrifugation, the supernatant was reduced with 10 mM dithiothreitol (Merck, cat. no. D9163) for 1 h at 56°C. The product was alkylated with moderate iodoacetamide (Merck, cat. no. I6125) for 1 h and then mixed with a fourfold volume of precooled acetone (Beijing Chemical Works, cat. no. 11241203810051, China) at -20°C for 2 h. After centrifugation, the precipitate was obtained and washed with 1 mL of precooled acetone. The final precipitate was collected and dissolved in dissolution buffer (8 M urea, 100 mM TEAB/Merck-cat. no. T7408, pH 8.5). For trypsin treatment, each protein sample was mixed with DB lysis buffer (8 M urea, 100 mM TEAB/Merck, cat. no. T7408, pH 8.5), and the volume was made up to 100 μL, while trypsin (Promega, cat. no. V5280) and 100 mM TEAB buffer were added for digestion (37°C, 4 h). Then, trypsin and CaCl2 were added for digestion overnight. Samples were acidified by formic acid and desalted in a C18 column. Peptides were resuspended in loading buffer containing 70% acetonitrile (Thermo Fisher Chemical, cat. no. W6-4) and 0.1% acetic acid. Finally, the eluents of each sample were collected and lyophilized.

Mobile phases A (2% acetonitrile, pH 10.0) and B (98% acetonitrile, pH 10.0) were used to develop a gradient elution. The lyophilized powder was dissolved in solution A and centrifuged at 12,000 x g for 10 min at room temperature. The sample was fractionated using a C18 column (Waters BEH C18, 4.6 * 250 mm, 5 μm) on an L3000 HPLC system (RIGOL, China), and the column oven was set as 45°C. The eluates were monitored at UV 214 nm, collected in one tube per minute and finally combined into four fractions. All fractions were dried under vacuum and then reconstituted in 0.1% (v/v) formic acid in water.

For gradient elution, mobile phases A (0.1% formic acid in H2O) and B (0.1% formic acid in 80% acetonitrile) were used. A half mixture containing 4 μg of fraction supernatant and 0.8 μL of iRT reagent (Biognosys, Switzerland) was injected into the EASY-nLC 1200 UHPLC system (Thermo Fisher Scientific), and peptides were separated using a 100-min linear gradient at a flow rate of 600 nL/min. MS data were acquired on a Q Exactive™ HF-X mass spectrometer (Thermo Fisher Scientific) operating with a spray voltage of 2.1 kV (Nanospray Flex™ electron spray ionization) and a capillary temperature of 320°C. For data-dependent acquisition (DDA) mode, the m/z range covered 350 to 1500 with a resolution of 120,000 (at m/z 200). The automatic gain control target value was 3 * 106, and the maximum ion injection time was 80 ms. The top 40 precursors of the highest abundance in the full scan were selected and fragmented by higher energy collisional dissociation and analyzed by MS/MS, where the resolution was 15,000 (at m/z 200). The automatic gain control target value was 5 * 104. The maximum ion injection time was 45 ms with a normalized collision energy of 27%, an intensity threshold of 1.1 * 104, and a dynamic exclusion parameter of 20 s. The raw MS detection data were used to construct a DDA spectrum library. For DIA mode, the m/z range covered from 350 to 1500. MS1 resolution was set to 60,000 (at 200 m/z). The full scan AGC target value was 5 * 105, and the maximum ion injection time was 20 ms. Peptides were fragmented by high-energy collision dissociation in MS2, in which the resolution was set to 30,000 (at 200 m/z). The AGC target value was 1 * 106, with a normalized collision energy of 27%.



Data Processing and Analysis

The raw metabolite data were processed using Compound Discoverer 3.1 (Thermo Fisher Scientific) to perform peak alignment, peak picking, and quantitation. The peaks were matched with the mzCloud (https://www.mzcloud.org/), mzVault and MassList databases. The metabolites were annotated using the KEGG PATHWAY Database (https://www.genome.jp/kegg/pathway.htmL), the Human Metabolome Database (https://hmdb.ca/metabolites) and the LIPID MAPS® Database (http://www.lipidmaps.org/). PCA and PLS-DA were performed at metaX (83). The screening criteria for differential metabolites were VIP > 1.0, fold change (FC) > 1.2 or FC < 0.833 and P value < 0.05 (Student’s t test). The raw data from the DDA mode were analyzed using Proteome Discoverer 2.2 (Thermo Fisher Scientific) on the basis of the genome of T. rubripes (https://www.ncbi.nlm.nih.gov/genome/63) to construct the DDA spectrum library, and the raw data from the DIA mode were imported to the DDA spectrum library to obtain chromatographic peaks. The protein quantitation results obtained from the calculation of peak area were statistically analyzed by Student’s t test. The screening criteria for differential proteins were FC > 1.2 or FC < 0.833 and P value < 0.05 (Student’s t test). GO analysis was conducted using InterProScan (European Bioinformatics Institute). KEGG pathway analysis was performed as described above. The specific information on all differential metabolites and proteins can be found in supplementary materials (Tables S4–12). Visualizations of Venn diagrams were performed using the OmicShare tools (https://www.omicshare.com/tools). The P values of KEGG and GO were obtained by hypergeometric testing, and the formula is as follows:

	

N: The number of proteins with GO annotation information in all proteins. n: the number of differential proteins in N. M: the number of proteins annotated to a GO entry in all proteins. x: The number of differential proteins annotated to a GO entry. The hypergeometric test for KEGG followed the same principle.
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The intestine is not only an important digestive organ but also an important immune organ for shrimp; it plays a key role in maintaining homeostasis. Decapod iridescent virus 1 (DIV1) is a new type of shrimp-lethal virus that has received extensive attention in recent years. To date, most studies of the shrimp intestinal immune response under viral infections have relied on single omics analyses; there is a lack of systematic multi-omics research. In the current study, intestinal mRNA-seq and microRNA (miRNA)-seq analyses of Marsupenaeus japonicus under DIV1 infection were performed. A total of 1,976 differentially expressed genes (DEGs) and 32 differentially expressed miRNAs (DEMs) were identified. Among them, 21 DEMs were negatively correlated with 194 DEGs from a total of 223 correlations. Functional annotation analysis revealed that M. japonicus can regulate glycosaminoglycan biosynthesis (chondroitin sulfate, dermatan sulfate, and keratan sulfate), vitamin metabolism (retinol metabolism and ascorbate and aldarate metabolism), immune pathway activation (Toll and IMD signaling pathways, Wnt signaling pathway, IL-17 signaling pathway, and Hippo signaling pathway), immunity enzyme activity promotion (triose-phosphate isomerase), antimicrobial peptide (AMP) expression, reactive oxygen species (ROS) production, and cell apoptosis through miRNAs to participate in the host’s antiviral immune response, while DIV1 can influence Warburg effect-related pathways (pyruvate metabolism, glycolysis/gluconeogenesis, and citrate cycle), glycosphingolipid biosynthesis-related pathways (glycosphingolipid biosynthesis—globo and isoglobo series and glycosphingolipid biosynthesis—lacto and neolacto series), and the tight junction and adhesion junction of the intestinal mucosal epithelium through the host’s miRNAs and mRNA to promote its own invasion and replication. These results indicate that intestinal miRNAs play important roles in the shrimp immune response against DIV1 infection. This study provides a basis for further study of the shrimp intestinal antiviral immune response and for the formulation of effective new strategies for the prevention and treatment of DIV1 infection.
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1 Introduction

According to the Food and Agriculture Organization (FAO) of the United Nations, the total world production of farmed shrimp exceeded 5,700 thousand tonnes in 2018 (1). The shrimp farming industry has become an important pillar industry within the aquaculture industry. However, as the production and density of shrimp aquaculture continue to expand, various diseases, especially viral diseases, occur more frequently. At present, there are more than 20 kinds of shrimp viral pathogens that have been discovered globally, including the common white spot syndrome virus (WSSV) (2), infectious hypodermal and hematopoietic necrosis virus (IHHNV) (3), yellow head virus (YHV) (4), and Taura syndrome virus (TSV) (5). Moreover, new shrimp viruses continue to be discovered. The diseases caused by these newly discovered viruses not only spread rapidly around the world but also cause serious economic losses to coastal farmers.

The intestine represents the largest compartment of the immune system. It is continually exposed to antigens and immunomodulatory agents from the diet and the commensal microbiota, and it is the port of entry for many clinically important pathogens. Intestinal immune processes are also increasingly implicated in controlling disease development elsewhere in the body.

Decapod iridescent virus 1 (DIV1) is a newly discovered enveloped icosahedral virus that was first described as Cherax quadricarinatus iridovirus (CQIV CN01) infectious to C. quadricarinatus (6) or shrimp hemocyte iridescent virus (SHIV 20141215) infectious to Litopenaeus vannamei (7). Because the genomic similarity between these two original isolations was 99%, the Executive Committee of the International Committee on Taxonomy of Viruses (ICTV) denoted CQIV CN01 and SHIV 20141215 as two virus isolates of DIV1 (8, 9). At present, research on DIV1 is still in the preliminary stage. Through detection methods such as nest PCR, TaqMan probe-based real-time PCR, and qLAMP, researchers have found that DIV1 has a wide range of hosts, including several economically cultured species such as L. vannamei, Fenneropenaeus merguiensis, C. quadricarinatus, Exopalaemon carinicauda, Macrobrachium rosenbergii, Penaeus monodon, and Marsupenaeus japonicus (6, 10–15). In addition, DIV1 also has a very high fatality rate, which brings huge economic losses to shrimp farmers (16, 17). A recent study reported that DIV1 was detected in wild P. monodon captured from the north-eastern Indian Ocean (18), indicating that this virus has spread outside of China. This means that DIV1 may have spread worldwide through wild shrimp, bringing new threats to the sustainable development of the global shrimp farming industry.

As an arthropod species, shrimp lack adaptive immunity and avoid diseases by relying exclusively on the innate immune system, which is the first line of defense against pathogenic infections that triggers diverse humoral and cellular activities via signal transduction pathways (19). Therefore, improvement of self-immunity is the fundamental measure of disease control in shrimp, and the investigation of immune defense mechanisms for disease control is of great significance (20, 21). In order to identify approaches to control DIV1, researchers have studied the immune responses of different species of shrimp infected with DIV1 through transcriptome analyses. The results showed that shrimp can resist DIV1 infection by regulating the expression of triose-phosphate isomerase (TPI), caspases, C-type lectins, heat shock protein 70 (HSP70), crustins, and other immune genes (11–14, 22). These studies focused on the immune response to DIV1 in shrimp hemocytes and the hepatopancreas. However, there are no published reports on the immune response in the intestine. The intestine, an important digestive and immune organ in shrimp, can resist foreign pathogens through mechanical, immune, and biological barriers (23–25). Many studies have demonstrated that the addition of dietary supplements such as probiotics, poly-β-hydroxybutyrate, and peptides can effectively improve the activity of shrimp intestinal immune enzymes and the expression of immune genes, thereby enhancing the host’s antiviral and anti-stress activities (26–29). Kuruma shrimp M. japonicus is one of the most important farmed species in the shrimp farming industry. Our previous study demonstrated that M. japonicus is a susceptible host to DIV1 and showed that shrimp hemocytes play an important role in resisting DIV1 infection (12) . In addition, one of the distinct clinical signs of shrimp after DIV1 infection was empty guts (15). Thus, an in-depth understanding of the intestinal immune response of shrimp during DIV1 infection will help with the development of new strategies for the effective control of shrimp viral diseases.

MicroRNAs (miRNAs) are a class of small noncoding RNAs composed of about 22 nucleotides (nt). This class of RNA is widely present in organisms and participates in a variety of biological processes such as growth and development, metabolism, apoptosis, signal transduction, and immune defense by inhibiting mRNA translation or degrading mRNA (30, 31). With the widespread application of high-throughput sequencing and the improvement in shrimp transcriptome data, more and more shrimp miRNAs have been identified and have been found to have antiviral effects. On the one hand, miRNAs can improve the antiviral ability of shrimp by participating in phagocytosis, apoptosis, the prophenoloxidase cascade, and antimicrobial peptide (AMP) production (32, 33). On the other hand, miRNA can exert antiviral effects by inhibiting the expression of early viral genes or triggering the degradation of viral genes (34, 35). Although several studies of miRNA have been performed in shrimp, the role of miRNAs in the intestinal antiviral immune response of shrimp is still unclear.

In this study, RNA sequencing was first used to separately study the expression profiles of miRNA and mRNA in the intestine of M. japonicus during DIV1 infection. Then, an integrated analysis of mRNA-seq and miRNA-seq was performed. The results contribute to an understanding of the molecular mechanism of shrimp intestinal antiviral infection and viral immune evasion and provide a theoretical basis for virus control technology.



2 Materials and Methods


2.1 Shrimp Culture and Decapod Iridescent Virus 1 Challenge

Healthy M. japonicus (body weight 10.5 ± 1.6 g) were initially acclimatized for 1 week in 0.3-m3 tanks with aerated and filtered seawater at the East Island Marine Biological Research Base, Guangdong Ocean University in Zhanjiang, Guangdong, China. The shrimp were randomly sampled and tested by PCR to ensure that they were free from WSSV, IHHNV, and DIV1. The holding seawater conditions were as follows: salinity at ~30‰, pH at ~7.5, and temperature at ~28°C. The shrimp were fed three times daily at a rate of 5% of body weight, and nearly 90% of the seawater was changed once per day. After 7 days, the shrimp were randomly divided into the DIV1-infected group and negative control group, with each group containing 30 M. japonicus.

In the DIV1 challenge experiment, each M. japonicus from the DIV1-infected group was intramuscularly injected with 50 μl of DIV1 inoculum (3.95 × 109 copies/μg DNA, identified by qPCR), while each M. japonicus from the negative control group was intramuscularly injected with 50 μl of phosphate-buffered saline (PBS; pH 7.4). The methods for virus extraction and quantification have been described in detail previously (He et al., 2021). Twenty-four hours post-injection (hpi), the intestines of three individuals in the same group were collected and combined as one sample under aseptic conditions. The samples were immediately frozen in liquid nitrogen and then stored at −80°C until RNA extraction. The study protocol was approved by the ethics review board of the Institutional Animal Care and Use Committee of Guangdong Ocean University.



2.2 RNA Extraction

Three samples from the DIV1-infected group and three samples from the negative control group were randomly selected. The intestines of these shrimp were ground into a powder with liquid nitrogen before total RNA extraction. Total RNA was extracted separately from the intestines using TRIzol (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol. The concentration of total RNA was determined using a NanoDrop (Thermo Fisher Scientific, MA, USA), and the integrity was examined by electrophoresis on 2% agarose gel.



2.3 mRNA Sequencing and Data Analysis

For the construction of the six cDNA libraries, total RNA was extracted from each sample using a TranZol Up Plus RNA Kit (Transgen, Beijing, China), according to the manufacturer’s protocol, and the RNA concentration was determined with an Agilent 2100 bioanalyzer. Oligo (dt)-attached magnetic beads were used to purify the mRNA. Purified RNA was fragmented into small pieces with fragment buffer at an appropriate temperature. With the use mRNA as a template, the first-strand cDNA was generated in First Strand Master Mix by PCR, and the second-strand cDNA was also generated. After purification and elution with EB buffer, cDNA end-repair and adenylation at the 3′ end were performed, and then poly(A) was added, and the sequencing adaptor was connected. The libraries were validated on an Agilent 2100 bioanalyzer for quality control. Finally, mRNA sequencing was performed by BGI (Shenzhen, China) using Illumina Genome Analyzer technology.

The raw reads were filtered to remove adaptor and low-quality sequences using SOAPnuke software (v1.4.0) (36). Then, the clean reads were assembled using Trinity software (v2.0.6) for de novo transcriptome assembly without a reference genome (37). Based on the sequence similarity and length, TGICL (v2.1) was used to remove redundant sequences and generate unigenes (38). The completeness of the assembly was assessed using BUSCO (v3.0.2) with the BUSCO arthropod dataset (39). Transcript abundance was estimated using RSEM (v1.2.8) (40). The assembled unigenes were annotated with six functional databases, including Kyoto Encyclopedia of Genes and Genomes (KEGG; https://www.genome.jp/kegg), Gene Ontology (GO; https://geneontology.org), Clusters of Orthologous Groups for Eukaryotic Complete Genomes (KOG; https://www.ncbi.nlm.nih.gov/COG/), Non-Redundant Protein Sequence Database (Nr; https://ftp.ncbi.nlm.nih.gov/blast/db), Protein Families Database (Pfam; http://pfam.xfam.org), and the Swiss-Prot Protein Sequence Database (SwissProt; http://www.uniprot.org/). Differentially expressed genes (DEGs) in the two groups were detected using the DESeq2 package (1.30.0) (41, 42). The p-value was adjusted using the Q-value (43), and genes with a Q-value < 0.05 and |log2(fold change)| > 1 by DESeq2 were considered to be DEGs. All DEGs were further analyzed using the GO and KEGG databases to identify significantly enriched GO terms and KEGG pathways.



2.4 Small RNA Sequencing and Data Analysis

Each of the six small RNA libraries was prepared with 1 μg of total RNA per sample. Total RNA was purified by electrophoretic separation on 15% urea-denaturing polyacrylamide gel electrophoresis (PAGE) gel, and small RNAs between 18 and 30 nt were excised and recovered. Next, the small RNAs were ligated to adenylated 3′ adapters and annealed to unique molecular identifiers (UMIs). Then, ligation of 5′ adapters was performed. The adapter-ligated small RNAs were subsequently transcribed into cDNA by SuperScript II Reverse Transcriptase (Invitrogen, USA) and amplified by PCR. The target PCR products were purified through 4% agarose gels and were prepared for Illumina sequencing. The libraries were also validated on an Agilent 2100 bioanalyzer for quality control. The qualified libraries were sequenced by BGI (Shenzhen, China) with Illumina Genome Analyzer technology.

After high-throughput small RNA sequencing was completed, the clean tags were obtained from the raw tags by filtering out low-quality tags, invalid adapter tags, poly(A) tags, short valid tags, and long valid tags. After filtering, the clean tags were mapped to the L. vannamei genome (NCBI Assembly GCA_003789085.1) in GenBank and other small RNA databases including miRbase (22.1, http://www.mirbase.org), siRNA, piRNA, and snoRNA with Bowtie2 (2.2.9) (44). Further, cmsearch (1.1.2) (45) was used for Rfam mapping (http://rfam.xfam.org) (46). The novel miRNA candidates were predicted using miRDeep2 (2.0.0.8, https://github.com/rajewsky-lab/mirdeep2) (47) based on the hairpin-like secondary structure pattern. In order to understand the changes in the expression levels of intestinal miRNAs in M. japonicus before and after infection with DIV1, the expression levels of known miRNAs and novel miRNAs were calculated by counting the absolute numbers of molecules using UMI (48). Then, a Q-value < 0.05 and |log2(fold change)| > 0.1 were set as the threshold for identification of differentially expressed miRNAs (DEMs).

The target genes of DEMs were predicted with RNAhybrid (49) and miRanda (50). Overlapping target genes were selected for further analysis. To identify the potential biological functions of the target genes and the main pathways targeted by the gene candidates, enrichment analysis of these predicted target genes was performed for the GO term and KEGG pathways.



2.5 Quantitative Real-Time PCR Validation of Differentially Expressed Genes and Differentially Expressed MiRNAs

To validate the gene expression profiles from the Illumina sequencing results, 15 mRNAs and 11 miRNAs were randomly selected to perform qRT-PCR. The primers for qRT-PCR were designed by Primer 5.0 software and are listed in Table 1. The housekeeping gene for the qRT-PCR analysis of DEGs was Elongation factor-1 gene alpha (EF-1α, LOC122259198) of M. japonicus and U6 for DEMs. qRT-PCR was performed using the methods described in detail previously (51, 52). For DEG validation, high-quality RNA was reverse-transcribed using 5× All-in-One RT Master Mix (Applied Biological Materials, Vancouver, Canada), according to the manufacturer’s protocol. Then, qRT-PCR was performed using a TB Green® Premix Ex Taq™ Kit (TaKaRa, Japan); EF-1α of M. japonicus was used as the internal reference gene. qRT-PCR was performed with 20 μl of reaction mixture containing 10 μl of TB Green® Premix Ex Taq™, 1 μl of each primer (10 μM), 1 μl of diluted cDNA template, and 7 μl of ultrapure water. The reaction cycle parameters were as follows: 95°C for 2 min, 40 cycles of 95°C for 5 s, and holding at 60°C for 30 s. The DEM results were validated by poly(A) tailing-based reverse transcription PCR (53) using a miRNA First Strand cDNA Synthesis Kit (Tailing Reaction) (Sangon Biotech, Shanghai, China). Then, qRT-PCR was performed using a miRNA qPCR Kit (SYBR Green Method) (Sangon Biotech, Shanghai, China); U6 was used as an internal control. qRT-PCR was performed with 20 μl of reaction mixture containing 10 μl of 2× miRNA qPCR Master Mix, 0.5 μl of forwarding primer (10 μM), 0.5 μl of Universal PCR Primer R (10 μM), 2 μl of diluted cDNA template, and 7 μl of RNase-free water. The reaction cycle parameters were as follows: 95°C for 30 s, 40 cycles of 95°C for 5 s, and holding at 60°C for 30 s. All reactions were performed in three technical replicates. The relative expression levels were calculated using the 2−ΔΔCt method (54); log2 (fold change) was used to show the differential expression of mRNA or miRNA in the DIV1-infected group and negative control group.


Table 1 | Details of the primer sequence used for qRT-PCR.





2.6 Co-Analysis of Small RNA Sequencing and mRNA Sequencing

In order to further study the interaction between DEMs and DEGs in the intestine of M. japonicus under DIV1 infection, the statistical package R was used to calculate Pearson’s correlation coefficients of DEMs/DEGs based on the expression levels in small RNA sequencing and mRNA sequencing. A Pearson’s correlation coefficient > 0.6 and p < 0.05 were considered to be a strong correlation. Considering the negative regulatory relationship between miRNA and target genes, enrichment analysis of GO terms and KEGG pathways was performed on miRNA–mRNA pairs with a Pearson’s correlation coefficient <−0.6 and p < 0.05.



2.7 Statistical Analysis

The data are expressed as the mean ± SD. Data normality was checked by the Shapiro–Wilk test. One-way ANOVA and multiple comparison Tukey’s tests were used for between-group comparisons. All statistical analyses were performed using SPSS 19.0 (SPSS Inc., Chicago, IL, USA). A probability level of 0.05 was used to indicate statistical significance (p < 0.05).




3 Result


3.1 mRNA Expression Profiling


3.1.1 mRNA Sequencing and De Novo Assembly

In order to identify mRNA expression profiles in the M. japonicus intestine under DIV1 infection, six cDNA libraries representing DIV1-infected and non-infected M. japonicus were constructed with total RNA and were then subjected to Illumina deep sequencing. After quality filtering, a total of 128,936,186 and 128,535,448 clean reads representing a total of 19.34 and 19.28 Gb nucleotides were generated for the negative control and DIV1-infected groups, respectively. The guanine–cytosine (GC) content of clean reads was 43.06% in the negative control group and 42.56% in the DIV1-infected group (Table 2). After the redundant assembled contigs were removed, a total of 54,107 unigenes were retained. The size and length distribution of the negative control group and DIV1-infected group unigenes are shown in Figure 1A. Most of the unigenes (13,726, 25.37%) were 200–300 nt in length, followed by 300–400 nt (6,299, 11.64%); 6,363 unigenes (11.76%) were ≥3000 nt in length.


Table 2 | Summary of mRNA-seq data.






Figure 1 | Length distribution and annotation of transcriptome unigenes. (A) Length distribution of transcriptome unigenes. The x-axis indicates the length of unigenes, and the y-axis indicates the number of unigenes. (B) Annotation of transcriptome unigenes. The Venn diagram shows the annotation of unigenes from the Marsupenaeus japonicus transcriptome in 6 databases, including the KEGG, GO, KOG, Nr, Pfam, and SwissProt databases. KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.



Sequencing reads were deposited into the Sequence Read Archive (SRA) of the National Center for Biotechnology Information (NCBI) and are available with the accession number PRJNA720250 (https://www.ncbi.nlm.nih.gov/sra).



3.1.2 Annotation of the Assembled Sequences

All unigenes were searched against the KEGG, GO, KOG, Nr, Pfam, and SwissProt databases, returning 22,923 (42.37%), 13,198 (24.39%), 20,318 (37.55%), 30,267 (55.94%), 20,072 (37.10%), and 21,910 (40.49%) matches, respectively (Figure 1B). The species distribution of the most significant hits in the Nr database was examined to investigate the sequence conservation of M. japonicus compared with other species (Figure 2A). Over 75% of the total unigenes matched with sequences from five top-hit species—L. vannamei (70.40%), Hyalella azteca (2.38%), M. japonicus (1.16%), Oncorhynchus mykiss (1.05%), and Octopus bimaculoides (0.86%)—all of which are aquatic organisms (Figure 2A). Through GO annotation, 13,198 unigenes were aligned to 41 GO subcategories (level 2) within three overarching categories: biological process (8,048 unigenes, 15 subcategories), cellular component (12,031 unigenes, 13 subcategories), and molecular function (14,622 unigenes, 13 subcategories) (Figure 2B). In the biological process category, most unigenes were involved in “cellular process” and “biological regulation.” In the cellular component category, “membrane part” and “cell” were the most represented. For the molecular function category, “binding” and “catalytic activity” were the dominant groups. The KOG database was then used to further explore orthologs of the assembled unigenes; 20,318 unigenes were successfully annotated with 25 specific protein function definitions or orthologous categories (Figure 2C). Among these protein function categories, the largest three were “General function prediction only” (3,714 unigenes, 18.28%), “Signal transduction mechanisms” (2,276, 11.2%), and “Function unknown” (1,753, 8.63%). To identify the biological processes of the annotated unigenes, 22,923 unigenes were annotated using the KEGG database and assigned to different pathways in six major groups of KEGG pathways, including Cellular Processes, Environmental Information Processing, Genetic Information Processing, Human Diseases, and Metabolism and Organismal Systems. These annotated unigenes were further divided into 43 level 2 subcategories, except for “Global and overview maps,” which contained no pictorial information. The largest subcategory group was “Signal transduction” (3,790 unigenes), followed by “Immune system” (2,596 unigenes), “Cancers: Overview” (2,553 unigenes), and “Infectious diseases: Viral” (2,440 unigenes) (Figure 2D).




Figure 2 | Sequence analysis and functional annotation of assembled unigenes identified from the Marsupenaeus japonicus intestine under DIV1 infection. (A) Species distribution of the BLASTx matches of the transcriptome unigenes. This figure shows the species distribution of unigene BLASTx matches against the Nr protein database and the proportions for each species. (B) GO terms (level 2) and annotation of the integrated transcriptome assembly. The x-axis indicates 3 GO categories with 41 subcategories, and the y-axis indicates the number of unigenes. (C) KOG function classification of unigenes. Each bar represents the number of unigenes classified into each of the 25 KOG functional categories. The x-axis represents the functional categories, and the y-axis represents the frequency. (D) KEGG biological pathway classification histograms for annotated unigenes. Each bar represents the number of unigenes classified into different biological processes. The x-axis shows the number of the matched unigenes, and the y-axis shows the pathways from the KEGG classification. DIV1, decapod iridescent virus 1; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.





3.1.3 Identification and Functional Characterization of Differentially Expressed Genes

To further analyze and characterize the DEGs, a total of 1,976 DEGs were screened, including 1,234 upregulated genes and 742 downregulated genes, with a Q-value < 0.05 and |log2(fold change)| > 1 as the cutoff (Figure 3). To further examine the functions of these genes and their related biological processes, GO term and KEGG pathway enrichment analyses were performed for the DEGs.




Figure 3 | M-versus-A plot (MA plot) between DEGs of the DIV1-infected and negative control Marsupenaeus japonicus intestines. The x-axis indicates the average expression level, and the y-axis indicates the fold change. Red dots represent the significantly upregulated DEGs, while blue dots represent the significantly downregulated DEGs (Q-value < 0.05 and |log2(fold change)| > 1). Gray dots represent the DEGs that were not significantly different. DEGs, differentially expressed genes; DIV1, decapod iridescent virus 1.



In the GO enrichment analysis, 386 upregulated genes and 246 downregulated genes expressed in the DIV1-infected group were divided into three categories with 30 subcategories (level 2): biological progress (10 subcategories), cellular component (10 subcategories), and molecular function (10 subcategories). The top 20 GO terms (level 3) influenced by DIV1 infection are shown in Figure 4A. Most of the corresponding DEGs were enriched in integral components of the membrane (188 upregulated genes and 114 downregulated genes) in the cellular component category. It is worth noting that the GO term “triose-phosphate isomerase activity” (2 upregulated genes), which may be related to DIV1 infection, was also significantly enriched in the GO enrichment analysis (13) .




Figure 4 | GO term and KEGG pathway enrichment analyses of DEGs. (A) GO bubble plot showing a summary of the top 20 enriched GO terms (level 3). Different colors represent different GO categories, including biological process, cellular component, and molecular function. The x-axis indicates up–down normalization, and the y-axis indicates −log10(p-value). (B) The first lap indicates the top 20 KEGG pathways (level 3), and the number of genes corresponds to the outer lap. The second lap indicates the number of genes in the genome background and the Q-values for the enrichment of the DEGs for the specified biological process. The third lap indicates the ratio of the upregulated genes (deep purple) and downregulated genes (light purple). The fourth lap indicates the enrichment factor of each KEGG term. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes.



Moreover, 473 upregulated genes and 318 downregulated genes were annotated into 238 pathways (level 3) in the KEGG pathway enrichment analysis. The top 20 KEGG pathways influenced by DIV1 infection were divided into two major groups, i.e., Metabolism and Organismal System (Figure 4B). Most of the DEGs were enriched in the IL-17 signaling pathway (22 upregulated genes and 20 downregulated genes), followed by Protein digestion and absorption (28 upregulated genes and 12 downregulated genes). Two pathways related to vitamin metabolism were significantly enriched under DIV1 infection, i.e., Retinol metabolism (5 upregulated genes and 9 downregulated genes) and Ascorbate and aldarate metabolism (5 upregulated genes and 4 downregulated genes); moreover, several metabolism pathways considered to be the hallmark pathways of the Warburg effect in vertebrates were significantly enriched, including Pyruvate metabolism (7 upregulated genes and 11 downregulated genes), Glycolysis/Gluconeogenesis (10 upregulated genes and 10 downregulated genes), and Citrate cycle (tricarboxylic acid (TCA) cycle, 4 upregulated genes and 6 downregulated genes). It is worth noting that pathways related to glycosphingolipid biosynthesis and glycosaminoglycan biosynthesis were also significantly enriched, including Glycosphingolipid biosynthesis—globo and isoglobo series (8 upregulated genes and 2 downregulated genes), Glycosphingolipid biosynthesis—lacto and neolacto series (5 upregulated genes and 2 downregulated genes), Glycosaminoglycan biosynthesis—chondroitin sulfate/dermatan sulfate (9 upregulated genes and 1 downregulated gene), and Glycosaminoglycan biosynthesis—keratan sulfate (6 upregulated genes and 1 downregulated gene).




3.2 MiRNA Expression Profiling


3.2.1 MiRNA Sequencing and Annotation of the Clean Tags

In order to identify miRNA expression profiles in the M. japonicus intestine under DIV1 infection, six small RNA libraries representing DIV1-infected and non-infected M. japonicus were constructed with total RNA, and then Illumina sequencing technology was used for small RNA sequencing. After quality filtering, a total of 74,190,726 and 81,759,203 clean tags were respectively obtained for the negative control group and DIV1-infected group (Table 3). The length distribution of clean tags was determined. The results showed that small RNAs of 22 nt in length were the most common, followed by those of 21 nt (Figure 5A). As shown in Figure 5B, all clean tags were annotated and classified into different categories, including rRNA, tRNA, snRNA, snoRNA, and miRNA. After other classes of small RNAs (rRNA, tRNA, snRNA, snoRNA, etc.) were removed, a total of 134 known miRNAs and 98 novel miRNAs were identified from the deep sequencing data using miRDeep2 software.


Table 3 | Summary of miRNA-seq data.






Figure 5 | Length distribution, abundance, and composition of small RNA libraries of DIV1-infected and non-infected Marsupenaeus japonicus intestine. (A) Length distribution and abundance of small RNAs from the intestine of the DIV1-infected group and negative control group. The x-axis indicates the length of small RNAs, and the y-axis indicates the tag counts. (B) Composition of RNAs in each small RNA library. The x-axis indicates the different samples, and the y-axis indicates the percentage of RNAs. DIV1, decapod iridescent virus 1.



Sequencing reads were deposited into the SRA of the NCBI and are available with the accession number PRJNA752616 (https://www.ncbi.nlm.nih.gov/sra).



3.2.2 Identification and Functional Characterization of Differentially Expressed MiRNAs

To characterize the host miRNAs involved in virus infection, the expression profiles of known and novel miRNAs in the DIV1-infected group and negative control group were compared. The miRNAs with Q-value < 0.05 and |log2(fold change)| > 0.1 were identified as DEMs. As shown in Table 4, a total of 17 known and 15 novel DEMs were identified between the DIV1-infected group and the negative control group.


Table 4 | Identification miRNAs and their sequences.



Identification of the target mRNA of each DEM could provide clues as to the roles of miRNAs in the shrimp intestine response to DIV1 infection. The target genes of DEMs were predicted using RNAhybrid and miRanda. A total of 36,679 target genes were predicted for the DEMs using the two prediction programs. The target genes of DEMs were further processed for sequence annotation using the GO and KEGG databases.

In the GO enrichment analysis, the predicted target genes were clustered into three GO categories, biological process, cellular component, and molecular function. These three main GO categories were further classified into 56 subcategories (level 2). In the biological process category, 689 and 536 target genes of DEMs were enriched in “cellular processes” and “single biological processes,” respectively. In the cellular component category, 725 and 659 target genes of DEMs were enriched in “cell processes” and “single biological processes,” respectively. For the molecular function category, 872 and 696 target genes of DEMs were enriched in “binding” and “catalytic activity,” respectively (Figure 6A).




Figure 6 | GO terms and KEGG pathway enrichment analyses of target genes of DEMs. (A) GO term enrichment analysis of target genes of DEMs. Three main GO categories: biological process, cellular component, and molecular function. The x-axis indicates the number of genes, and the y-axis indicates the GO terms (level 2). (B) Top 20 KEGG pathways enriched in target genes of DEMs (level 3). The x-axis indicates the ratio of the number of genes in the DEGs, and the y-axis indicates the pathways. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEMs, differentially expressed miRNAs; DEGs, differentially expressed genes.



In the KEGG pathway enrichment analysis, a total of 3,915 target genes of DEMs were enriched in 324 KEGG pathways (level 3). The top 20 KEGG pathways influenced by DIV1 infection are shown in Figure 6B. These pathways contained three common immune-related pathways, including the Wnt signaling pathway (82 target genes of DEMs), IL-17 signaling pathway (182 target genes of DEMs), and Hippo signaling pathway (65 target genes of DEMs). Several pathways related to the intestinal barrier function were also significantly enriched, including Tight junction (135 target genes of DEMs), Adherens junction (113 target genes of DEMs), and Bacterial invasion of epithelial cells (73 target genes of DEMs). It is worth noting that Glycosaminoglycan biosynthesis—keratan sulfate was also significantly enriched in the KEGG pathway enrichment analysis of target genes of DEMs.




3.3 qRT-PCR Validation of Differentially Expressed Genes and Differentially Expressed MiRNAs

To validate the mRNA and miRNA expression profiles from the Illumina sequencing results, a total of 15 DEGs and 11 DEMs were randomly selected for qRT-PCR, including eight upregulated DEGs (Unigene15935_All, CL1405.Contig4_All, CL3214.Contig2_All, CL1030.Contig4_All, Unigene10378_All, CL2943.Contig2_All, CL3345.Contig1_All, and CL2966.Contig1_All), seven downregulated DEGs (CL2784.Contig5_All, CL709.Contig1_All, CL2520.Contig2_All, Unigene18060_All, CL3472.Contig2_All, CL1127.Contig3_All, and CL2402.Contig3_All), six upregulated DEMs (miR-193-3p_6, miR-263b, miR-6493-5p, novel_mir86, miR-263a-5p_1, and novel_mir56), and five downregulated DEMs (miR-750_3, novel_mir63, novel_mir82, novel_mir40, and novel_mir58). As shown in Figures 7A, B, the expression patterns of these tested genes were consistent across both methods. This result demonstrates that the mRNA and miRNA expression profiles derived from RNA-seq were reliable and confirm the expression changes of these genes in response to DIV1 infection.




Figure 7 | Validation of RNA-seq results via qRT-PCR. (A) Comparison of the expression profiles of 10 DEGs as determined by Illumina sequencing and qRT-PCR. The x-axis indicates the names of the DEGs, and the y-axis represents the log2(fold change). (B) Comparison of the expression profiles of 8 DEMs as determined by Illumina sequencing and qRT-PCR. The x-axis indicates the names of the DEMs, and the y-axis represents the log2(fold change). DEGs, differentially expressed genes.





3.4 Correlation Analysis Between Differentially Expressed MiRNAs and Differentially Expressed Genes in the Intestine of Marsupenaeus japonicus Under Decapod Iridescent Virus 1 Infection

To further understand the functional relationship between DEMs and DEGs, correlations between DEMs and DEGs were evaluated. In total, 21 DEMs were negatively correlated with 194 DEGs, from a total of 223 correlations. Two miRNA–mRNA networks were found. One miRNA–mRNA network was formed by 10 upregulated DEMs and 119 downregulated DEGs (Figure 8A), and the other miRNA–mRNA network was formed by 11 downregulated DEMs and 103 upregulated DEGs (Figure 8B). The results showed that one miRNA can regulate multiple mRNAs, and one mRNA can also be regulated by multiple miRNAs, thus forming a complex miRNA–mRNA regulatory network.




Figure 8 | Network analysis for miRNA/mRNA interaction. (A) MiRNA–mRNA network was formed by 10 upregulated DEMs and 119 downregulated DEGs. (B) MiRNA–mRNA network was formed by 11 downregulated DEMs and 103 upregulated DEGs. Red indicates that genes (miRNAs and mRNAs) were upregulated, and blue represents that genes (miRNAs and mRNAs) were downregulated; the darker the color, the greater the fold change. △ represents miRNA, and ○ represents mRNA. DEGs, differentially expressed genes; DEMs, differentially expressed miRNAs.





3.5 Kyoto Encyclopedia of Genes and Genomes and Gene Ontology Analysis of Target Differentially Expressed Genes of Differentially Expressed MiRNAs

In order to investigate the possible role of miRNAs in the immune response of shrimp against DIV1 infection, 223 target DEGs of DEMs were analyzed using the GO and KEGG databases to study the miRNA functions. In the GO enrichment analysis, the target DEGs of DEMs were mainly enriched in three GO categories with 35 subcategories (level 2). In the biological process category, 28 and 22 target DEGs of DEMs were enriched in “cellular processes” and “single biological processes,” respectively. In the cellular component category, 27 and 22 target DEGs of DEMs were enriched in “membrane” and “membrane part,” respectively. For the molecular function category, 36 and 32 target genes of DEMs were enriched in “binding” and “catalytic activity,” respectively (Figure 9A).




Figure 9 | GO terms and KEGG pathway enrichment analyses of target DEGs of DEMs. (A) GO term enrichment analysis of target DEGs of DEMs. Three main GO categories: biological process, cellular component, and molecular function. The x-axis indicates the number of genes, and the y-axis indicates the GO terms (level 2). (B) Top 20 KEGG pathway enrichment of DEG genes of DEMs (level 3). The x-axis indicates the ratio of the number of genes in the DEGs, and the y-axis indicates the pathways. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes; DEMs, differentially expressed miRNAs.



In the KEGG pathway enrichment analysis, a total of 115 target DEGs of DEMs were enriched in 42 KEGG pathways (level 3). The top 20 enriched KEGG pathways are shown in Figure 9B. Two well-known immune-related pathways were identified through KEGG pathway enrichment analysis, i.e., the Toll and IMD signaling pathways (7 target DEGs of DEMs) and the IL-17 signaling pathway (13 target DEGs of DEMs). Moreover, two vitamin metabolism-related pathways were also identified, i.e., Retinol metabolism (3 target DEGs of DEMs) and Ascorbate and aldarate metabolism (3 target DEGs of DEMs). In addition, several other metabolic pathways were also significantly enriched, including Selenocompound metabolism (2 target DEGs of DEMs), Porphyrin and chlorophyll metabolism (3 target DEGs of DEMs), Metabolism of xenobiotics by cytochrome P450 (3 target DEGs of DEMs), Drug metabolism—other enzymes (4 target DEGs of DEMs), Drug metabolism—cytochrome P450 (3 target DEGs of DEMs), and Amino sugar and nucleotide sugar metabolism (8 target DEGs of DEMs). It is worth noting that Glycosaminoglycan biosynthesis—keratan sulfate (2 target DEGs of DEMs) was also significantly enriched in the KEGG pathway enrichment analysis.

To further understand the role of miRNA/mRNA pairs in anti-DIV1 infection, an in-depth analysis of the four significantly enriched potential immune pathways (Toll and IMD signaling pathways, Glycosaminoglycan biosynthesis—keratan sulfate, Retinol metabolism, and Ascorbate and aldarate metabolism) was performed (Figure 10). The results showed that in the Toll and IMD signaling pathways, the downregulation of novel_mir82 resulted in the upregulation of its target gene caspase 4, which promotes apoptosis and the expression of Relish. Novel_mir73, novel_mir86, novel_mir60, and novel_mir40 can affect the translocation of Relish to the nucleus by regulating the expression of IMD and Ankyrin, thereby regulating the synthesis of downstream AMPs. The downregulation of novel_mir58 led to the upregulated expression of its target gene transcription factor ATF-2 (ATF-2), which promotes dual oxidase (DUOX) to produce reactive oxygen species (ROS). In the Glycosaminoglycan biosynthesis—keratan sulfate pathway, novel_mir63 regulated the expression of alpha-(1,6)-fucosyltransferase-like (α1-6FucT) to affect the biosynthesis of chondroitin sulfate. It is worth noting that in the Retinol metabolism and Ascorbate and aldarate metabolism pathways, novel_mir63 can also regulate the metabolism of retinol and ascorbate by affecting UDP-glucuronosyltransferase (UGT). All miRNA–mRNA pairs that are potentially involved in the immune response against DIV1 infection are listed in Table 5.




Figure 10 | Conceptual diagram of miRNA/mRNA pairs in four potential immune pathways, including the Toll and IMD signaling pathways, Glycosaminoglycan biosynthesis—keratan sulfate, Retinol metabolism, and Ascorbate and aldarate metabolism. Intestinal miRNA can affect the expression of mRNA, thereby regulating apoptosis, AMPs, ROS, keratan sulfate biosynthesis, and VA and VC metabolism, thus resisting DIV1 infection (see the text for detail). Red indicates that genes (miRNAs and mRNAs) were upregulated, and blue indicates that genes (miRNAs and mRNAs) were downregulated. △ represents miRNA, and ○ represents mRNA. AMP, antimicrobial peptide; ROS, reactive oxygen species; VA, vitamin A; VC, vitamin C; DIV1, decapod iridescent virus 1.




Table 5 | Candidate miRNA–mRNA pairs involved in Marsupenaeus japonicus intestinal immune response against DIV1.






4 Discussion

With the development of sequencing technology, miRNA-seq and mRNA-seq analysis technologies have been widely applied in the study of human and animal disease diagnosis and pathogenesis. At present, our understanding of the role of miRNA in the shrimp intestinal antiviral immune response is very limited. In this study, we firstly reported both intestinal miRNA-seq and mRNA-seq analyses of M. japonicus infected with DIV1. The integrated analysis revealed the process of DIV1 invasion and the mechanism of the shrimp intestinal antiviral immune response.

Through the mRNA-seq analysis, a total of 54,107 unigenes were de novo assembled, and 1,234 upregulated genes and 742 downregulated genes were screened based on a Q-value < 0.05 and |log2(fold change)| > 1 cutoff. All DEGs were mapped in the GO and KEGG databases. In the GO enrichment analysis, the GO term triose-phosphate isomerase activity was promoted and significantly enriched in M. japonicus under DIV1 infection. TPI, which can catalyze the interconversion of glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP), plays a vital role in both glycolysis and phospholipid biosynthesis. Previous studies have shown that WSSV and DIV1 infection can cause significant changes in several metabolic processes involved in TPI, including glycolysis, thereby promoting the synthesis of a large number of phospholipids to aid virus replication (13, 55). Among the top 20 KEGG pathways, three marker pathways of the Warburg effect were significantly enriched, including Pyruvate metabolism, Glycolysis/Gluconeogenesis, and TCA cycle. The Warburg effect was first found in cancer cells, and it was later found that certain vertebrate and invertebrate viruses can also induce the Warburg effect, such as human papillomavirus (HPV) and WSSV (56–58). The Warburg effect can not only weaken aerobic respiration under aerobic conditions to help cancer cells or viruses escape apoptosis and the host immune response but also perform efficient glycolysis to obtain sufficient energy and substances to promote the proliferation of cancer cells or the replication of viruses (59, 60). In the current study, the triose-phosphate isomerase activity GO terms and the Warburg effect marker pathways in DIV1-infected M. japonicus were significantly enriched, which means that DIV1 may promote its own replication by regulating the host’s intestinal metabolism.

Retinol, also known as vitamin A (VA), is a micronutrient necessary for maintaining mucosal epithelial cell renewal and damage repair; it plays an important and active role in regulating intestinal mucosal immunity (61). Several studies have shown that dietary VA can improve the lysozyme activity of serum and the phagocytic ability of hemocytes in aquatic organisms (62–65). Ascorbic acid, also known as vitamin C (VC), has a variety of physiological functions, including growth promotion, wound repair, immune enzyme activity improvement, and anti-stress (66). Many studies have shown that dietary VC can promote the recovery of shrimp after molting, increase the weight gain rate, and improve the disease resistance and the survival rate of shrimp (67–70). In this study, the Retinol metabolism and Ascorbate and aldarate metabolism pathways were significantly changed after DIV1 infection, indicating that DIV1 can affect intestinal mucosal immunity and cellular immunity of M. japonicus by affecting the metabolism of VA and VC.

Glycosphingolipids, as important components of eukaryotic cell membranes, are widely involved in various physiological activities, including signal transduction, immunity, apoptosis, and pathogen invasion (71). Based on their core structures, glycosphingolipids are mainly divided into four series, including ganglio-, globo/isoglobo-, lacto/neolacto, and gala/neogala series. In recent years, many studies have found that glycosphingolipids act as cofactors to participate in the adsorption, entry, and replication stages of a variety of viruses, including HIV, Norovirus (NoVs), Dengue virus (DENV1), and Coccolithoviruses (EhVs) (72–76). Similarly, in this study, glycosphingolipid biosynthesis-related pathways were activated and significantly enriched after DIV1 infection, which implies that DIV1 may promote its own invasion and replication by mediating the host’s glycosphingolipid biosynthesis.

Chondroitin sulfate, dermatan sulfate, and keratan sulfate are three types of sulfated glycosaminoglycans; they are important parts of animal connective tissues and have various biological functions such as anticoagulation and antiviral (77). In recent years, sulfated glycosaminoglycans have been found to have great antiviral potential. Several studies have shown that sulfated glycosaminoglycans (such as chondroitin sulfate and sea cucumber sulfated polysaccharide) exhibit significant inhibitory activity against a variety of viruses in vitro, including HIV, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and Grass carp reovirus (GCRV) type I and type III (78–80). However, there is still no research on the inhibitory effect of glycosaminoglycans such as chondroitin sulfate on shrimp viruses. In this study, DIV1 infection caused significant enrichment of glycosaminoglycan biosynthesis-related pathways in the intestine of M. japonicus. This phenomenon implies that glycosaminoglycans, such as chondroitin sulfate and keratan sulfate, play important roles in resisting DIV1 infection. The specific mechanism requires further study.

Clearly, under DIV1 infection, the intestinal transcriptome results are very different from the previous hemocyte and hepatopancreas transcriptome results. In the intestinal transcriptome, more metabolic-related pathways were significantly enriched, which reveals the metabolic changes after shrimp infection with DIV1. These metabolic-related pathways play important roles in virus infection and host immunity and cannot be ignored.

The miRNA-seq analysis identified a total of 134 known miRNAs and 98 novel miRNAs from the deep sequencing data, and 19 upregulated miRNAs and 13 downregulated miRNAs were screened with a cutoff of Q-value < 0.05 and |log2(fold change)| > 0.1. To understand the role of shrimp intestinal miRNAs under DIV1 infection, the target genes of DEMs were predicted. In the KEGG pathway enrichment analysis of target genes of DEMs, three common immune-related pathways were significantly enriched, including the Wnt signaling pathway, IL-17 signaling pathway, and Hippo signaling pathway. The Wnt signaling pathway refers to a set of evolutionarily conserved signaling pathways that are involved in a variety of important biological processes, including cell proliferation and differentiation, intestinal development, and tissue homeostasis (81–83). Though there has been little research on the Wnt signaling pathway in crustaceans, a recent study found that Wnt genes might participate in the immune response of L. vannamei after infection with Staphylococcus aureus, Vibrio parahaemolyticus, and WSSV (84). The Hippo signaling pathway, originally considered to be a growth regulation pathway, has recently been found to play indispensable roles in the regulation of innate anti-bacterial immunity and anti-viral immunity (85, 86). Several studies have demonstrated that both the Wnt signaling pathway and Hippo signaling pathway are involved in intestinal regeneration and intestinal homeostasis (87–90). These results imply that shrimp intestinal miRNAs participate in the intestinal immune response against DIV1 infection by regulating genes in the immune signaling pathway.

It is worth noting that three pathways related to the barrier function of the intestine were significantly enriched, including Tight junction, Adherens junction, and Bacterial invasion of epithelial cells. This indicates that DIV1 infection can destroy the mechanical barrier of the intestinal mucosa by weakening the tight junction and adherens junction of intestinal mucosal epithelial cells, eventually causing bacteria to infect the host through the intestine. MiRNAs might play important roles in maintaining the stability of the intestinal mucosal mechanical barrier. In addition, similar to the KEGG pathway enrichment analysis of DEGs, the Glycosaminoglycan biosynthesis—keratan sulfate pathway was significantly enriched in the KEGG pathway enrichment analysis of the target genes of DEMs. This indicates that miRNAs play a role in the immune response against DIV1 infection by regulating the biosynthesis of glycosaminoglycans.

Following the mRNA-seq and miRNA-seq analyses, correlation analysis of DEMs and DEGs in the intestine was carried out to further explore the regulatory function of differentially expressed miRNA/mRNA pairs in the process of DIV1 infection. A total of 223 correlations were performed and analyzed for enrichment in the GO and KEGG databases. In the functional annotation analysis of DEMs/DEGs pairs, the Toll and IMD signaling pathways were found to be significantly enriched after DIV1 infection. Further analysis revealed that five DEMs were involved in the regulation of the Toll and IMD signaling pathways by affecting the expression of caspase 4, ATF2, IMD, and Ankyrin. The Toll and IMD signaling pathways are two NF-κB signaling pathways that are considered to be the main pathways involved in the regulation of the immune response in invertebrates (91, 92). Many studies have demonstrated that the Toll and IMD signaling pathways can inhibit viral and bacterial infections by regulating the expression of AMPs (such as crustin (93, 94), penaeidin (95, 96), anti-lipopolysaccharide (anti-LPS) factor (97–99), and lysozyme (100, 101), promoting apoptosis (102–104) and producing ROS (105). This indicates that miRNA/mRNA pairs play an important role in combating DIV1 infection and secondary bacterial infections caused by DIV1 infection. It is worth noting that in the correlation analysis of DEMs and DEGs, Glycosaminoglycan biosynthesis-related pathways and both VA and VC metabolism-related pathways were also significantly enriched, indicating that differentially expressed miRNA/mRNA pairs can regulate these pathways to resist DIV1 infection. Based on the above results, it is clear that intestinal miRNAs play important and unexpected roles in the process of viral infection and host immunity. The immune molecular mechanisms of these miRNAs require further study and verification.



5 Conclusions

In conclusion, through mRNA-seq and miRNA-seq analyses as well as correlation analysis between the two, the present study revealed that the intestine of M. japonicus can regulate glycosaminoglycan biosynthesis, vitamin metabolism, immune pathway activation, immunity enzyme activity promotion, AMP expression, ROS production, and cell apoptosis throug miRNAs to participate in the host’s antiviral immune response. Moreover, DIV1 can influence Warburg effect-related pathways, glycosphingolipid biosynthesis-related pathways, and the tight junction and adhesion junction of the intestinal mucosal epithelium through the host’s miRNAs and mRNA to promote its own invasion and replication. The addition of dietary glycosaminoglycans and vitamins may help enhance shrimp intestinal immunity and resist DIV1 infection.
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Intravascular hemolysis is a fundamental feature of hemorrhagic venereal infection or tissue and releases the endogenous damage-associated molecular pattern hemoglobin (Hb) into the plasma or tissues, which results in systemic inflammation, vasomotor dysfunction, thrombophilia, and proliferative vasculopathy. However, how the cytotoxic Hb affects the tissues of grass carp remains unclear. Here, we established a hemolysis model in grass carp by injecting phenylhydrazine (PHZ). The data revealed that the PHZ-induced hemolysis increased the content of Hb and activated the antioxidant system in plasma. The histopathology analysis data showed that the PHZ-induced hemolysis increased the accumulation of Hb and iron both in the head and middle kidney. The results of quantitative real-time PCR (qRT-PCR) detection suggested that the hemolysis upregulated the expressions of iron metabolism-related genes. In addition, the immunofluorescence and immunohistochemistry data revealed that the hemolysis caused an obvious deposition of collagen fiber, malondialdehyde (MDA), and 4-hydroxynonenal (4-HNE) accumulation and increased the content of oxidative-related enzymes such as β-galactosidase (β-GAL), lipid peroxide (LPO), and MDA in both the head and middle kidney. Furthermore, the PHZ-induced hemolysis significantly increased the production of reactive oxygen species (ROS), which resulted in apoptosis and modulated the expressions of cytokine-related genes. Taken together, excess of Hb released from hemolysis caused tissue oxidative damage, which may be associated with ROS and inflammation generation.
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Introduction

Hemoglobin (Hb) is an iron-containing metalloprotein whose main biological function is oxygen transport. Under normal circumstances, it is sequestered in the erythrocytes by a highly efficient antioxidant system to prevent vasculature or other tissues from exposure to this pro-oxidative and pro-inflammatory protein (1, 2). However, the extent of hemolysis at the different treatment time points was evaluated using plasma (2–5). Due to the Fenton reaction and pseudoperoxidase (POX) activity [triggered synergistically by microbial proteases and pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide (LPS) and lipoteichoic acid (LTA)], ferrous Hb-Fe2+ is prone to auto-oxidation to ferric Hb-Fe3+ (also referred to as methemoglobin) and to ferryl Hb-Fe4+, with the oxidized Hb also releasing heme (which is highly redox-reactive and induces oxidative stress) into plasma or tissues (4), leading to the formation of superoxide anion and other reactive derivatives such as hydroxyl radical and hypohalous acid (6–10). Underlying a severe hemolysis, the excess Hb or heme released from RBCs leads to a decreased nitric oxide (NO) bioavailability, which plays an important beneficial role in vascular homeostasis, but otherwise leads to smooth muscle dystonia, vasculopathy, thrombosis, endothelial dysfunction, and platelet aggregation (11–15). Furthermore, excessive high oxidation activity and the pro-inflammatory effects of Hb or heme can overwhelm and impair antioxidants and result in oxidative damage, such as protein oxidation, lipid peroxidation, and nucleic acid oxidation, leading to cellular dysfunction and cell death (6, 16). In human models, studies revealed that intravascular hemolysis and the subsequent release of pro-inflammatory Hb and heme into circulation or tissues are characteristic of several human diseases, including sickle cell disease (SCD), thalassaemias, spherocytosis, paroxysmal nocturnal hemoglobinuria (PNH), autoimmune hemolytic anemia (AIHA), thrombotic microangiopathy (TMA), acute kidney injury (AKI), chronic kidney disease, and atypical hemolytic uremic syndrome (aHUS), among others (11, 17–21).

In recent years, aquaculture has become the fastest-developing field in agriculture, making a significant contribution to global economic stability and food security for human beings (22, 23). Grass carp (Ctenopharyngodon idellus) is a worldwide cultured freshwater fish, especially in China. The overall production of grass carp was approximately 5.6 million tons in 2020, which has long ranked first in freshwater aquaculture output in China (24). The continuous expansion of the breeding scale and density of aquaculture, coupled with the deterioration of the breeding environment, all significantly increased the frequency of various bacterial or viral infections, leading to deaths and economic losses. The infection of hemorrhagic pathogens such as Aeromonas hydrophila or grass carp reovirus (GCRV) in grass carp causes hemolysis and releases excess Hb to plasma or tissues, which may pose a serious threat to fish health (25). In a previous study, we have demonstrated that the cell-free Hb released from grass carp RBCs could quickly be auto-oxidated to Hb-Fe3+ in the presence of oxygen (O2) and release superoxide radical (O2−.), which could be spontaneously dismutated into H2O2 and could further oxidize Hb-Fe3+ to transient Hb-Fe4+. The generated reactive oxygen species (ROS) showed strong bactericidal activity (26). Our further studies also revealed that the grass carp Hb increased the cytotoxicity and secretion of inflammatory cytokines and activated mitogen-activated protein kinases (MAPKs) and nuclear factor kappa B (NF-κB) pathways to generate ROS, resulting in oxidative damage to C. idellus kidney (CIK) cells (25, 27). However, the mechanism of hemolysis-induced tissue injury in teleost is still not clear.

Therefore, in this study, we hypothesized that the excess Hb induced by hemolysis in vivo may finally alter tissue and vascular homeostasis and thereby promote adverse outcomes in grass carp. To decode this hypothesis, we evaluated a grass carp hemolysis model. Blood, head kidney, and middle kidney were selected to study the effect of Hb. The results of this study will shed new light on blood immunity function in teleost fish.



Materials and Methods


Experimental Animals and Treatments

Grass carp (100–250 g) juveniles were obtained from a fish farm located in Guangdong Province, China, and maintained at 28–29°C in a recirculating freshwater system for at least 2 weeks of acclimation to the laboratory condition before carrying out the experiments.



Hemolysis Model

The hemolysis model was established as described previously, with minor modification (28). Fish were randomly divided into two groups: one group of fish given intraperitoneal injection of PHZ at 40 mg/kg body weight and a control group of fish injected with an equal volume of phosphate-buffered saline (PBS). In time course experiments, fish were sacrificed at 12, 24, 48, and 96 h after PHZ injection.



Hb Determination

The Hb concentrations in plasma were evaluated as described previously, with slight modifications (10, 26). Briefly, the blood was collected from the caudal vein of each group of fish using heparinized syringes and mixed with 0.7% buffered saline. After centrifugation at 400 × g for 10 min at 4°C, the supernatant was obtained and quantified spectrophotometrically at a wavelength of 404 nm using a microplate reader (Molecular Devices, San Jose, CA, USA).



Total Iron Measurements

The total iron concentrations in the head kidney and middle kidney were measured according to previous reports (11). Briefly, the head kidney and middle kidney (100 mg) were homogenized in double deionized H2O at 1:10 (w/v). The samples were mixed with 500 µl of an acid mixture containing 1 mM HCl and 10% trichloroacetic acid (TCA) and then incubated at 50°C for 1 h. After centrifugation at 15,000 × g for 15 min at room temperature (RT), 750 µl of the supernatant was mixed with 250 µl of 20 mg/ml ascorbic acid, followed by 200 µl of ferrozine (0.85% w/v in hydroxylamine hydrochloride). The samples were developed over 30 min. The absorbance was measured at 560 nm using a microplate reader. A standard curve was generated using an iron solution standard (500 µg/dl).



Histopathology Analysis

To reveal the effect of hemolysis on tissues, histopathology analysis was performed. The collected samples were fixed in 4% paraformaldehyde (Servicebio, Wuhan, China) for at least 12 h. The tissues were subsequently stained with hematoxylin and eosin (H&E). The iron deposition in tissues was determined with the Perls’ iron stain assay, and the Sirius red staining assay was performed to verify the effect of hemolysis on tissues. Finally, the tissue sections were observed under a microscope (Axiostar Plus, Carl Zeiss, Oberkochen, Germany), and microphotographs were taken using a Canon PowerShot G6, 7.1 megapixels (Canon 219 Inc., Tokyo, Japan).



Apoptosis Analysis

The apoptosis assay was performed as described previously, with minor modifications (29, 30). TdT-mediated dUTP nick-end labeling (TUNEL) staining was carried out on 5-μm-thick paraffin-embedded sections using a one-step TUNEL apoptosis assay kit (DAPI; Guge Biology, Wuhan, China). The cell nucleus was counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (Servicebio, Wuhan, China) at 25°C for 5 min. Finally, images were captured under a fluorescence microscope (Leica DMI8, Wetzlar, Germany). The caspase-3 activity in the collected tissues was determined by following the manufacturer’s instructions (Solarbio Biology, Beijing, China).



Western Blot

The Western blotting (WB) process followed a previous procedure, with slight modifications (26, 31). Briefly, following the membrane transfer of proteins by SDS-PAGE, the membranes were blocked in Tris-buffered saline with Tween 20 (TBST) containing 5% skim milk at 37°C for 2 h, followed by incubation with 100 μl of anti-grass carp Hb and heme oxygenase-1 (HO-1) rabbit serum (diluted 1:1,000) at 4°C overnight. After washing three times with TBST, the membranes were incubated with 100 μl of the secondary antibody horseradish peroxidase (HRP)-linked goat anti-rabbit immunoglobulin G (IgG) antibody (diluted 1:10,000) at RT for 1 h. The signals from HRP conjugates were detected using Clarity Western ECL Substrate (Solarbio Biology, Beijing, China). Finally, the membranes were imaged and analyzed using the ChemiDoc™ MP System (Bio-Rad, Hercules, CA, USA).



Immunofluorescence Assay

The tissue immunofluorescence assay was performed according to a previously described method (32). After dewaxing in Safeclear II, the tissue sections (5 μm) were rehydrated in graded ethanol and then treated in a microwave for 15 min in 10 mM sodium citrate buffer. The tissues were blocked for 2 h with 5% non-fat milk at RT, the grass carp primary antibodies anti-Hb, anti-HO-1, and malondialdehyde (MDA) (1:1,000 in 2% non-fat milk) for 2 h at RT, and then washed three times using PBS with Tween 20 (PBST) buffer. Subsequently, the fluorescein isothiocyanate (FITC)- or Cy3-conjugated anti-rabbit IgG antibody was added (1:10,000 in 2% non-fat milk) and incubated in darkness for 1 h at 37°C. After washing three times, the tissues were stained with DAPI for 5 min at RT. Finally, they were observed under a fluorescence microscope (Olympus BX51, Tokyo, Japan) after rewashing three times with PBST.



Immunohistochemistry Detection of 4-HNE

After the treatment of tissue sections as above, the sections were blocked in 5% non-fat milk at RT for 2 h and then incubated overnight at 4°C with antibodies against 4-hydroxynonenal (4-HNE) diluted 1:1,000 in PBST containing 2.5% milk. Signal was developed using polymeric peroxidase-conjugated secondary antibody and DAB. All images were acquired under an Olympus BX51 inverted microscope.



Determination of Related Enzyme Activity

To further explore the effect of hemolysis on tissues, we examined the contents of β-GAL, LPO, MDA, and three kinds of antioxidases (namely, glutathione peroxidase, superoxide dismutase, and catalase) according to the manufacturer’s instructions (Solarbio Biology, Beijing, China).



Total RNA Extraction and cDNA Synthesis

The method for total RNA extraction was mainly according to our previous reports (27, 32). Briefly, total RNA of the collected tissues was extracted using the TRIzol reagent (Takara, Dalian, China). Approximately 1 μg of total RNA was used to synthesize the first-strand cDNA using HIScript® Q Select RT SuperMix for qPCR (Vazyme, Nanjing, China) following the manufacturer’s instruction and then stored at −20°C.



Quantitative Real-Time PCR

The expressions of the detected genes in the collected tissues were studied using quantitative real-time PCR (qRT-PCR) in a real-time thermal cycler (Roche, Basel, Switzerland) following the protocol of the SYBR Real-Time PCR Premixture (Vazyme, Nanjing, China). The procedures were as follows: pre-incubation at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 55°C for 20 s, and 72°C for 20 s, and finally at 4°C for 5 min. The qRT-PCR for each gene was performed in triplicate and normalized to the values of β-actin. Statistical analysis used the 2−ΔΔCT method. The qRT-PCR for each gene was performed in triplicate and normalized to the values of b-actin, the specific primers are listed in (Table 1).


Table 1 | Primers used in the study.





Statistical Analysis

Statistical analysis was performed using SPSS software (version 17.0). All data were represented as the mean ± standard deviation (SD) of at least three independent experiments. The statistical significance of the data was assessed with one-way analysis of variance (ANOVA), and the figures were drawn in GraphPad Prism 7. Differences were considered significant at *p < 0.05 or **p < 0.01.




Results


Hemolysis Caused Hb Plasma Accumulation and Activated Antioxidant System

Here, hemolysis in grass carp was established after intraperitoneal injection of PHZ. The extent of hemolysis at the different treatment time points was evaluated using plasma. The PHZ-treated groups showed obvious Hb accumulation relative to the non-treated groups at 12 and 24 h, and the accumulation of Hb was markedly attenuated after treatment for 48 h (Figures 1A, B). To assess whether hemolysis in grass carp affects the antioxidant system, we determined the activity of three antioxidases: glutathione peroxidase (GSH), superoxide dismutase (SOD), and catalase (CAT). After treatment with PHZ, the content of GSH in serum was significantly increased from 12 to 24 h. A significant attenuating effect of GSH was obtained after treatment for 48 and 96 h (Figure 1C). Compared to GSH, we observed a significantly increased effect on the SOD contents at all tested time points (Figure 1D). For the content of CAT, we found that hemolysis caused the highest effect at 24 h. After treatment for 96 h, the content of CAT showed no significant difference compared to the control groups (Figure 1E).




Figure 1 | Hemolysis caused hemoglobin (Hb) accumulation in plasma and activated the antioxidant system. (A) Plasma was obtained after phenylhydrazine (PHZ) injection for 12, 24, and 48 h (B) Hemolysis detection of plasma after injection of PHZ at different time points. (C–E) PHZ-induced hemolysis activated three kinds of antioxidases, namely, glutathione peroxidase (GSH) (C), superoxide dismutase (SOD) (D), and catalase (CAT) (E). **p < 0.01 (Student’s t-test). Data represent the mean ± SD of three independent experiments.





Hemolysis Increased the Iron Deposition and Injured the Tissues

To evaluate the effect of hemolysis on tissues, multiple staining assays were performed. The results of H&E staining of the head kidney showed an obvious Hb deposition in the PHZ-treated groups, especially in the 24- and 48-h treated groups. Large amounts of Hb were contained in leukocyte-like cells, and the interstitial spaces were enlarged significantly (Figure 2A). A similar observation was found in treated middle kidney, where abundant deposits of Hb were mostly engulfed by leukocyte-like cells. Several leukocyte-like cells aggregated together to phagocytose the excess Hb. The hemolysis caused serious damage to the middle kidney, which especially destroyed the integrity of the kidney tubules (Figure 2A). To further assess whether the excess Hb caused by hemolysis led to iron accumulation in tissues, we performed the Prussian blue staining assay in the head and middle kidney. The staining results confirmed that the hemolysis resulted in a large amount of ion accumulation both in the head and middle kidney (Figure 2A). The accumulation of Hb in the head and middle kidney was also detected by the microplate reader, with the results showing that the PHZ-induced hemolysis in grass carp significantly increased the accumulation of Hb in all tested time points (Figures 2B, C). Determination of the deposition of iron using the kit showed that the content of iron in the head kidney was significantly higher at 24 and 48 h compared to the control (Figure 2D), and the iron content in the middle kidney was significantly increased in all tested time points (Figure 2E). Subsequently, indirect immunofluorescence of Hb and HO-1 was performed to examine whether the iron was derived from the degradation of Hb. Compared to the control groups, the contents of Hb in both the head and middle kidney were significantly higher; however, after treatment for 48 h, the deposition of Hb showed a pronounced attenuating trend (Figure 2F). Results of the determination of HO-1 clearly displayed that the hemolysis in grass carp caused a sharp increase in the HO-1 content of both the head and middle kidney, which corresponded to the attenuating trend of Hb (Figure 2F). The WB results further verified that Hb increased significantly from 24 to 96 h in the head kidney after treatment with PHZ, which was similar to that determined for the content of HO-1 (Figure 2G). In the middle kidney, the WB results showed that the accumulation of Hb rapidly increased at 24 and 48 h after injection of PHZ; however, no significant effect was observed in the hemolysis-induced release of HO-1 in the middle kidney (Figure 2G). In addition, we also detected the mRNA expression of HO-1 in the head and middle kidney. As shown in Figures 2H, I, the expression level of HO-1 coincided with the results of the WB.




Figure 2 | Hemolysis increased the iron deposition and injured the tissues. (A) Hematoxylin–eosin (H&E)- and Prussian blue-stained head and middle kidney at 12, 24, and 48 h after phenylhydrazine (PHZ) injection. The black arrow denotes several leukocyte-like cells aggregating together to phagocytose the excess hemoglobin, while the red arrow represents ion accumulation in the head and middle kidney. Scale bar, 20 μm. (B, C) Contents of hemoglobin in the head (B) and middle (C) kidney after PHZ injection at 12, 24, and 48 h (D, E) Detection of iron accumulation in the head (D) and middle (E) kidney after PHZ injection at 12, 24, and 48 h (F) Accumulation of hemoglobin and heme oxygenase-1 (HO-1) in the head and middle kidney determined by immunofluorescence assay (IFA) after PHZ injection at 12, 24, and 48 h Scale bar, 20 μm. (G) Western blotting (WB) was used to analyze the accumulation of hemoglobin and HO-1 in the head and middle kidney after PHZ injection at 12, 24, 48, and 96h (H, I) mRNA transcript levels in the head and middle kidney analyzed by qRT-PCR after PHZ injection at 12, 24, 48, and 96 h **p < 0.01 (Student’s t-test). Data represent the mean ± SD of three independent experiments.





Hemolysis Activated Iron Metabolism-Related Genes

Accordingly, the PHZ-induced hemolysis caused Hb deposition and iron accumulation in both the head and middle kidney. qRT-PCR was used to further assess whether the PHZ-induced hemolysis modulated the iron metabolism-related genes. The results revealed that the hemolysis significantly increased the expression of divalent metal ion transporter 1 (DMT1) at all tested time points in the head kidney and at 48 and 96 in middle kidney (Figures 3A, H). Transferrin (Tf) was significantly upregulated at 12 and 48 h in the head kidney and at 24 and 48 h in the middle kidney (Figures 3B, I). A similar result to DMT1 was found for the expression of transferrin receptor 1 (TfR1), which was significantly upregulated from 12 to 96 h in the head kidney and from 24 to 96 h in the middle kidney (Figures 3C, J). The expression level of ferritin was significantly increased from 24 to 96 h both in the head and middle kidney (Figures 3D, K). Interestingly, the mRNA expression of ferroportin 1 (FPN1) was significantly decreased at all tested time points in both head and middle kidney (Figures 3E, L). However, the expression of haptoglobin (Hap) was significantly increased at all tested time points in both head and middle kidney (Figures 3G, N). Lastly, the expression data for hepcidin showed a big difference in the head kidney and middle kidney. The expression of hepcidin was downregulated at 48 and 96 h in the head kidney, but upregulated in the middle kidney (Figures 3F, M).




Figure 3 | Hemolysis activated the iron metabolism-related genes. (A–G) Phenylhydrazine (PHZ)-induced hemolysis activated the expressions of iron metabolism-related genes, including DMT1 (A), Tf (B), TfR1 (C), ferritin (D), FPN1 (E), hepcidin (F), and Hap (G), at different time points in the middle kidney. (H–N) PHZ-induced hemolysis activated the expressions of iron metabolism-related genes, including DMT1 (H), Tf (I), TfR1 (J), ferritin (K), FPN1 (L), hepcidin (M), and Hap (N), at different time points in the middle kidney. *p < 0.05; **p < 0.01 (Student’s t-test). Data represent the mean ± SD of three independent experiments.





Hemolysis Increased the Level of ROS

To assess whether hemolysis affects the level of ROS in tissues, we used the dihydroethidium (DHE) assay to detect ROS production after PHZ injection for 48 h. As shown in the data in Figure 5A, the hemolysis in grass carp significantly increased the production of ROS in the head kidney compared to the control group. In the middle kidney, the data also revealed that the PHZ-induced hemolysis improved the production of ROS, especially in kidney tubules (Figure 4A). To further reveal the effect of hemolysis on the production of ROS, the mean fluorescence intensity of ROS was analyzed. The analysis showed that the PHZ-induced hemolysis significantly increased the mean fluorescence intensity of ROS both in the head and middle kidney (Figure 4B).




Figure 4 | Hemolysis increased the levels of reactive oxygen species (ROS) in the head and middle kidney. (A) TUNEL-stained head and middle kidney at 48 h after phenylhydrazine (PHZ)-induced hemolysis. Scale bar, 40 μm. (B) Mean fluorescence intensity in different groups at 48 h after PHZ-induced hemolysis. **p < 0.01 (Student’s t-test). Data represent the mean ± SD of three independent experiments.





Hemolysis Led to Oxidative Damage to Tissues

To directly demonstrate the damage caused by PHZ-induced hemolysis to the head and middle kidney, we firstly performed the Sirius red stain assay. The results showed that hemolysis in grass carp caused an obvious deposition of collagen fiber both in the head and middle kidney (Figure 5A). The oxidative markers 4-HNE and MDA were also determined in both head and middle kidney, with the results showing that the PHZ-induced hemolysis significantly increased the content of 4-HNE at 24 and 48 h in the head kidney; similar results were found in the middle kidney (Figure 5A). For MDA, the detection results showed that the accumulation of MDA in the head kidney was significantly increased at 24 and 48 h, with similar results revealed for the middle kidney (Figure 5A). Furthermore, oxidative-related enzymes were also detected. It was shown that hemolysis significantly increased the content of β-GAL at all tested time points both in the head and middle kidney (Figures 5B, E). For the determination of LPO, the results revealed that hemolysis increased its content in both head and middle kidney (Figures 5C, F). Similar results were also found in the determination of MDA (Figures 5D, G).




Figure 5 | Phenylhydrazine (PHZ)-induced hemolysis caused oxidative damage to tissues. (A) Deposition of collagen fiber (shown in red) in the head and middle kidney though Sirius red staining assay (upper illustration) and the extent of 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) immunoreactivity, shown in brown (middle illustration) and green (bottom illustration), in the tested tissues after PHZ treatment at 24 and 48 h (B–D) Contents of three oxidative-related markers—β-galactosidase (β-GAL) (B), lipid peroxide (LPO) (C), and MDA (D)—in the head kidney after PHZ injection at 12, 24, and 48 h (E–G) Contents of β-GAL (E), LPO (F), and MDA (G) in the middle kidney after PHZ injection at 12, 24, and 48 h *p < 0.05; **P < 0.01 (Student’s t-test). Data represent the mean ± SD of three independent experiments.





Hemolysis Activated Apoptosis in Tissues

To further investigate the effect of hemolysis on tissues, we evaluated apoptosis in the head and middle kidney after injection of PHZ for 24 and 48 h. The detection data for the head kidney clearly showed that the hemolysis markedly increased the TUNEL signal after PHZ treatment for 24 and 48 h, which confirmed that it induced apoptosis in the head kidney (Figure 6A). A similar result was also found for the middle kidney, in which the PHZ-induced hemolysis significantly increased the apoptosis both at 24 and 48 h compared to the control group (Figure 6A). In addition, we also detected the mRNA expression and enzyme activity of caspase 3 in the head and middle kidney after treatment at different time points. The data in Figure 6B revealed that the hemolysis markedly increased the expression of caspase 3 from 12 to 48 h in the head kidney. Besides, compared to the control head kidney, the enzyme activity of caspase 3 in the treated groups was significantly increased from 12 to 48 h (Figure 6C). In the middle kidney, the PHZ-induced hemolysis significantly increased the mRNA transcript and enzyme activity level of caspase 3 at 12, 24, and 48 h (Figures 6D, E).




Figure 6 | Hemolysis induced apoptosis in the head and middle kidney. (A) TUNEL staining showing apoptosis in red after phenylhydrazine (PHZ)-induced hemolysis at 24 and 48 h in the head and middle kidney. Scale bar, 40 μm. (B, D) Expression of caspase 3 in the head (B) and middle (D) kidney after PHZ-induced hemolysis at 24 and 48 h (C, E) Content of caspase 3 in the head (C) and middle (E) kidney after PHZ-induced hemolysis at 24 and 48 h **p < 0.01 (Student’s t-test). Data represent the mean ± SD of three independent experiments.





Hemolysis Increased Cytokine Expression in Tissues

Under hemorrhagic venereal infection or pathophysiological conditions, hemolysis occurs, which releases large amounts of Hb into the tissues and induces inflammation (6). To evaluate the effect of hemolysis on cytokines, we measured the expressions of several cytokine-regulated genes in the head kidney. Figure 7A shows that the hemolysis significantly increased the expression of TNF-α at 12 and 24 h in the head kidney. Compared to the control group, the expression levels of IL-1β and IL-8 were both significantly increased after PHZ treatment from 12 to 48 h in the head kidney (Figures 7B, C). For IFN-1γ, it was found that the mRNA transcript level at 12 h was significantly higher compared to the control group, and no significant effect was observed at other time points (Figure 7D). The mRNA transcript levels of IL-4 at 12 and 24 h were significantly increased (Figure 7E); however, the expression of IL-12 was more noticeably attenuated from 24 to 96 h (Figure 7F). In addition, we also detected the expressions of three chemokine genes, with the detection data revealing that PHZ-induced hemolysis activated their expressions to varying degrees. The detection data for CCL4 revealed that its mRNA transcript level reached the highest point after 24-h treatment, followed by that at 48 and 24 h (Figure 7G). The expression of CCL11 was significantly increased at 24 h compared to the control group (Figure 7H). For CCL20, its mRNA transcript level was significantly upregulated at 12 and 24 h; however, its expression at 48 h was downregulated (Figure 7I). Finally, we also detected the expressions of TLR4 and Nrf2. Their data revealed that the hemolysis significantly upregulated the mRNA transcript level of TLR4 at 12 and 24 h (Figure 7J). The hemolysis significantly increased the expression of Nrf2 at all tested time points (Figure 7K).




Figure 7 | Phenylhydrazine (PHZ)-induced hemolysis caused differential mRNA expression levels of several cytokines measured by qRT-PCR in the head kidney. Cytokines: TNF-α (A), IL-1β (B), IL-8 (C), IFN-1γ (D), IL-4 (E), IL-12 (F). Chemokines: CCL-4 (G), CCL-11 (H), CCL20 (I), TLR-4 (J), and Nrf-2 (K). Data are representative of three independent experiments. **p < 0.01 (Student’s t-test). Data represent the mean ± SD of three independent experiments.






Discussion

Under normal physiological conditions, Hb is encapsulated in red blood cells, which is widely acknowledged. Intravascular hemolysis can occur in a pathological state, such as during tissue injury, stored RBC transfusions, or hemolytic microbe infection (2, 33). Exposure to high levels of free Hb or heme occurs in several disease states (such as sickle cell disease and kidney injury-associated diseases), which is widely studied in mammal models. Similarly, in the grass carp farming process, infection of A. hydrophila, GCRV, or other hemorrhagic pathogens usually leads to severe hemolysis and releases high levels of Hb into plasma or tissues (34, 35). In this study, we established a hemolysis model in grass carp to reveal the effect of Hb on tissues. Firstly, we explored the Hb accumulation in plasma after injecting PHZ at different time points. The data showed that Hb was deposited rapidly within a short period of hemolysis, which was similar to transfusion with old blood leading to intravascular hemolysis in guinea pigs (36). However, the accumulation of Hb was significantly attenuated after PHZ injection for 48 h, which indicated that the grass carp possessed a Hb scavenging system. Reports in mammals expounded that Hap and hemopexin (Hpx) play the role of primary scavenger proteins for the clearance and detoxification of extracellular Hb and hemin (17, 37); however, the scavenger system in teleost is still not well known. In our study, the PHZ-induced hemolysis also increased the antioxidant system; however, the enzyme activity patterns of the three antioxidases were obviously different. The exact mechanism of the different antioxidant enzymes in hemolysis still needs to be further deciphered in grass carp.

Due to the Fenton reaction, cell-free Hb contains a high oxidative activity. The presence of cell-free Hb and heme in circulation or tissues induces a cascade of oxidative reactions, resulting in systemic inflammation and widespread tissue damage (6, 17). In a guinea pig model, at 24 h after transfusion of old blood, HE staining demonstrated an extensive luminal to medial coagulative necrosis in distinct vascular regions of proximal and distal tubular dilation, necrosis in the kidney, and swollen tubules with irregular shapes, orange-colored casts, and irregular distribution of nuclei in dilated proximal and distal tubules. Perls’ iron staining showed obvious iron deposits appearing at the corresponding locations (36). In this study, we also tested the injury of Hb induced by hemolysis through H&E and Perls’ iron staining assays. The data revealed that hemolysis caused serious damage to the middle kidney, especially destroying the integrity of the kidney tubules and with large amounts of iron accumulation both in head and middle kidney. Under several pathological conditions associated with extensive hemolysis, the protective effect of a scavenger system can be rapidly overwhelmed. Cell-free Hb accumulates in plasma and is oxidized, releasing its heme groups, which can catalyze the production of free radicals through Fenton chemistry, resulting in oxidative damage (38, 39). Under oxidative stress, the host cells can avoid the pro-oxidant effects of free heme mainly through the rapid induction of the HO-1 isoenzyme, which catabolizes free heme into equimolar amounts of Fe2+, carbon monoxide (CO), and biliverdin to prevent the cells from inducing programmed cell death in response to pro-inflammatory agonists in a variety of mechanisms (39, 40). Our study revealed that the PHZ-induced hemolysis significantly increased the expression of HO-1 both in head and middle kidney, which indicated that the HO-1 in grass carp kidney plays a vital role affording protection against cell-free heme, thus exerting salutary effects against oxidative damage. This result is consistent with our previous study in vitro (41). In this study, we have demonstrated that the PHZ-induced hemolysis resulted in the accumulation of excess intracellular iron and tissue damage, destroying systemic iron homeostasis. In a mouse model, excess Hb destroyed the iron homeostasis and activated the expression of iron metabolism-related genes, similar to the results found in this study (42, 43).

Previous studies revealed that the oxidized Hb releases heme, and the generation of free radicals by the Fenton reaction has been considered the major form of ROS generation by heme and an important mechanism of heme-induced cytotoxicity (40, 44). Our previous studies also revealed that Hb activated the MAPK and NF-κB pathways to generate ROS, resulting in oxidative damage to CIK cells (25). The results from this study also revealed that the PHZ-induced hemolysis obviously increased the production of ROS in both head and middle kidney. Subsequently, we also examined the oxidative stress of hemolysis in the head and middle kidney. The results showed an obvious deposition of collagen fiber in the tested tissues. 4-HNE and MDA were also significantly accumulated, as well as the oxidative-related enzymes β-GAL and LPO, which were significantly increased. These results suggested that the PHZ-induced hemolysis caused oxidative damage to both head and middle kidney. Prolonged exposure to high levels of ROS usually leads to apoptosis, and thereby is widely acknowledged. In murine polymicrobial sepsis, cell-free Hb increased lung apoptosis (45). In a human podocyte model, during intravascular hemolysis, podocytes take up Hb, promoting oxidative stress, podocyte dysfunction, and apoptosis (18). In our previous in vitro study, high levels of Hb caused apoptosis in CIK cells (41). Here, we also examined the effect of hemolysis on apoptosis in both head and middle kidney through the TUNEL assay. The data revealed that the PHZ-induced hemolysis increased apoptosis compared to the control group, which indicated that the hemolysis in teleost also caused oxidative damage and resulted in apoptosis, similar to the reports in mammals. Cell-free Hb or heme plays the role of a pro-inflammatory molecule, which has been widely reported in several cells. According to previous studies, Hb or heme could induce inflammatory reactions via a Toll-like receptor 4 (TLR4)-dependent mechanism in macrophages (46), NF-κB activation in endothelial cells (47, 48), and leucine-rich repeat-containing protein 3 (NLRP3) in both macrophages and endothelial cells (48, 49). In CIK cells, we also found that the incubation of heme protein increased the secretion of inflammatory cytokines such as IL-6, CCL1, TNF-α, and IL-1β (25). In this study, the PHZ-induced hemolysis significantly increased the expressions of the cytokine-related genes in the head kidney; however, the expression pattern of these cytokine-related genes showed some differences. The mechanism of the regulation of Hb in cytokines still needs further elucidation.

In sum, we aimed to evaluate the effect of Hb released from PHZ-induced hemolysis on grass carp head and middle kidney. Our data demonstrated that the PHZ-induced hemolysis increased Hb and iron accumulation, activated the expressions of iron metabolism-related genes, increased the production of ROS in both head and middle kidney, and resulted in oxidative damage and inflammation generation.
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Viviparity has originated independently more than 150 times in vertebrates, while the male pregnancy only emerged in Syngnathidae fishes, such as seahorses. The typical male pregnancy seahorses have closed sophisticated brood pouch that act as both uterus and placenta, representing an excellent model system for studying the evolutionary process of paternal immune protection. Phylogenetic analysis indicated that the hampII gene family has multiple tandem duplicated genes and shows independent lineage-specific expansion in seahorses, and they had the highest ratio of nonsynonymous substitutions to synonymous substitutions (dN/dS) in the seahorse phylogenetic branch. The expression levels of hampIIs in the brood pouch placenta were significantly higher during pregnancy than non-pregnancy. Both LPS stimulation test in vivo and cytotoxicity test in vitro proved the immunological protection function of hampIIs against pathogen infection in seahorse. Besides, seahorse hampII peptides exhibit weaker antibacterial function, but stronger agglutination and free endotoxin inhibition. We assumed that the modified immunological function seemed to be a trade-off between the resistance to microbial attack and offspring protection. In brief, this study suggests that the rapid co-option of hampIIs contributes to the evolutionary adaption to paternal immune care during male pregnancy.
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Introduction

In viviparous animals, maternal immune protection of offspring is common during pregnancy, while the paternal immune protection is negligible in most vertebrates (1–3). Viviparity has an independent origin and appears more than 150 times in vertebrates, while male pregnancy only emerges once in Syngnathidae fishes (4). Seahorses, the iconic species in the Syngnathid family with typical male pregnancy, have males with closed sophisticated brood pouch that act as the uterus during pregnancy, which provide protection, osmoregulation, gas exchange, and nutrition to the embryos (5, 6). The brood pouch of male seahorse undergoes remodeling and even develop placenta during pregnancy (5, 7). Previous studies had figured the trade-off between immunological tolerance and embryo rejection along with the evolution of unique male pregnancy in the Syngnathid family (8, 9). Therefore, we assumed that the seahorses may serve as an excellent model system for studying the evolutionary process of paternal immune protection.

It is especially critical to maintain the parent’s immunological vigilance towards invading pathogens to protect both parents and infirm embryos of seahorse during pregnancy. The non-sterile sea water always filled into the brood pouch along with female’s eggs during mating, and male seahorses have to prevent bacteria burst in the nutrient-rich environment in the closed brood pouch during pregnancy (5, 10). A pathogen-limited environment in the closed seahorse brood pouches was speculated to be maintained by a balance between the paternal immune molecules and commensal microbiota (Figure 1A) (10, 11). Compared to mammal’s placenta, the thin tissue of placenta in seahorse’s brood pouch seems be weak in functioning as an immunological barrier between the father and offspring (5, 11), so, the excessive immune response might recognize and attack the embryos as foreign, leading to abortion or death (12). Therefore, we speculated that a trade-off between microbial attack and offspring protection in the brood pouch should be critical for male seahorse’s successful pregnancy.




Figure 1 | HampII gene co-option in male pregnancy in seahorse. (A) Seahorses have a sophisticated brood pouch with a placenta structure inside, which is functionally similar to the uterus and placenta in mammals, and plays an important role in preventing uncontrolled bacterial growth in the closed nutrient-rich environment, without damaging the developing embryos during pregnancy. (B) Phylogenetic analysis (Bayesian tree) showed taxonomic- or lineage- specific expansions in hampII genes (left), and synteny analysis demonstrated that hampII genes contained tandem duplicated sequences in the same scaffold (right). HampIIs in Syngnathidae were highlighted in blue background, seahorse hampIIs in red line, and other Syngnathidae hampIIs in blue line. (C) The dN/dS value of the seahorse branch of the hampII genes was the highest amongst all the antimicrobial peptides. Seahorse hampIIs were denoted in red. (D) The pairwise dN/dS values between hampII gene pairs was significantly higher in seahorses than other Syngnathidae (H, seahorses; D, Syngnathidae but not seahorse; O, other teleost species) (*, p <0.05).



Previous studies have figured that prominent antimicrobial peptides (AMPs) in seahorse brood pouches have positive immunoprotective effects and might contribute to successful embryo incubation during pregnancy, similar to those in mammalian mothers (13–15). Hepcidin is a small cysteine-rich antimicrobial peptide, including two types: hepcidin I and II. The hepcidin I (HampI) is a key regulator of iron metabolism for vertebrates, while hepcidin II (HampII) is considered to mainly function as immune defence in fish (16, 17). HampII only present in teleost fishes with multiple copies, which is a result of genome duplications and tandem duplications (18, 19). HampIIs are thought to play essential roles in evolutionary response to extreme and diverse water environments through gene co-option (19). Gene co-option, mostly via gene duplication and functional divergence of paralogs, changes the expression patterns and functions of the encoding proteins, contributing to developmental and physiological novelties (20–22). For instance, duplication and diversification of hampII genes play important roles in evolutionary response to the cold and oxygen-rich water in Antarctic notothenioid fishes (23). And immunological function diversity among hampII gene copies, have allowed large yellow croaker to adapt to diverse environmental conditions (19). We assume that gene co-option of hampIIs might occur in seahorse so as to play unique immune roles in the brood pouch during male pregnancy.

In the present study, we found that the recent lineage-specific gene expansion and rapid molecular diversification of newly acquired hampII copies, led to novel spatiotemporal expression profiles and modified antibacterial functions, thereby contributing to the evolutionary adaptation to specific paternal immune care in seahorses during male pregnancy.



Results and Discussion


Genomic Evolution of HampII Gene Families in Seahorses

Four hampII genes (HehampII-1,2,3,4) were identified from the lined seahorse genome and cloned from the cDNA. We also searched for homologous hampIIs from the genome of five other Syngnathidae and five other teleost species (Figure 1B and Table S1). Although the largest hampII families (11 genes) were found in fugu, and the hampII families in seahorses (Hippocampus genus) are more than those in other Syngnathidae fishes (Figure S1). All the structures of hampII precursor proteins are conserved, including the signal peptide, prodomain, and mature peptide, while the sequences of seahorse hampIIs mature peptides varied remarkably from other teleost fishes including their Syngnathidae relatives (Figure S2). What’s more, the molecular evolution analysis based on a total of 246 antimicrobial peptide genes among two seahorse species and other eight teleost fishes figured that the hampII gene family had the highest ratio of nonsynonymous substitutions to synonymous substitutions (dN/dS) in the seahorses’ most recent common ancestor (MRCA), indicating rapid sequence evolution rates in seahorses’ hampII genes compared to other antimicrobial peptides (Figure 1C and Table S2).

Interestingly, phylogenetic analysis indicated that the hampII family has multiple tandem duplicated genes and shows independent lineage-specific expansion in most teleost species, as well as during the evolution of Syngnathidae (Figure 1B, Figure S1 and Figure S3). Synteny analysis demonstrated that all hampII genes were tandem duplicated at the same genomic locus in all species. The duplicated copies, freed from purifying selection, are expected to evolve rapidly. It’s worth noting that evolutionary rates of Syngnathidae hampIIs were faster than that of other teleosts (Figure 1B and Figure S3), a recent expansion occurred in the ancestor of the seahorse but not in those of the other Syngnathidae (Figure 1B and Figure S3), and the dN/dS values between the seahorse hampII genes were significantly higher than those between other Syngnathidae (Figure 1D). These high variations in seahorse HehampII genes, especially located in the mature peptide region (Figure S2), might be conducive to new functions (24). Previous studies had figured that the frequent species or lineage-specific expansion of hampII genes in marine fishes were in line with evolutionary adaptation to the complexity and challenges of environmental conditions the fish encounters and copes with during its life history (19, 24). For example, the reduction to four cysteines from commonly eight cysteines in the Antarctic notothenioid hamp genes were supposed to increase the flexibility of the hairpin structure so as to adapt to the cold temperature (23). The hampII genes of large yellow croaker (Larimichthys crocea) were functionally diverse, involving in antibacterial or antiviral activity, so as to adapt to diverse environmental conditions (19). Therefore, the lineage-specific expansion and rapid evolution of the hampII genes in the seahorses might have promoted gene co-option and associated trait novelty, namely the immunological function.



Gene Expression Patterns of HehampII Family During Seahorse’s Breeding Cycle

In order to verify whether HehampII genes play a role during male seahorse pregnancy, we detected the gene expression patterns during seahorse’s breeding cycle. Firstly, the qPCR results showed that all HehampII genes are widely expressed in most organs of lined sehaorse, although the highest expression were detected in the liver (Figure S4). It is inconsistent with previous report in large yellow croaker, in which five hampII genes had dramatically different expression patterns (19). Interestingly, we found that the expressions of HehampII genes were dynamic in both the father’s brood pouch placenta and offspring during pregnancy. During pregnancy, the expression levels of all HehampII genes in the brood pouch placenta significantly increased, peaked at about 20-30 times than pre-pregnancy period, and then decreased sharply after parturition (Figure 2A). Meanwhile, the expression levels of all HehampII genes in the offspring began to rise until the late pregnancy period, and then increased quickly in the newborn neonate when they were just released from the closed brood pouch to the water environment (Figure 2B). In contrast, no significant changes were observed in seahorse liver during seahorse’s breeding cycle (Figure 2C). These specific expression profiles of HehampII genes during male pregnancy, which are similar to some other immune genes reported before, such as TLR2 (25), α2M (26), and C-type lectin (13), strongly suggest that HehampII genes play some roles in the brood pouch during male pregnancy.




Figure 2 | The expression of HehampII genes in the brood pouch placenta (A) of lined seahorse (Hippocampus erectus) was higher during pregnancy, whereas the highest expression in the offspring (B) was observed at the post pregnancy period when the new-borns were just released from the closed brood pouch to the water environment (n ≥ 5, mean ± SEM). (C) No significant differences were detected in the expression of any seahorse HehampIIs in the liver between pregnant (p) and non-pregnant seahorses (non-p). Different lowercase letters indicate significant differences between them (p < 0.05).





Immunoprotective Effects of Seahorse Hehamp In Vitro and In Vivo

Hepcidins including both HampI and HampIIs were supposed to mainly perform an antimicrobial role in fish (27). LPS is a component of the outer wall of gram-negative bacteria and can activate a number of immune-related genes and signaling pathways (28). Hepcidins from the redbanded seabream (Pagrus auriga) (29) and mudskipper (Boleophthalmus pectinirostris) (30) were increased post LPS challenge, suggested their immune protective role in fish. Hepcidin from caspian trout (Salmo caspius) upragulated after LPS stimulation, and it’s synthetic mature peptide exhibited antibacterial activity to several strains (31). To verify the function of HehampIIs in the brood pouch of seahorse, Lipopolysaccharide (LPS), a common pathogen-associated molecular pattern (PAMP) used for mimicking pathogenic infection, were injected into the brood pouch. The in vivo test showed significantly upregulated expression of all the HehampII genes in response to LPS challenge at 24 hours post injection (dpi) in the seahorse brood pouch, meanwhile, similar gene expression responses were also observed in the liver at earlier time point (12 h) (Figure 3A). These results proved that HehampII genes are indeed involved with the immune response in the brood pouch of seahorses.




Figure 3 | (A) In vivo, relative expression of seahorse HehampIIs in the placenta of the brood pouch and liver were upregulated in response to the lipopolysaccharides (LPS) challenge, PBS: phosphate-buffered saline. (mean ± SEM, n=5; *, p <0.05; **, p <0.01) (B) In vitro, the two seahorse HehampII mature peptides could rescue the death of seahorse embryonic cell caused by supernatant of Vibrio. Different lowercase letters indicate significant differences between them (mean ± SEM, n=3; p < 0.05).



Considering the close contact between the simple-structured placenta and thin-chorion embryos (11), these almost perfect transform of HehampII expression levels between the brood pouch and the incubated embryos implied that seahorse father might produce HehampII peptides as immune substances to protect the early embryos lack of complete immunity (Figures 2A, B). In order to test this assumption, cytotoxicity test in vitro were finished using the synthesised mature polypeptides of HehampII-2 and HehampII-4, respectively, encoding by the two seahorse lineage-specific hampII genes (HehampII-2, HehampII-4), which were also the most highly expressed hampII genes in the brood pouch during pregnancy (Table S4 and Figure 2). During the cytotoxicity test in vitro, the HehampII peptides at different concentration (12 μM and 24 μM) were added into the seahorse embryonic cells along with supernate of pathogenic Vibrio parahaemolyticus, one of the most common pathogens of seahorses (32, 33). This bacterial supernatant contains a large amount of harmful substances such as endotoxin (also known as LPS), which could cause cell death (34, 35). We found that both HehampII mature peptides at a minimum concentration of 12 μM could rescue seahorse embryonic cells from the death caused by pathogenic Vibrio supernate, respectively (Figure 3B), confirmed HehampII peptide’s immunological protection in seahorse. It was reported that Tilapia hepcidin could enhanced the survival rate of Chinook salmon embryo (CHSE)-214 cells infected with infectious pancreatic necrosis virus (IPNV) (36), and also, hepcidin mitigated LPS-induced inflammatory response to protect the mouse macrophage cells (37). However, much more evidences are necessary so as to receive some solid conclusion about father’s HehampII peptides functioning in protecting the incubating embryos.



Biological Activity Detection of Seahorse HehampII Peptides

Lastly, we tested whether the proteins encoded by HehampII genes evolved new functions that adapt to the paternal care behaviour. To detect the detailed biological activity, we carried out antibacterial experiments and microbial agglutination assays on the mature peptides of HehampII-2 and HehampII-4. Interestingly, antimicrobial assays showed that neither HehampII-2 nor HehampII-4 peptides exhibited remarkable bactericidal activity against all the bacterial strains even at special higher concentrations of 96 μM (272 μg/mL of HeHampII-2, 294 μg/mL of HeHampII-4, respecitively) (Table 1 and Table S5). While the encoding peptide (PC-hepc) by the hampII of large yellow croaker could kill all tested gram-positive and gram-negative bacteria at very low concentrations (Table 1). It has been reported that most fish hampIIs have a potent broad-spectrum antibacterial activity (16, 17, 27, 31, 38). For example, the HampII peptides from Dicentrarchus labrax, could significantly inhibited the growth of Photobacterium damselae, Streptococcus parauberis and Lactococcus garviae at a low protein concentration of 1 μM (16). The minimal effective concentrations of pufferfish (Takifugu pardalis) HampII peptide to all the ten strains tested were less than 40 μg/mL (17).


Table 1 | Antimicrobial activity of seahorse HampII mature peptides.



Interestingly, we found that HehampII mature peptides possessed remarkable concentration-dependent agglutination effects on the bacteria (Figure 4A and Table S5). Both HehampII-2 and HehampII-4 mature peptides exhibit microbial agglutination to all the tested strains at a low concentration of 3 μM. Compare to the strong broad-spectrum microbial agglutination activity of HehampIIs, few reports on microbial agglutination of hampII in other teleost species were identified so far. Besides, the previous study on tiger-tail seahorse H. comes identified novel C-type lectins (CTLs), which were highly expressed in the brood pouch and caused erythrocyte agglutination, and were supposed to help to repress bacterial growth (13).




Figure 4 | The two seahorse HampII mature peptides (A) showed remarkable agglutination (green triangle points to the agglutinating bacteria), and (B) inhibited the release of bacterial endotoxin significantly (mean ± SEM, n=3; **, indicate significant difference compared with control, p < 0.01).



In addition, we measured the neutralization of the endotoxin activity of LPS from three gram-negative bacteria (Vibrio parahaemolyticus, Escherichia coli, Acinetobacter baumannii) by two seahorse hampII peptides. We found that both two seahorse hampII peptides performed significant neutralization ability of the endotoxin activity. The endotoxin values in the control test are almost one hundred times more than that in any hampII peptide- incubating test (Figure 4B). Free endotoxin released from bacteria are harmful for mammal’s pregnancy and could lead to abortion and death of embryos (39, 40). Antimicrobial proteins such as human histones H2A and H2B were highly expressed in placenta and possessing dose-dependent inhibition of the endotoxin, empower the placenta an immune-privileged site with an antimicrobial and endotoxin-neutralizing barrier against microorganisms (41). Therefore, the strong neutralization abilities of endotoxin by seahorse HehampIIs suggest their protective effect on embryonic cells from microorganisms.

The closed brood pouch of seahorse provides the ideal conditions for bacterial proliferation (filled with non-sterile seawater and the nutrient-rich pouch fluid), therefore, it is essential to balance the paternal immune molecules and commensal microbiota and maintain a pathogen-limited environment in seahorse brood pouches during pregnancy (10, 11). We supposed that these modified antibacterial functions of HampII peptides might be a kind of adaptation to reduce the lethality of embryos during pregnancy and facilitate paternal immune protection. The HehampII peptides released into the brood pouch inhabit the bacterial boom by agglutination, and also protect the embryos by avoiding the toxic effects from the free endotoxins accumulation especially in the enclosed environment of the pregnant brood pouch. In addition, one possible explanation to the loss of antibacterial activity in HehampIIs is that the antibacterial activity might also result into damage to the incubated embryos. For example, IL-37 has a strong antibacterial effect on most Gram-negative and Gram-positive bacteria, but it is also toxic to a series of host cells and tissues (42–44). Therefore, a trade-off between antibacterial function and protection of the offspring during evolution lead to the loss of the common crude sterilization function of HampIIs. Similar functional diversity of antimicrobial peptides were also found in some teolost (45). For example, HampII peptides of large yellow croaker were functionally diverse, involving in antibacterial activity, antiviral activity, and also regulation of intracellular iron metabolism. Another interesting phenomenon is that, although four hehampII genes varied a lot among each other and with the highest ratio of dN/dS, their expression pattern and function are still quite similar. In contrast, substantial variation in expression pattern and biological function were observed in line with lineage-specific gene duplication of hampIIs in other teleost species (19).

In summary, our study demonstrated that the rapid co-option of hampII genes, which is complemented with a weaker gene expansion but rapid variation in the seahorse ancestor, promotes the high expression of hampII genes in the brood pouch during male pregnancy and their function alteration. The rapid co-option reduces the major antibacterial function of the hampII genes, which might be an evolutionary adaptation to maintain a balance between antibacterial function and embryo-protection during male pregnancy of seahorse.




Methods


Fish Husbandry and Sample Preparation

All the lined seahorses (Hippocampus erectus) are captive-bred individuals collected from the Zhangzhou Seahorse Breeding Farm, Fujian Province, China. Seahorses were acclimated for 7 d before the experiments. Fish were maintained in seawater circulation tanks under a light-dark cycle (light: dark, 16:8 h). The salinity, light intensity, temperature, pH, and dissolved oxygen were maintained at (mean ± SD) 25 ± 1.0 ‰, 2000 ± 500 lx, 22 ± 0.5°C, 7.9 ± 0.4, and 6.5 ± 0.5 mg L−1, respectively. Fish were fed with frozen Mysis twice daily. All fish were anaesthetised with 0.05% MS222 prior to dissection. All experiments were performed in accordance with the Animal Research and Ethics Committees of the Chinese Academy of Sciences (approval number: SCSIO-IACUC-2019-000137).



Cloning and Sequence Analysis of HampIIs

Four hepcidins identified from lined seahorse genome database (46) were cloned. All the reagents, consumables and anatomy tools were RNase free. Total RNA of seahorse liver was extracted following the instructions coming with the TRIzol Ragent (Invitrogen, Waltham, MA, USA). According to the operating steps of ReverAce qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan), 1 μg of total RNA was used to synthesize first-strand cDNA. All the total RNA and cDNA were stored at -80°C. The specific PCR primers of hampIIs were used to amplify and verify the coding sequences (Table S3). The parameters of specific polymerase chain reaction (PCR) were as follow: denaturation at 98°C for 5 min, followed by 36 cycles at 98°C for 30 min, 60°C for 30 s, and 72°C for 30 s, and finally extension for 10 min at 72°C. The DNA product were sequenced by Sangon Biotech Co., Ltd. (Shanghai, China). Sequence alignments of HampII mature peptides were performed using MEGA.



Phylogenetic Analysis of HampIIs

Synteny analysis of hampIIs were performed based on the genome assemblies of all the ten teleost species (Table S1). Search gff files showing the order of genes and fna files containing genome sequence from the project accessions or genome assemblies of target fish. We find hampIIs and their upstream and downstream genes through gff files by gene name, and confirmed the presence and order of them by BLAST (e-value = 1 × 10−5) based on fna files.

Phylogenetic tree was constructed according to the homologous genes of hampIIs from the published genome data including five Syngnathidae species and other five teleost species, and use the hamp gene from spotted gar (Lepisosteus oculatus) as outgroup (Table S1). The coding protein sequences of hampIIs were aligned using MAFFT v7.475 after removing sequences with frame-shifts or missing exons. Sites with less than five gaps were kept for phylogenetic analysis. Aligned coding protein sequences were transform back to nucleotide sequences using ‘tranalign’ in the EMBOSS toolkit. The best-fitting nucleotide and amino acid substitution model based on Akaike’s information criterion (AICc) was chosen using Mega X. The best-fit model was K80+G for nucleotide and JTT+G+I for amino acid. Bayes phylogenetic tree was constructed using MrBayes parallel 3.2.6 with 4 chains of 500,000,000 generations and 20% burn-in. Maximum likelihood phylogenetic tree was also constructed using RAxML 8.2.12 (-f a) with 1000 bootstraps. All the phylogenetic trees produced were conducted with the coding protein sequences.

The pairwise dN/dS ratios were calculated. All hampII was classified into three groups according to the species: group H: seahorses, group D: sea dragon (Syngnathidae) without seahorses, and group O: other species. The pairwise dN/dS ratios between any two hampIIs, either within group or between different groups, were calculated using PAML 4.9j (runmode = -2, model = 1, NSsites = 0). The Wilcox rank test on dN/dS values between different group pairs (like DD vs. HH) was performed using ‘wilcox.test’ in R.



Molecular Evolution of Antimicrobial Peptides

Referring to the antimicrobial peptide database (APD3, http://aps.unmc.edu/AP/main.php) and published articles on antimicrobial peptides in fish, we focused on 25 antimicrobial peptide families: thrombin, histone, galectin, c-type lectin, collectin, ubiquitin, cyclin-dependent protein kinases (CDK-like), bovine pancreatic trypsin inhibitor (BPTI), chemokine, neuropeptide, phospholipase A2 (PLA2), transferrin, hemoglobin, defensin, actinoporin, liver-expressed antimicrobial peptide 2 (LEAP-2), beta2-microglobulin, thymosin, amyloid, enhancers of rudimentary (ERH), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), saposin, hepcidin, mannose-binding lectin and lysozyme (47–51). The lined seahorse genome database was downloaded from PRJNA347499 (46), and the homologous genes of antimicrobial peptides were searched by gene names mentioned above in the annotation file, and ascertained by BLAST (e-value = 1 × 10−5) based on amino acid sequences in cds file. Maximum likelihood phylogenetic tree (species involved are listed in Table S1) was constructed by RAxML 8.2.12 (-f a) using Jones’ JTT+G amino acid substitution model with 1000 bootstraps. The dN/dS ratios of all branches, include the seahorse ancestor branch, were calculated under the free-ratios model (model=1, NSsites=0) of PAML 4.9j. The estimated dN/dS of the branch leading to the seahorse ancestor were fetched for comparison.



Gene Expression Patterns of HehampII Family During Seahorse’s Breeding Cycle

In order to collect the placenta tissue of brood pouches of seahorses at different pregnancy stages, reproductively mature non-pregnancy male and female lined seahorses derived from breeding farm were maintained together (males = 60; female = 60; body length 12-15 cm, wet weight 3-6 g) in the seawater circulation system, and all fish were allowed to mate freely. The male pregnant seahorses were sampled at certain stage, then anesthetized and dissected to collect the brood pouch placenta, liver, and offspring (or embryos). The brood pouch inner layers from the non-pregnant but courtship-active male seahorses were defined as pre-pregnancy stage (n = 8). The pregnancy seahorses were sampled at three sub-stages according to the number of day post mating: Early Pregnancy (less than 4 d; n = 7), Middle Pregnancy (approximately 4–10 d; n = 8), and Late Pregnancy (approximately 11–15 d; n = 8). And the males at one day post-delivery were termed to be in the Post-Pregnancy period (52). In addition, the livers from seahorse were sampled too, it should be mentioned that the livers from the early, middle and late pregnancy seahorse serves as a mixed sample. All the collected tissues were surgically sampled and immediately frozen in liquid nitrogen and stored at -80°C for further analysis.



Real-Time Quantitative PCR

The expression levels of seahorse hampIIs were detected using quantitative real-time PCR (qPCR). All specific primers for qPCR are listed in Table S3. According to the instructions provided with the SYBR Green I kit (Toyobo, Japan), qPCR was conducted on a Roche Light-Cycler 480 real-time PCR system. The qPCR amplification system was listed in Table S6. The primer efficiency of all the HehampIIs was measured using the standard curves generated by a series of plasmid constructs (Figure S5). β-actin was used as the reference genes. The qPCR cycling parameters were as follows: 95°C for 3 min, followed by 40 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 20 s. The melting curve was checked to exclude nonspecific amplification products (Figure S6). Gene expression levels were determined using the threshold cycle (Ct) values converted using fluorescence data.



Expression of Seahorse HampII Genes in Response to Lipopolysaccharide Stimulation In Vivo

The sidewall tissue of the brood pouch of male seahorses (12.7 ± 0.45 g) was injected with 100 μL of either LPS (2 μg/μL, Sigma Aldrich, Escherichia coli O111: B4) in phosphate-buffered saline (PBS), or with only sterile PBS in the sham control. Seahorses were collected at each sampling time point, including at 6, 12, and 24 h post injection (hpi) (n = 5 each group). The liver and placenta tissue of the brood pouch were surgically sampled and immediately frozen in liquid nitrogen and stored at -80°C for further analysis.



Cytotoxicity Test In Vitro

Two HampII mature peptides of lined seahorse (HehampII-2 and HehampII-4), of which the amino acid sequences, molecular mass, and purity are summarised in Table S4, were synthesised by GenScript Biotech (Nanjing, China) using the solid-phase peptide synthesis method.

The seahorse embryo cell line established previously in our lab were used for cytotoxicity test in vitro (53). The cells were cultivated in the Dulbecco’s modified eagle medium (DMEM): Ham’s nutrient mixture F-12 (1:1) medium (DMEM/F12) supplemented with antibiotics (penicillin, 400 U/mL; streptomycin, 400 µg/mL; Gibco BRL) and fetal bovine serum (FBS, 20%). Embryo cells were transferred into 6-well cell culture plates containing 6 ml DMEM per well. V. parahaemolyticus was centrifuged at 4,000 × g after cultured for 12 h, and the supernate was filtered with a 0.22 μm filter. During experiment, several reagents were involved: DMEM (without antibiotics and FBS), PBS (containing 1‰ DMSO), Vibrio supernate, HehampIIs (192 μM; dissolved in PBS with 1‰ DMSO). And several groups were set up this experiment: normal group (5.25 mL DMEM + 0.75 mL PBS), sham control group (4.95 mL DMEM + 0.375 mL PBS + 0.375 mL HehampIIs + 0.3 mL Vibrio supernate), two 12 μM HehampIIs groups (5.325 mL DMEM + 0.375 mL HehampIIs + 0.3 mL Vibrio supernate) and two 24 μM HehampIIs groups (4.95 mL DMEM + 0.75 mL HehampIIs + 0.3 mL Vibrio supernate). The cell viability was detected using Cell Counting Kit-8 (MCE, USA) after 12 h-incubation.



Biological Activity Detection of Seahorse HampII Mature Peptides


Antimicrobial Assay

Antibacterial assay was performed following the liquid growth inhibition assay protocol reported previously (54). And the synthetic mature peptide from the large yellow croaker (Pseudosciaena crocea) HampII (PC-hepc) was also synthesised and used as a reference in this study (Table S4) (38). The purity of all three synthetic polypeptides was over 95%, making the biological activity detection assay possible. These peptides were stored in dry powder form at -80°C before use. To evaluate the antibacterial activity of these synthetic peptides, a variety of fish pathogenic strains (Acinetobacter baumannii, Bacillus subtilis, Bacillus thuringiensis, Candida albicans, Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae, Micrococcus luteus, methicillin-resistant Staphylococcus aureus (MRSA), methicillin-Resistant Staphylococcus epidermidis (MRSE), Staphylococcus aureus, Salmonella typhimurium, and Vibrio parahaemolyticus) were cultured and tested in this study. These bacteria, marine bacteria, or fungi were cultivated in nutrient broth (NB), Mueller Hinton broth (MH broth), 2216E and YPD medium, respectively. Microbial cells were collected by centrifugation at 4000 × g at room temperature for 5 min when cultured to the logarithmic phase, and then resuspended in the corresponding medium. Bacteria (104 CFU/well) and fungi (103 CFU/well) were cultured using a serial dilution of polypeptides in a 96-well microbe culture plate at their optimum temperature for 48 h. HehampII peptides were dissolved in sterile water with 1‰ DMSO to obtain final protein concentrations of 96, 48, 24, 12, 6, 3, and 1.5 μM by serial dilution with sterilised water. Minimum inhibitory concentration (MIC) is defined as the lowest protein concentration that can inhibit the visible growth of microorganisms. Based on the MIC, the mixture with no visible growth was inoculated into the corresponding agar plates and cultured at an optimal temperature for 48 h. The minimum bactericidal concentration (MBC) is defined as the concentration of protein that prevents microbial growth of more than 99.9%. All assays were performed in triplicate.



Microbial Agglutination Assay

Three typical strains (gram-negative bacterium: E. coli, Gram-positive bacterium: S. aureus, Fungus: C. albicans) were used to test the microbial agglutination of seahorse HampII peptides. The strains were centrifuged at 4000 × g for 5 min to collect the bacterial cells, and then inoculated into the corresponding medium and cultured for 12–18 h. The strains were washed three times with TBS buffer (10 mM Tris-HCl, 150 mM NaCl, pH 7.4) and then resuspended in TBS buffer to ensure that the OD600 reached 0.6. In the agglutination experiment, 10 mM CaCl2 was added, and the final OD600 value of the bacterial solution was 0.3 by mixing with the peptides. HehampIIs dissolved in 1‰ DMSO were diluted with sterilised water to a final concentration of 96, 48, 24, 12, 6, and 3 μM. Bovine serum albumin (BSA) (2 mg mL−1) with 1‰ DMSO was used as the control. The agglutination reactions were observed using an optical microscope. The free bacterial cells were sucked out, diluted, and then coated on agar plate with corresponding media, and the CFU were calculated after incubated at optimum temperature for 24-48 h. The percentage of CFU of free bacterial cells in the test to that in the control was evaluated, so the degree of microbial agglutination was measured. All assays were performed in triplicate.



Endotoxin Neutralization Test

Three gram-negative bacteria (A. baumannii, E. coli, and V. parahaemolyticus) were used to test the neutralization ability of two seahorse HehampII peptides, respectively. The pellets of strains were collected after overnight incubation at the optimal temperature, washed three times with PBS, and resuspended to 105 CFU mL−1 with PBS. The bacterial suspensions were mixed with HeHampII-2 peptide and HeHampII-4 peptide (at a final concentration of 6 μM), respectively, and the sterile water with 1‰ DMSO were used as a control. After incubation for 0.5, 1.5, and 3 h at the optimum temperature, the mixture was filtered with a 0.22 μm filter, and the endotoxin value was determined according to the instructions of the Bioendo KC Endotoxin Test Kit (Kinetic Chromogenic Assay) (BIOENDO, China). All assays were performed in triplicate. All reagents and consumables used in this experiment were sterile and free of endotoxins.




Statistical Analysis

All data were analysed using GraphPad 6 software and presented as the mean ± standard error of the mean (SEM). Unpaired Student’s t-tests or one-way ANOVAs followed by Tukey’s tests were used to analyse the statistical differences, and differences were considered statistically significant at p < 0.05.
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The cell types and developmental trajectories of shrimp cells based on the transcriptional level have not been established, and gene expression profile and function at the single-cell level is unclear. We aimed to use scRNA-seq to construct a single-cell resolution transcriptional map of hepatopancreas and haemocytes in shrimp to analyse the molecular mechanisms of the immune response to ammonia nitrogen stress. In the present study, seven cell clusters were successfully identified in each of the two tissues (haemocytes, Hem1-7; hepatopancreas, Hep1-7) based on specifically-expressed marker genes. The developmental starting points of haemocytes and hepatopancreatic cells were Hem2 and Hep1, respectively. We propose that Hem2 has oligopotent potential as the initiation site for haemocyte development and that Hem4 and Hem5, located at the end of development, are the most mature immune cell types in haemocytes. Hep5 and Hep6 were the developing terminal cells of hepatopancreas. The antioxidant system and proPO system of shrimp were activated under ammonia nitrogen stress. A large number of DEGs were involved in oxidative stress, detoxification metabolism, and immune defence. In particular, important response genes such as AMPs, proPO, and GST were not only marker genes for identifying cell groups but also played an important role in shrimp cell differentiation and functional plasticity. By successfully applying 10× Genomics based scRNA-seq to the study of shrimp, the single-cell transcriptional profiles of hepatopancreatic cells and haemocytes of shrimp innate immune responses under ammonia stress were constructed for the first time. This atlas of invertebrate hepatopancreatic cells and haemocytes at single-cell resolution identifies molecular events that underpin shrimp innate immune system responses to stress.
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Introduction

Crustaceans are a morphologically and physiologically diverse animal group and are one of the most successful animal taxa worldwide. In decapod crustaceans, the hepatopancreas is the largest organ of the digestive gland and is the main metabolic organ, which is responsible for the absorption and metabolism of nutrients, digestion and storage, synthesis of digestive enzymes and proteins, and detoxification of xenobiotics (1). Although the hepatopancreas has been investigated using histological, physiological, and molecular biological techniques there is no universally accepted structural and functional conceptualization (2).

Shrimp are the main focus of crustacean aquaculture. Haemocytes play an important role in the immune defence system of shrimp; they execute cellular immune processes and synthesise and release several immune factors to provide the material basis for humoral immunity. Shrimp haemocytes are divided into three morphological types (hyaline, semi-granular, and granular cells) based on their morphology and physiology (3, 4). The establishment of shrimp cell lines has been a challenge and the function of individual cell types is unknown. The full functional diversity of shrimp haemocytes and their developmental trajectories has not been established, and the extent of functional equivalence in morphologically-similar haemocytes is unclear. However, characteristics of these cells are largely determined by cells’ molecular signature or gene expression patterns. Therefore, in order to further understand shrimp cell diversity and function, it is necessary to identify the cell types and their marker genes.

Ammonia nitrogen (ammonia-N) is a serious pollutant that has a negative impact on aquaculture systems. Moreover, ammonia-N accumulation can induce a series of changes in histology, metabolic characteristics, and immune system of organisms, leading to neurological dysfunction, impaired respiration, decreased fecundity, and animal diseases and death, which can cause large economic losses to farmers (5). Efforts have been made to decipher the molecular mechanisms of the detrimental effects of ammonia on aquatic animals, such as shrimp and crabs (6, 7). Haemocytes and hepatopancreas are the key tissues that respond to ammonia stress in shrimp, and their functions are related to metabolism, detoxification, and immune defence (5, 8). However, the responding mechanism of haemocytes and the hepatopancreas in shrimp has been studied mainly at a whole tissue or bulk RNA sequencing levels. Due to the limited understanding of cellular diversity, the transient state of cells and their dynamic gene expression patterns are often buried in the overall RNA sequencing data. Hence, it is important to construct a single-cell molecular atlas of important tissues of shrimp, characterizing the molecular signatures of all dynamic states of cell types under steady state and stress conditions.

Single-cell mRNA sequencing (scRNA-seq) is a powerful tool for studying the state and function of cells. Recently, scRNA-seq has been used to reveal cellular characteristics and functions in invertebrates, dramatically changing the understanding of the cellular diversity of multiple invertebrates, such as mosquitoes, Drosophila, silkworms, and scallops (9–12). In particular, as one of the mainstream platforms for scRNA-seq technology, 10x Genomics Chromium system has the advantages of high throughput and high cell capture rate, and is widely used in the research of cell heterogeneity, cell classification, construction of cell maps, and discovery of new cell types. Here, we performed scRNA sequencing of haemocytes and hepatopancreas of P. monodon, one of the most common commercial crustacean species, under steady state and ammonia stress, to comprehensively distinguish mature cell types from their transient intermediate states. We focused on developing an atlas of diverse cell populations in shrimp (haemocytes and hepatopancreas) to provide a valuable resource for the gene expression profiles of the various cell types and their states in shrimp.



Material and Methods


Animals and Ammonia-N Exposure Experiments

Healthy P. monodon (8.2 ± 1.0 g) were obtained from the South China Sea Fisheries Research Institute in Shenzhen (Guangdong, China). 120 shrimp were randomly selected and equally divided into two groups (control, CG; ammonia-stressed, AG) with two replicates each. A replicate was one 500-L fibreglass tank containing 30 shrimp. In the AG group, NH4Cl solution was added until tanks reached the predetermined ammonia concentration. The ammonia concentration was set to ∼58.15 mg/L (LD50 for 96 h of ammonia exposure). Water salinity was 30 ppt; temperature, 27 ± 1°C; pH, 7.8–8.1; and dissolved oxygen, ≥ 6.5 mg/L. After 12 h, three shrimp per group were separately dissected to obtain hepatopancreas tissues and haemolymph.



Preparation of Hepatopancreatic Cells and Haemocytes

Fresh hepatopancreas tissue were immediately used to prepare single-cell suspensions. Briefly, the collected hepatopancreas tissue was washed with DPBS (PBS without calcium and magnesium) and carefully chopped into small pieces. Enzymatic digestion was performed with collagenase II (2 mg/mL) and dispase (0.2 mg/mL) at 37°C for 15min. The digested solution was transferred to a centrifuge tube after passing through a 70 μm filter and a 40 μm stainless nylon mesh (Greiner Bio-OneGmbH, Germany). The cell suspension was centrifuged at 400 g for 4 min, and the supernatant was discarded slowly. The cell layer was resuspended in DPBS containg 0.04% BSA after washing with PBS at 400 g for 4 min twice.

To avoid agglutination, anticoagulant EDTA solution was used in haemocytes separation. The needle and syringe were wet with EDTA prior to collection of haemolymph. The collected haemolymph was mixed with EDTA solution in a 1:1 volume. Then the collected haemolymph was immediately transferred in a 50 ml centrifuge tube filled with 20 ml DPBS containing 0.04% BSA, and centrifuged at 300 g for 5 min to collect the haemocytes. The collected haemocytes were washed twice with PBS and centrifuged at 400 g for 4 min and resuspended in DPBS containing 0.04% BSA. Cell viability was measured using a Trypan Blue staining kit (Sangon Biotech). The cells of each sample were counted using a cell counting plate.



Single-Cell RNA Sequencing

The library was synthesised as per the instructions for Chromium Next GEM Single Cell 3′ Reagent Kits v3.1 (10× Genomics). In brief, the cells from three shrimp of each group were mixed to form one sample and adjusted to 1000 cells/μL. Cell suspensions were loaded on the Chromium Controller instrument to generate single-cell Gel Beads-In-Emulsions (GEMs). In GEMs, individual cells were barcode-labelled and GEM-reverse transcriptions were performed. Then, the cDNA libraries were amplified using primers of R1 and P5 arms after reverse transcription. Sequence-ready libraries were constructed according to the Chromium Single Cell 3′ Library v3 Kit (10× Genomics) instructions. Finally, four barcoded sequencing libraries (two for hepatopancreatic cells and two for haemocytes) were sequenced on the Illumina 10× Genomics Chromium platform.



Quality Control (QC) and Data Normalisation

The raw FASTQ data were processed using CellRanger software (https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/5.0/what-is-cell-ranger), which performs splicing-aware alignment of reads to P. monodon genome (13) by calling STAR (2.7.2a) (https://github.com/alexdobin/STAR) with default parameters. To retain high-quality single-cell RNA-seq data, genes expressed in fewer than three cells, low-quality cells with gene numbers less than 200, cells with gene numbers higher than 2500, and cells with more than 0.05% mitochondrial genes, were removed in the initial QC screen by the CellRanger. Then, doublets in raw data were identified and removed by DoubletFinder (https://github.com/chris-mcginnis-ucsf/DoubletFinder) within a range of 7.5%. After removing unwanted cells from the dataset, the “Normalization” function of the Seurat software was used to normalise the expression of data (https://satijalab.org/seurat/pbmc3k_tutorial.html).



Cell Clustering and Visualisation

To cluster the cells, principal component analysis (PCA) was performed using the normalised expression amount. The most significant ∼12–15 principal components (PCs) were selected from the PCA results for subsequent cluster analysis, and the single-cell sub-group classification results were further visualised by Uniform Manifold Approximation and Projection (UMAP) (https://satijalab.org/seurat/articles/get_started.html) in a two-dimensional space.



Differentially Expressed Genes (DEGs) Analysis

Differential gene expression analysis on different cell populations was performed using Seurat’s bimod likelihood ratio statistical test (https://satijalab.org/seurat/articles/de_vignette.html). The DEGs were determined by the following criteria: p-value ≤ 0.05, average log2FC ≥ 0.25, and the expressed gene detection in more than 25% of cells.



Visualisation of Marker Genes

To illustrate the gene expression patterns, heatmaps and dot plots for all the cell clusters were constructed using marker genes. The marker genes were the upregulated genes in a single cluster compared to their expression in all other cells, which were screened using a non-parametric Wilcoxon rank sum test with a threshold of adjusted p-value < 0.05. The top 10 upregulated genes in each cluster were used for plotting heatmaps.



Functional Enrichment Analyses

Functional enrichment analyses were performed for the DEGs and marker genes. For GO enrichment analysis, DEGs were first mapped to the InterProScan database (https://www.ebi.ac.uk/interpro/search/sequence/) to obtain a list of genes with a certain GO function in each term, and significantly enriched GO terms were identified by a hypergeometric test with a threshold of p-value ≤ 0.05. For KEGG enrichment analysis, a Clusterprofiler package (v4.0.5) (https://github.com/YuLab-SMU/clusterProfiler) was applied to find pathways significantly enriched in DEGs compared to the background of the entire transcript set with a threshold of p-value ≤ 0.05.



Pseudotime Inference

To explore the temporal resolution of cell differentiation states, single cell trajectory was performed using Monocle 2 (https://github.com/cole-trapnell-lab/monocle-release). Then, a pseudotime ordering of cells is inferred from the DEGs. We assumed that the raw UMI counts were distributed according to a negative binomial distribution with fixed variance expression family to model the raw UMI count data (14, 15).




Results


Global Transcriptional Profiling and Cell Type Identification of Adult Shrimp Cells

We obtained 12,712 haemocytes and 21,226 hepatopancreatic cells for subsequent scRNA-seq analysis after rigorous QC (Figure 1A). We detected a median value of 5072 UMIs and 1222 genes per cell in haemocytes, and 1733 UMIs and 645 genes per cell in hepatopancreatic cells. The two types of integrated single-cell transcriptomes were dimensionally reduced through UMAP. Based on highly variable genes, the haemocyte’s were found to contain seven main cell clusters (Hem1-Hem7; Figure 1B) with a proportion range of 1.35% (Hem7) to 38.02% (Hem1). Seven hepatopancreas cell clusters (Hep1-Hep7) were identified and their proportions ranged from 0.83% (Hep7) to 43.23% (Hep1) (Figure 1C). The details of marker genes of each cluster of haemocytes and hepatopancreatic cells are listed in Supplementary Table S1.




Figure 1 | ScRNA-seq of P. monodon haemocytes and hepatopancreas reveals their cellular subpopulations. (A) Overall workflow for cell sorting and single-cell data analyses. (B) UMAP plot of cell clusters from shrimp haemocytes. (C) UMAP plot of cell clusters from shrimp hepatopancreas. (D) Heatmap of the top 10 marker genes in haemocytes. (E) Heatmap of the top 10 marker genes in hepatopancreas. (F) Violin plots of the significantly marker genes in haemocytes. (G) Violin plots of the significantly marker genes in hepatopancreas.



Heatmaps were constructed to display the top 10 most variably-expressed genes for each cluster in haemocytes (Figure 1D) and hepatopancreas (Figure 1E) respectively, and the most specific genes from each cell cluster were visualized using violin plots in both haemocytes (Figure 1F) and hepatopancreas (Figure 1G). The results showed that each of the seven clusters had specific biomarkers which highlighted dynamic gene expression changes occurring throughout adult shrimp haemocytes and hepatopancreas.



Differential Cell Number Between AG and CG Groups and the Marker Gene Enrichment Atlas

UMAP analysis displayed cell cluster composition and their changes in haemocytes and hepatopancreatic cells (Figure 2). The comparison of cell number ratios between CG and AG conditions showed that the clusters of Hem1 and Hem6 were significantly increased, while clusters of Hem4 and Hem7 were significantly decreased in the AG compared to that in the CG condition (Figure 2A). For hepatopancreatic cells, the numbers of Hep1, Hep3, Hep5, and Hep6 cells were significantly increased, while the number of Hep7 cells was significantly decreased while the number of Hep7 cells was significantly decreased after ammonia-N stress (Figure 2B).




Figure 2 | The changes of cell clusters under ammonia-stress and enrichment of marker genes in P. monodon haemocytes and hepatopancreas (A) UMAP of haemocytes in the control (CG) and ammonia-treated groups (AG). The bubble chart represents the changes in the cell ratio of each cell cluster in haemocytes. (B) UMAP of hepatopancreas in the AG and CG. The bubble chart represents the changes in the cell ratio of each cell cluster in hepatopancreas. (C) GO and KEGG enrichment analysis of marker genes in haemocytes. (D) GO and KEGG enrichment analysis of marker genes in hepatopancreas.



Further, GO and KEGG enrichment analyses of the marker genes with significant expression differences in each cluster (Figures 2C, D) revealed that the marker genes of different clusters in haemocytes were mainly related to immune phagocytosis, homeostasis, and detoxification. For example, clusters of Hem1 and Hem2 were mainly related to peptide synthesis, amino acid metabolism, and carbon metabolism. The marker genes of the Hem3/4/5 clusters were mainly enriched in homeostasis, peptide metabolism, amino acid activation, Ras GTPase binding, actin cytoskeleton organisation, lipid metabolism, and regulation of response to stimulus. The involved KEGG pathways were glutathione metabolism, endocytosis, phagosome, and autophagy (Figure 2C). The marker genes of the Hem6/7 clusters were mainly enriched in cell cycle and death-related events, such as DNA replication, DNA repair, and apoptosis (Figure 2C). Hem7 is a cell cluster related to phagocytosis and apoptosis, and maker genes were mainly enriched in molecular pathways such as endocytosis, apoptotic process and cytoskeleton organization.

In terms of cell clusters derived from hepatopancreatic tissues (Figure 2D), the clusters of Hep1/2/3/6 cells were mainly enriched in metalloendopeptidase activity, drug metabolism, ATP metabolism, aromatic compound catabolism, and apoptosis (Figure 2D). In general, the biological functions of the Hep1/2/3/6 cell clusters were mainly associated with immune phagocytosis and detoxification; and Hep6 was associated with apoptosis. Parts of the marker genes of Hep5 were related to organic acid metabolism and inorganic anion transport. In addition, the marker genes of the Hep4/7 clusters were enriched in GO terms of DNA packaging, ATP metabolism, and regulation of cell death. The Hep4 and Hep7 clusters were associated with chromosome replication events, metabolism, and energy regulation (Figure 2D).



Shrimp Developmental Trajectory in the Haemolymph and Hepatopancreas

Furthermore, RNA velocity was used to predict the dynamic changes in cell development in shrimp haemocytes and hepatopancreas (Figures 3A, B). The haemocytes appeared to develop along two differentiation pathways, among which the developmental trajectory of Path I was Hem 2-Hem 3-Hem 4 (end point) and the trajectory of Path II was Hem2-Hem1-Hem5 (end point; Figure 3A). We applied monocle2 to perform pseudotime analysis of Hem1-Hem5. According to the change in trajectory, the cells underwent three stages: the starting point of the branch (pre-branch) and the other two branches (cell fate1 and cell fate2; Figures 3C, E). The genes enriched in pathways such as ribosome synthesis, were highly expressed at the pre-branch stage (P1; Figure 3E). The expression levels of most enriched genes related to metabolism and oxidation pathways were significantly increased at cell fate2 (P2; Figure 3E). However, ECM receptor interaction, autophagy and other pathways were significantly increased at cell fate1 but significantly decreased at cell fate2 (P3; Figure 3E). In addition, the expression patterns in haemocytes of several important genes were notable (Figure 3I). For example, glutathione peroxidase, GSH-Px (LOC119594415) was highly expressed in cell fate1. AMPs (LOC119594995 and LOC119594996) were highly expressed in cell fate2. The expression levels of anti-lipopolysaccharide factor, ALF (LOC119576449) and prophenoloxidase, proPO (LOC119586224) were higher in cell fate2 (Figure 3I).




Figure 3 | The pseudotemporal trajectories identify transcriptional dynamics of shrimp haemocytes and hepatopancreatic cells. (A) UMAP diagram of the RNA velocity of haemocytes. (B) UMAP diagram of the RNA velocity of hepatopancreatic cells. (C) Pseudotime analysis of cells in Path I and Path II development directions. (D) Pseudotime analysis of cells in Hep1 and Hep3 developmental directions. (E) The pseudotime branch heatmap of haemocytes and KEGG enrichment. (F) The pseudotime branch heatmap of hepatopancreatic cells and KEGG enrichment. (G) Monocle differentiation tree of Hep1/5/6 in hepatopancreas. (H) The branch heatmap of Hep1/5/6 cells and KEGG enrichment. (I) Jitter diagram of branch development of key genes in haemocytes. (J) Jitter diagram of key genes in the developmental direction of hepatopancreatic cells.



For hepatopancreatic cells, RNA velocity analysis showed that the differentiation directions were mainly Path I (Hep1-Hep3), II (Hep1-Hep5-Hep6) and III (Hep2). Two developmental pathways of Path I and Path II were selected for pseudotime analysis (Figures 3D, F–H). During the development process of Path I, the highly expressed genes in the start stage were mainly enriched in pathways such as lysosome, starch and sucrose metabolism, and neuroactive ligand–receptor interaction (P2; Figure 3F), and were mainly enriched in TGF signal transduction, endocytosis and RNA transport at the end stage (P1; Figure 3F). The pseudotime analysis results of Path II showed three main stages based on the trajectory plot (Figure 3G). Lysosome and starch and sucrose metabolism pathways were highly expressed at the pre-branch stage (Figure 3H). Ribosome and endocytosis pathways were significantly decreased at cell fate1 but significantly increased at cell fate2 (P2; Figure 3H). In addition, we also noted the expression patterns in the hepatopancreas of several important genes (Figure 3J). For example, the perlucin-like protein (LOC119574611) was the most highly expressed in the pre-branch state and decreased with development. The expression level of vesicle-associated membrane protein 3 (LOC119583416) was increased at the cell fate1.



The Differential Molecular Profiles of Haemocytes Between AG and CG Groups

To gain a deeper understanding of the potential mechanisms of the blood lymphocyte response to ammonia stress, the DEGs of the three focused clusters of Hem3, Hem4, and Hem5 between the AG and CG groups were analysed (Figure 4A). The DEGs of Hem3 were enriched in drug metabolism and the mTOR signalling pathway. The DEGs of Hem4 and Hem5 were enriched in oxidative phosphorylation; the DEGs of Hem3 and Hem5 were enriched in mitophagy; and the DEGs of these three cell clusters were all enriched in the ribosome, phagosome, and endocytosis pathways (Figure 4B). The intergroup differences of upregulated and downregulated genes in the three clusters are shown in a Venn diagram (Figures 4C, D). Of the 243 co-upregulated genes, 60.91% were functionally annotated (Figure 4C Down). Of the 114 co-downregulated genes, 78.95% were functionally annotated (Figure 4D Down). Violin plots were used to demonstrate the characteristic genes upregulated and downregulated in response to ammonia stress in the Hem3, Hem4, and Hem5 clusters (Figure 4E).




Figure 4 | Enrichment analysis of differentially expressed genes in P. monodon haemocytes under ammonia-stress. (A) Differential gene volcanic map display of Hem3/4/5 clusters in haemocytes. (B) KEGG enrichment analysis of differential genes in Hem3/4/5 clusters of haemocytes. (C) The Venn diagram of coupregulated genes and its gene function in haemocytes. (D) The Venn diagram of codownregulated genes and its gene function in haemocytes. (E) Violin diagram showing functional genes in haemocytes. (*p < 0.05 and **P < 0.01).





The Differential Molecular Profiles of AG and CG Groups of Hepatopancreas

For the differential analysis of shrimp hepatopancreatic cells, we selected the clusters that developed from Hep1 to Hep3, Hep5, and Hep6 (Figure 5A). We also found through the KEGG enrichment analysis of Hep1/3/5/6 cells (Figure 5B) that the pathways involved in Hep1/3/5/6 cells mainly included glutathione metabolism, endocytosis, drug metabolism, and phagosomes, among which the common pathways were detoxification-related and endocytosis pathways. In addition, cell clusters of Hep5/6 cells also contained many fatty acid metabolism-related pathways. Of the 117 co-upregulated genes, 33.33% encoded ribosomal proteins, (Figure 5C Down). Of the 39 co-downregulated genes, 71.79% were functionally annotated (Figure 5D Down). To further understand the immune, detoxification, stress, and other related functions of the four clusters in the hepatopancreas, the key genes were selected for violin plot display before and after treatment. The detailed expression profiles of these genes in each cell population are clearly shown in (Figure 5E).




Figure 5 | Enrichment analysis of differentially expressed genes in P. monodon hepatopancreatic cells under ammonia-stress. (A) Differential gene volcano map display of Hep1/3/5/6 clusters. (B) KEGG enrichment analysis of differential genes in Hep1/3/5/6 clusters. (C) The Venn diagram of coupregulated genes and its gene function in hepatopancreatic cells. (D) The Venn diagram of codownregulated genes and it gene function in hepatopancreatic cells. (E) Violin diagram showing functional genes in hepatopancreatic cells. (*p < 0.05 and **P < 0.01).






Discussion

In this study, high-throughput scRNA-seq based on the 10× Genomics platform was successfully performed on shrimp for the first time. The comprehensive scRNA-seq data provide information on the cell populations and their stress-activated states in both tissues. Importantly, our scRNA-seq could clearly distinguish 7 hepatopancreatic cell populations and 7 haemocyte populations and their developmental trajectories, which are less well understood and for which marker genes were not previously available.

Different haemocyte populations in the circulating haemolymph play different roles in crustacean immune responses, such as phagocytosis, encapsulation, nodule formation, and release of immune factors. Integrins, lysozyme C and ALF are important marker genes of Hem5. Integrins were considered as molecular marker candidates for shrimp phagocytosis (16). ALF is an important AMP in prawns, and multiple ALFs have been found to play important roles in the innate immune system of prawns (17). Lysozyme C is the only type of lysozyme known to be present in vertebrates, protozoa, and invertebrates, and is considered a molecular marker of some vertebrate macrophages (18). High expression of the tumour necrosis factor-α gene (TNF) is regarded as an important marker of mosquito “megacyte” cells (10). The TNF gene was also detected in the Hem5 cluster we identified, but it was not a significant marker gene for this cell group, which may also suggest shrimp haemocyte specificity. Therefore, we speculate that Hem5 may have functions similar to vertebrate macrophages; it is an important immune cell cluster for phagocytic activity and ALF production.

Compared with Hem5, Hem4 is a cell cluster that can secrete more types of antimicrobial peptides (AMPs). The high expression of AMPs (penaeidin, crustin, ALF, chelonianin-like), Peroxinectin and phenoloxidase-activating factors (PPAFs) are the main features of the Hem4 cell population. AMPs are natural defence molecules found in nearly all taxonomic kingdoms. Shrimp AMPs are mainly expressed in circulating haemocytes, the main site of the immune response (19). Peroxinectin has been confirmed to be a proPO system-related protein in P. monodon, and its adhesion activity does not require peroxidase activity (20). Peroxinectin is produced by the activation of the prophenoloxidase (proPO) system. Coincidentally, PPAFs are a group of serine proteases. They can convert prophenol oxidase (proPO) to the active form of phenol oxidase (PO) causing melanisation, which plays an important role in defence against invading pathogens (21). Coincidentally, PPAF, proPO, ALF and penaeidin are also considered to be important marker genes for haemocytes classification in shrimp Marsupenaeus japonicas (4). AMPs and melanisation are the two most powerful shrimp humoral responses. Intensive studies have demonstrated a close link between the proPO activation cascade and the AMP synthesis pathway via pattern recognition protein crosstalk in shrimp, which enables the innate immune system to execute an effective immune response (22, 23). Molecular processes such as peptidase activity and peptidase inhibitor activity are significantly enriched in Hem4, molecular processes related to cellular activities, such as chromosome organization and DNA replication are enriched in Hem6; cytoskeleton organization and apoptosis are enriched in Hem7. This finding suggests that Hem4 is the main effector cell population of humoral immunity characterized by antimicrobial peptide secretion and proPO system activation, while Hem6 and Hem7 are mainly involved in the activities of cells in the cellular responses, including apoptosis, phagocytosis, nodule formation, and encapsulation.

The hepatopancreas of decapod crustaceans is the central metabolic organ and a major target organ in response to environmental toxicants or pathogen stimuli. The cell population of Hep1 was identified based on high expression of multiple marker genes, including perlucin-like protein (PLP), peritrophin protein, lysozyme, trypsin and L-like procathepsin. PLP is a typical C-type lectin. It has recently been shown to bind to and agglutinate bacteria, affect bacterial phagocytosis and AMP expression, and play an important role in the innate immune response of shrimp Litopenaeus vannamei (24). Peritrophins are the major proteins that form the peritrophic membrane, which is an important component of the digestive and immune defence systems of shrimp and many insects (25). Studies in shrimp Metapenaeus ensis indicate that cathepsin L (CatL) is localized to hepatopancreatic digested B cells, whereas CatL mRNA is present in F cells but not in mature B cells. CatL is thought to be transcribed in one type of cell that rapidly evolves to a morphologically different cell with enzymatic functions (26). Interestingly, pseudotime analysis showed that Hep1 is the initiation point of development in the two cell development pathways in the hepatopancreas (Figures 3B, D). Therefore, we speculate that Hep1 cells are an important site for the synthesis of various digestive enzymes and lectins, and along with the formation of enzymes or proteins, they can develop into other types of cells to perform secretion, digestion and immune functions.

Hep3 and Hep5 in our scRNA-seq data are enriched in several genes encoding antimicrobial peptides (ALF, penaeidin), which are known as widely distributed immune effector molecules. Several genes that encode glutathione S-transferase (GST) of metabolic enzymes were significantly enriched in Hep2 cell population. As an important part of the body’s detoxification system, GST is responsible for catalysing the combination of GSH and xenobiotics, expelling glutathione conjugates from the body, and playing a role in detoxification and antioxidation (27). Moreover, in the pseudotime analysis, Hep2 was also significantly different from other clusters. In Drosophila single-cell sequencing studies, GST has been used as a molecular marker of cells to distinguish cell groups (9). The enrichment of pathways such as oxidative phosphorylation, TCA cycle, and glutathione metabolism further prove that Hep2 is a cell cluster involved in oxidative stress and detoxification metabolism. Overall, these findings lay a foundation for the detailed mapping of gene expression in shrimp cells and tissues, providing a comprehensive reference atlas of cellular diversity. The large number of marker genes identified in this study will facilitate future studies of crustacean cell diversity and function.

Cell types are dynamic in nature. Our scRNA-seq data provides a framework to distinguish cell types and their possible developmental routes and states. Haemocytes developed along Paths I and II, while the hepatopancreatic cells developed along Paths I, II, and III (Figures 3A, B). Monocle2 analysis showed that the expression levels of AMPs and GSH-Px showed different or even opposite trends at the developmental endpoints of haemocytes with different fates. In several invertebrates, AMPs are used as indicator genes for cell classification and cell state (4, 22). This finding may also suggest that AMPs and GSH-Px play important roles in cell differentiation and functional plasticity of shrimp.

In addition, hematopoietic cells have been described in some crustacean decapods, and the absence of proPO in hematopoietic cells is an important feature that distinguishes them from circulating blood cells (3, 28). The Hem2 cell population was detected expressing proliferation-related genes and cyclin-dependent kinase, but not proPO. Therefore, we propose Hem2 as a developmental initiation site with oligopotent potential. It is speculated that Hem2 can give rise to terminally-differentiated cell types and other possible states of activation, with Hem4 and Hem5 at the developmental end being the most mature immune cell types in haemocytes. The differentiation pathways of crustacean blood cells and hepatopancreatic cells are currently unclear, and our data provide new insights into this question.

The understanding of the immune response and detoxification process of ammonia-N stress will help to improve the stress resistance of shrimp, which is crucial for aquaculture production and environmental sustainability. A large number of genes and molecular pathways related to metabolism, detoxification, and immune defence are activated in different cell groups after ammonia-N stress (Figures 4, 5). The gene expression of proPO in haemocytes (e.g., Hem3 and Hem4) increased rapidly, showing a positive feedback mechanism response to ammonia stress. However, the gene expression of proPO appears to be repressed in ammonia-stressed hepatopancreatic cells (e.g., Hep1, Hep3, Hep5). Invertebrates, including shrimp, have no acquired immunity. Melanisation, which is performed by activating the proPO system, plays an important role in the invertebrate innate immune system. Recent evidence has shown that blood cells with high proPO gene expression are specific to the melanisation responses, whereas cells with low proPO levels perform a broader range of biological tasks in mosquito (28). The differential expression of proPO between shrimp cell populations that we observed may represent distinct cell lineages and may also reflect functional specificity and diversity. The activation of proPO system in shrimp blood cells and the inactivity of hepatopancreatic cells may indicate that haemocytes are more involved in melanisation of the immune defence under ammonia-N stress. After ammonia-N treatment, genes such as insulin-degrading enzymes and steroid hormone proteins in haemocytes and GST in hepatopancreatic cells were significantly changed, and were mainly enriched in molecular pathways such as oxidative phosphorylation, glutathione metabolism, and phagosome. This finding revealed the response mechanism of antioxidation, detoxification, hormone metabolism, and phagocytosis after ammonia-N stress (7, 8, 29).

AMP, as an important defence line of innate immunity, also showed dramatic differences in expression after ammonia-N stress. The genes encoding a variety of AMPs showed a consistent expression trend in hepatopancreas and blood cells, and all of them were down-regulated in several cell clusters (e.g., Hem3, Hem4, Hep1, Hep3 and Hep6). Several studies have pointed out that excess ammonia-N suppresses the immune function of shrimp and increases the risk of microbial pathogen invasion or viral infection such as such as Vibrio alginolyticus, Lactococcus garveyi and white spot syndrome virus (30–32). Our results also support the above view, speculating that the inhibition of antimicrobial peptide expression and synthesis in blood cells and hepatopancreas under ammonia-N stress may be an important reason for the severe weakening of immune defence. It is worth mentioning that a large proportion (21.8% in blood and 33.3% in hepatopancreas) of ribosomal genes was significantly up-regulated in cells after ammonia-N stress. Recent work has shown that the synthesis of many defence proteins is required in stress response, and that ribosomal translation is crucial for maintaining timely synthesis of stress defence proteins (33). However, the effect of ribosomal genes on stress response has been largely overlooked in previous studies on shrimp. This lack of research also suggests that ribosome translation should be studied in parallel with traditional transcriptional regulation in the future to better understand shrimp stress defences.



Conclusion

By successfully applying scRNA-seq in shrimp, seven cell clusters were successfully identified in each of the two tissues based on specifically expressed marker genes. Our data reveal that Hem2 has oligopotent potential as the initiation site for haemocytes development. Hem4 is the main effector cell population of humoral immunity characterized by antimicrobial peptide secretion and activation of the proPO system. Hep1 cells are an important site for the synthesis of various digestive enzymes and lectins, and they can develop into other types of cells. A large number of DEGs are involved in oxidative stress, antioxidant system and proPO system, detoxification metabolism and immune defence. Several important genes including AMPs, proPO, and GST can be used as markers to identify cell populations, cell differentiation, and cell fate. Altogether, our scRNA-seq analysis documents the diversity of shrimp cell populations and provides a comprehensive resource of gene expression profiles for understanding the functions of cells under ammonia stress.
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A sudden drop in salinity following extreme precipitation events usually causes mass mortality of oysters exposed to pathogens in ocean environment. While how low salinity stress interacts with pathogens to cause mass mortality remains obscure. In this study, we performed an experiment by low salinity stress and pathogen infection with Vibrio alginolyticus to investigate their synergistic effect on the mortality of the Pacific oyster toward understanding of the interaction among environment, host, and pathogen. We showed that low salinity stress did not significantly affect proliferation and virulence of V. alginolyticus, but significantly altered microbial composition and immune response of infected oysters. Microbial community profiling by 16S rRNA amplicon sequencing revealed disrupted homeostasis of digestive bacterial microbiota with the abundance of several pathogenic bacteria being increased, which may affect the pathogenesis in infected oysters. Transcriptome profiling of infected oysters revealed that a large number of genes associated with apoptosis and inflammation were significantly upregulated under low salinity, suggesting that low salinity stress may have triggered immune dysregulation in infected oysters. Our results suggest that host-pathogen interactions are strongly affected by low salinity stress, which is of great significance for assessing future environmental risk of pathogenic diseases, decoding the interaction among environment, host genetics and commensal microbes, and disease surveillance in the oyster.
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Introduction

Due to global warming, ice caps and glaciers melting (1), extreme precipitation events are likely to occur more frequently (2, 3), which poses increasing threats to marine ecosystems of coasts and estuaries (4–6). As an important marine economic shellfish species, the oysters inhabit in estuaries and intertidal areas. Drastic changes in the salinity of estuaries and intertidal areas caused by heavy rainfall have a great effect on growth and reproduction of oysters (7, 8). The fluctuations of salinity can cause physiological stress (9), promote pathogenesis of microbial infection, and aggravate disease outbreaks (10–12). As a benthic filter-feeders, oysters are at risk of exposure to tremendous pathogenic microorganisms, such as Ostreid herpesvirus 1 (OsHV-1), Vibrio parahaemolyticus, V. harveyi and V. alginolyticus (13–16). Disease outbreaks caused by pathogenic microbes pose a major threat to marine ecosystem and shellfish aquaculture in many countries.

Different Vibrio species produce a series of extracellular products, which are potential pathogenic factors for marine animals. These toxins mainly include extracellular hemolysin, protease, lipase, siderophore, exopolysaccharide and effectors delivered via the type III secretion systems (17–21). Salinity can regulate the progression of diseases by affecting pathogens, hosts, or host-pathogen interactions. It has been reported that changes in salinity may have important effects on OsHV-1 transmission in oysters (22, 23). Understanding the interaction among environment, host, and pathogens is essential for exploring the complex aetiology of oyster disease caused by abiotic and biotic stress.

Alteration of the gut microbiota is involved in animal pathology (24). Studies have shown that the dynamic changes of the microbiota are closely related to the development, health, metabolism and immunity of the host (25, 26). The digestive flora of many aquatic organisms not only promotes the body’s nutrient absorption by secreting digestive enzymes, but also protects the body against the invasion of pathogens (27). However, studies have also shown that the change of host’s external environmental conditions or pathogen invasion may cause the imbalance of host’s internal microbial homeostasis, thereby, symbiotic bacteria may transform into opportunistic pathogens to mediate the development of host diseases. For instance, opportunistic bacteria are involved in secondary bacterial infections in oysters that are immune-compromised due to viral infection (28). Gut microbiota may have changed before invertebrate disease, providing indicators of host health (29). Studies have shown that the disrupted microbial community structure was observed in the hemolymph of diseased oysters affected by temperature, and the increased abundance of potential pathogenic bacteria such as Arcobacter spp. may be related to the high mortality of oysters (30). In addition, it has also been reported that Mycoplasma was the dominant flora in the oyster gut when oysters were exposed to ocean acidification, which may have adversely affected intestinal health of oysters (31). Therefore, the stability of the microbial community is critical to health and viability of the host (32).

Transcriptome profiling has been widely used to analyze various traits, including heat stress (33), salinity stress (34, 35), and viral infections (36), revealing differentially expressed genes related to various immune pathways, including macrophage (37), interleukin-1 receptor-associated kinase (38), C1q complement system (39), apoptosis pathway (40), and the NF-κB, toll-like receptor and MAPK signaling pathways (41). Among which, inflammatory factors and apoptosis play an important role in innate immune response. Pro-inflammatory mediators and oxidative stress can induce cell apoptosis (42–44). The apoptosis or necrotic cell death may also cause inflammation, however, if the inflammatory response is excessively severe, there is danger of continuous tissue damage, forming an auto-amplification loop that causes organ damage (43, 45). There is growing evidence that the gill tissue of oysters produces blood cells and is the potential hematopoietic organ. When oysters are attacked by pathogens, the gill becomes the main tissue to initiate immune response and promote the proliferation of immune-related cells (46, 47). Numerous studies have been conducted on the immune mechanism in oyster by transcriptome profiling of gill tissue (48–50). Studies have shown that sharp changes in salinity, when combined with additional co-occurring stressors, appeared to trigger dysregulation of the immune response in fish, potentially making organisms more susceptible to infectious diseases (51).

Disease outbreaks in the marine environment depends on interaction among the host, pathogens and environmental factors (52). However, most studies only showed that the host response to single environmental factor, making it difficult to characterize diseases with complex etiology. Thus, understanding of diseases caused by interaction among the host, environment and pathogens remains obscure. In a previous study, we identified V. alginolyticus as a causative pathogen associated with mass summer mortality of the Pacific oyster (Crassostrea gigas), an important oyster species for aquaculture in China (16). In the present work, we performed an experiment by mimicking a sudden drop of salinity and pathogen infection with V. alginolyticus to investigate their synergistic effect on the mortality of the infected oysters. We tested the effects of salinity on the growth and virulence of V. alginolyticus, and also investigated the digestive bacterial microbiota dynamics and transcriptome responses of infected oysters. The results showed that high mortality rate of infected oysters under low salinity stress was caused by the destruction of the bacterial balance and immune homeostasis, which suppressed the host resistance to V. alginolyticus. This work has great implications for decoding mechanisms of synergistic interactions among environmental conditions, host physiology, and pathogen, and providing insights into assessing future environmental risk of pathogenic diseases.



Materials and Methods


Experiment Animals

Healthy C. gigas (average wet weight of 18.2 ± 2.8 g) obtained from an oyster farm (salinity of 30‰) in Rongcheng (Shandong, China) were used for experiment. The oysters were transported to laboratory and acclimatized in 30‰ seawater for two weeks. Continuous aeration was provided and the water quality was monitored. The oysters were fed with concentrated Chlorella vulgaris ad libitum. The water quality parameters during experimental challenge trials were as follows: pH at 8.1-8.2, dissolved oxygen at 8.0-9.0 ppm, salinity at 30‰, and nitrite at 1-3 ppm. Unused feed and faecal matter were cleaned up daily and 25% water was changed every other day. Experiments related to C. gigas were carried out in strict accordance with the Management Rule of Laboratory Animals (Chinese Order No. 676 of the State Council, revised 1 March 2017). The Committee on the Ethics of Animal Experiments of Ocean University of China has approved the relevant experimental procedures.



Salinity Stress and V. alginolyticus Infection

Oysters were randomly assigned to glass tanks containing 20L seawater. The pathogenic V. alginolyticus strain isolated and purified previously (16) was inoculated in 50 mL 2216E broth. The 5×108 CFU mL-1 bacterial suspension was used for infection. The infection method was used to infect oysters in this work as previously described (53–56). The C. gigas were anesthetized with magnesium chloride (MgCl2, 50 g/L) solution before being injected with V. alginolyticus. Each oyster was intramuscular injected with 50 μL (5×108 CFU mL-1) bacterial suspension volume through a microsyringe (100 ± 0.5 μL) according to our pre-trial results and previous reports (30, 57). After injection, infected oysters were placed in three 20L glass tanks containing 10‰ seawater (defined as “10‰Vibrio” group) or 30‰ seawater (defined as “30‰Vibrio” group), respectively. The experiment was performed in triplicate with 30 individuals in each tank. The low salinity (10‰ or 20‰) of seawater used in this work was prepared by mixing tap water fully aerated for 24h and seawater prepared by natural sand filtration. Oysters injected with an equal volume of artificial seawater and cultured in 30‰ seawater were used as control. During the experiment, digestive gland tissues of C. gigas were sampled at 0, 12, 48 and 72h post infection for bacterial flora analysis. Gill tissues were sampled at 0, 12, and 48h post infection for transcriptomic analysis. During sampling, three individuals from each tank were randomly selected at each time point for dissection of tissues including gill and digestive gland. For each tissue, equal amount dissected from the three individuals were pooled and stored in liquid nitrogen which was used as one biological replicate. In total, three biological replicates were obtained for each group at each time point.



Effect of Low Salinity on Growth and Virulence of V. alginolyticus

The V. alginolyticus was cultured in Zobell Marine Broth 2216E at 28 °C for examination of growth and virulence. V. alginolyticus was inoculated in 50 mL flask containing 10 mL tryptone soy broth in different concentrations of sterile saline (10‰, 20‰ and 30‰) for bacterial growth test at 28 ± 1°C. Bacterial growth at 12, 24, 48, 72, and 96h was obtained by measuring optical density (OD) at 600 nm. Each experiment was repeated three times.

For the determination of extracellular enzyme activity of V. alginolyticus, overnight cultures of the bacterial strain in tryptone soy broth media in different concentrations of sterile saline (10‰, 20‰ and 30‰) were diluted to an OD 600 of 0.5. Then, 10 μL of the diluted cultures was spotted in the middle of the test plates. All assays were carried out in triplicate. In this assays, 2216E agar plates supplemented with 0.5% starch, 1% Tween 80, or 1% egg yolk emulsion (58), respectively, were used. The development of colorless and transparent circle around the colonies was observed for amylase after dripping Lugol’s iodine solution. The diameter of the opalescent zones formed around V. alginolyticus colonies by lipase and phospholipase was measured after 2-4 days.

For determination of virulence of V. alginolyticus in C. gigas, V. alginolyticus was cultured in tryptone soy broth media in different concentrations of sterile saline (10‰, 20‰ and 30‰) for 24 hours. The V. alginolyticus pellet was obtained by centrifugation at 8000 × g for 5 minutes, which was then resuspended in saline to obtain 5 × 108 CFU mL-1 bacterial suspension for injection. Ten oysters were used for each of the treatment (10‰, 20‰) and control groups (30‰). The experimental infection was done in triplicate. Each oyster was injected with a total of 50 μL bacterial suspension into the adductor muscle. After injection, oysters were placed in 20 L glass tanks containing 30‰ seawater, and observed for one week. Control oysters were injected with 50 μL sterile saline solution. Differences between treatment groups were compared using a multiple comparisons (Tukey) test.



Bacterial Microbiota Analysis

Total DNA was isolated from digestive gland samples using the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, USA). The genomic DNA quality was confirmed by running 1% agarose gel electrophoresis. PCR was performed using two universal bacterial primers 341F (5’-CCTAYGGGRBGCASCAG-3’) and 806R (5’-GGACTACNNGGGTATCTAAT-3’). The PCR amplification was carried out in triplicate as follows: a first step of 3 min at 95°C, followed by a second step of 27 cycles consisting of 95°C for 30 s, 55°C for 30 s, 72°C for 45 s, and finally a single extension at 72°C for 10 min. After the amplification product was obtained from 2% agarose gel, it was purified according to the instructions of the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). Quantification was performed using the QuantiFluor™-ST fluorescent quantitative system (Promega, USA). Sequencing was performed using an Illumina MiSeq platform (Illumina, San Diego, USA) for 300 bp paired end reads.

Fastp (version 0.20.0) software evaluated the quality of the original fastq format files. OTUs were determined by UPARSE software (version 7.1) with similarity threshold of 97% (59). The RDP classifier analyzed the species taxonomy of each sequence against the Silva 16S rRNA database, and the confidence threshold was set to 70% (60). Rarefaction curve were analyzed by Mothur software (version 1.30.2). Significant differences of alpha diversity index (Shannon and Chao I) among groups were calculated with one-way ANOVA. P < 0.05 was considered statistically significant. PCoA was conducted according to the Bray-Curtis distance matrix calculated. The gplot package of R software computed a heat map of the relative abundance of flora.



Transcriptome Profiling of Infected Oysters

The gill samples of two salinity groups (“10‰Vibrio” and “30‰Vibrio”) were used for transcriptome analysis. RNA was extracted from C. gigas gill tissue using Trizol reagent (Invitrogen). High quality RNA had three clear bands after being confirmed by 1% agarose gel electrophoresis, and then RNA concentration measured by NanoDrop (Thermo Fisher Scientific) was at least 200 ng/μL and the ratio of OD260/280 was 1.8~2.2. The RNA Nano 6000 Assay Kit detects an RNA Integrity Number (RIN) value of at least 7 to meet library construction requirements for the NEBNext® Ultra™ RNA Library Prep Kit. Qualified RNA was enriched using poly-T oligo-attached magnetic beads, and then the obtained mRNA was fragmented into small fragments by NEB fragmentation Buffer. cDNA synthesis was performed using fragmented mRNA as template, and random hexamers and RNase H- were added. The synthesis of the second strand is based on dNTP as a substrate, and RNase H and DNA polymerase I are added at the same time. The purified cDNA was end-repaired, 3’-adenylated, and adaptor ligated, and cDNA fragments were selected using AMPure XP microspheres. After PCR enrichment, the qualified final libraries were sequenced using the Illumina high-throughput sequencing platform NovaSeq 6000.

The quality of raw data obtained by sequencing was first assessed by FastQC, and then the sequencing data was trimmed, mainly including removing reads with adapters, low quality, and N-containing reads. High quality clean reads for subsequent analysis are finally obtained. The clean reads after quality control are accurately and quickly aligned to the indexed reference genome (GCA_902806645.1) by Hisat2 (v2.2.1) (61, 62), and the alignment rate is higher than 70%. The counts of reads mapped to each gene were obtained using FeatureCounts (v1.6.0) (63). The expression levels of each gene in different salinity treatment groups were calculated using Fragments per Kilobase of transcript per million mapped reads (FPKM) (64). The differential gene expression of “10‰Vibrio” and “30‰Vibrio” groups at different time points was analyzed by DEseq2 (1.30.1). P-values derived from DEseq2 analysis were adjusted using the method of Benjamini and Hochberg. Significantly differentially expressed genes (DEGs) were screened with an adjusted P-value < 0.05 and |fold-change| > 1. These differential genes were then subjected to GO enrichment analysis and KEGG pathway analysis, and the adjusted P value of each functional pathway less than 0.05 was considered to be significantly enriched.



Quantitative Real-Time PCR Analysis

We performed qRT-PCR analysis of genes used for immune-inflammatory response and transcriptomic data validation. Specific primers of related genes are shown in Supplementary Table 1. EF-1α gene is an internal reference gene for gene expression in gill tissues. The qRT-PCR experimental system was configured according to SYBR® Premix Ex Taq™ (TaKaRa) and then performed on the LightCycler 480 real-time PCR instrument (Roche Diagnostics, Burgess Hill, UK). The reaction conditions were as follows: an initial step of 5 min at 95°C; followed by 40 cycles of 5 s at 95°C, 30 s at 58°C and 30 s at 72°C. The specific amplification was determined by solubility curves. The relative expression levels of genes were calculated using 2−ΔΔCt method (65).



Statistical Analysis

Survival curves were used to analyze the mortality dynamics of infected oysters under different salinity conditions. The log rank test was used to compare survival rate among groups. All data in V. alginolyticus growth and virulence assay experiments were expressed as mean ± standard error (S.E.), and multiple comparison (Tukey) tests were used to compare the differences among groups. We used one-way ANOVA to compare differences in the alpha diversity index of microbial communities between salinity treatment groups. The PCoA was calculated using the Bray-Curtis distance matrix to compare differences among groups. For all statistical analyses, differences were considered significant when P < 0.05.




Results


Oyster Survival Analysis

The mortality of C. gigas infected with V. alginolyticus at normal salinity (30‰) and low salinity (10‰) conditions was monitored throughout the disease progression (Figure 1). Through a 12-day experiment, the infected oysters at normal salinity (30‰) showed 33% mortality, while oysters at low salinity (10‰) showed 100% mortality. No mortality was observed in the control group oysters injected with artificial seawater. The observation suggested that low salinity stress had a significant effect on the pathogenesis of V. alginolyticus to cause mortality of the oysters.




Figure 1 | Survival analysis of C. gigas infected with V. alginolyticus at different levels of salinity. The mortality of C. gigas in each salinity group (in triplicate) was monitored for 12 days post infection with V. alginolyticus. P < 0.01, log rank test; n = 30.





Effect of Low Salinity on the Growth and Virulence of V. alginolyticus

To explore the effect of low salinity on V. alginolyticus infection in the C. gigas, we examined the growth and virulence of V. alginolyticus under different levels of salinity (Figure 2). No significant difference was observed for growth of V. alginolyticus cultured with different levels of salinity (10‰, 20‰ and 30‰) after 12h (P > 0.05) (Figure 2A). Further examination of the activities of amylase, lipase and lecithinase of V. alginolyticus cultured with different salinity (10‰, 20‰ and 30‰) showed no significant difference either (P > 0.05) (Figure 2B). To further determine the effect of low salinity on the virulence of V. alginolyticus in infected oysters, we injected V. alginolyticus cultured with different levels of salinity (10‰, 20‰ and 30‰) into oysters and observed the mortality (Figure 2C). The oyster death was first observed on one day post injection. Cumulative mortality of C. gigas at the end of the experiment was not significantly different among the three groups of different salinity (10‰, 20‰ and 30‰) (P > 0.05). Together, these results showed that changes in salinity level did not have a significant effect on growth and virulence of V. alginolyticus (Figure 2D). Therefore, the effect of low salinity on the oyster’s mortality may not be caused by affecting V. alginolyticus, but the oysters.




Figure 2 | Effect of low salinity on growth and virulence of V. alginolyticus. (A) Effect of salinity on growth of V. alginolyticus. Bacterial amounts were determined at 12, 24, 48, 72 and 96 h. Each bar represents the mean ( ± S.E.) of three determinations. The same letter at the same time point indicates that the difference is not significant. (B) Effect of salinity on amylase, lipase and lecithinase activities of V. alginolyticus. Each bar represents the mean ( ± S.E.) of three determinations. The same letter at the same time point indicates that the difference is not significant. (C) Survival analysis of oysters infected with V. alginolyticus cultured with different levels of salinity. n=30, in triplicate; ns, not significant. (D) The high mortality of oysters caused by low salinity is not achieved by affecting the growth and virulence of V. alginolyticus.





Effect of Low Salinity on Digestive Bacterial Microbiota of the Oysters

To investigate the microbiota dynamics of C. gigas infected with V. alginolyticus under normal salinity (denoted as “30‰Vibrio” hereafter) or low salinity (denoted as “10‰Vibrio” hereafter), we analyzed digestive bacterial microbiota using 16S rRNA amplicon sequencing. Overall, we obtained 1,518,721 raw sequencing reads from 24 samples (2 salinity gradients, 4 sampling times, in triplicate, Supplementary Table 2). The number of OTUs from all samples was 3475. The reliability of the sequencing data was confirmed by the species richness rarefaction curve (Supplementary Figure 1). The dominant class of intestinal microbiota in infected oysters was Gammaproteobacteria. The abundance ratio of Gammaproteobacteria tended to be stable at normal salinity (both greater than 80%), while at low salinity, it increased from 62.69% at 0h to 95.07% at 72h. During the whole experiment, the changes of microbiota composition in “10‰Vibrio” oysters were more significant than that of “30‰Vibrio” oysters (Figure 3A). There were 27 genera with relative abundance higher than 0.1% in at least one sample, and the remaining genera were grouped as “Others”. The Chao1 and Shannon’s H indexes of alpha diversity increased significantly in “10‰Vibrio” oysters in comparison with “30‰Vibrio” oysters (Chao1: df = 22; P = 0.010 and Shannon’s H index: df = 22; P =0.001) (Figure 3B). Consistently, the principal coordinate analysis (PCoA) of the Bray-Curtis dissimilarity matrix (beta diversity) revealed a higher microbiota dispersion in “10‰Vibrio” oysters than in “30‰Vibrio” oysters (F = 2.330, R2 = 0.505; P = 0.035; PERMANOVA) (Figure 3C). The hierarchical clustering heat map analysis at the genus level also showed that the microbial community structure of “10‰Vibrio” and “30‰Vibrio” was significantly different during infection of V. alginolyticus (Figure 3D). Apparently, compared with “30‰Vibrio” oysters, bacteria associated with marine organism diseases including Vibrio, Acinetobacter, Bacteroides and Streptococcus became dominant genus in “10‰Vibrio” oysters during the process of infection.




Figure 3 | Microflora changes in V. alginolyticus infected oysters exposed to salinity of 10‰ and 30‰. (A) Relative proportion of bacteria (class level) for “10‰Vibrio” and “30‰Vibrio” oysters. T0, T12, T48 and T72 indicated different sampling time-points (in hours) during the experiment. (B) Temporal dynamics of alpha diversity in V. alginolyticus infected oysters at different salinity (10‰ and 30‰). Chao1 and Shannon’s H index for “30‰Vibrio” and “10‰Vibrio” oysters. Asterisk indicated P < 0.05. (C) Principal coordinate analysis (PCoA) plot of the Bray-Curtis dissimilarity matrix of the microflora comparing “10‰Vibrio” and “30‰Vibrio” oysters. The axes of the PCoA represent the two synthetic variables that explained the most variation of the dataset. (D) The abundance of each bacteria at the genus level in “10‰Vibrio” and “30‰Vibrio” oysters. Only genera with a relative proportion >0.5% in at least one sample are shown. The abundance of each type of bacteria in “10‰Vibrio” and “30‰Vibrio” oysters at the genus level during the V. alginolyticus infection. Green colour (smaller Log10 index) indicated lower abundance. Red colour (larger Log10 index) represented higher abundance.





Effect of Low Salinity on Immune Response of the Oysters

To determine how low salinity affects the host immune response to V. alginolyticus, we compared transcriptional profiles of C. gigas infected with V. alginolyticus at low salinity and normal salinity using RNA-seq. Total RNA of gill tissues collected from 0h, 12h and 48h (denoted as T0, T12 and T48, respectively) post infection at different salinity (10‰ and 30‰) were sequenced, with 73.9-82.5% of reads being mapped to the C. gigas reference genome (Supplementary Table 3). Validation by RT-qPCR confirmed the results of the mRNA sequencing (Supplementary Figure 2, Supplementary Table 1). Differentially expressed genes (DEGs) between each time point and the T0 control (“30‰Vibrio” versus T0, “10‰Vibrio” versus T0 at 12h and 48h post infection), and between the two groups (“30‰Vibrio” versus “10‰Vibrio” at 12h and 48h post infection) were identified (Figure 4A). Comparison between each salinity group and T0 (“30‰Vibrio” versus T0 and “10‰Vibrio” versus T0) showed that the number of DEGs in infected oysters at low salinity was higher than that at normal salinity (Figure 4A), suggesting that low salinity stress posed additional transcriptome alternations in addition with V. alginolyticus infection. To further clarify the specific factors that cause phenotypic differences in survival post infection under low salinity, we compared the two groups (“30‰Vibrio” versus “10‰Vibrio”), and identified a total of 3038 and 3187 DEGs in “10‰Vibrio” oysters compared with “30‰Vibrio” oysters at 12h and 48h post infection, respectively (Figure 4A, Supplementary Table 4). To infer the biological processes regulated at low salinity, we performed gene ontology (GO) enrichment analysis (P < 0.05) (Supplementary Table 5). The results showed that large numbers of DEGs were more enriched in functional categories related to immunity (26% at 12h; 27.8% at 48h) (Supplementary Table 5). Interestingly, the majority of functional categories related to immunity were associated with inflammatory cytokines and apoptosis or cell death functional pathways (55% at 12h; 35.2% at 48h) (Supplementary Table 5), and most of genes involved in these pathways were induced in “10‰Vibrio” oysters (Figures 4B, C), such as “necrotic cell death”, “regulation of interleukin-1 beta production”, “interleukin-4-mediated signaling pathway”, “regulatory T cell differentiation”, and “intrinsic apoptotic signaling pathway in response to oxidative stress”. KEGG enrichment analysis of DEGs enabled further identification of significantly enriched pathways (P < 0.05) (Supplementary Table 6), including inflammatory pathways such as the “NF-Kappa B signaling pathway” and “TNF signaling pathway”. In addition, the “apoptosis”, “necroptosis”, “Nod-like receptor signaling pathway”, “IL-17 signaling pathway”, “toll-like receptor signaling pathway” and “TH17 cell differentiation” were also enriched at 12h post infection. Taken together, we posited that the infected oysters had severely inflammatory response at low salinity compared with normal salinity, which were further verified by selection of representative genes. Sixteen DEGs related to cell death (apoptosis or necrotic death) and inflammation were chosen to verify the expression pattern between “30‰Vibrio” and “10‰Vibrio” (Figure 4D, Supplementary Table 1). The results showed that genes related to cell death (apoptosis or necrotic death) (BIRC3, TRAF2, CYLD, SIRT6), regulation of interleukin-1 beta production (BIRC2), and interleukin-4-mediated signaling pathway (PARP14), IL-17 signaling pathway (PTGER4), interferon-gamma-mediated signaling pathway (IFI30), TNF signaling pathway (TNFaip3), regulation of T cell differentiation (NFKBIA) and oxidative stress (HSP70B2, HSPA12A, and HSPA13) were expressed at higher levels in 48h of “10‰Vibrio” oysters. Consistently, expression of BCL2L1 gene, which inhibits cell death, was suppressed in 48h of “10‰Vibrio” oysters. In summary, these results suggest that low salinity stress induced more intense inflammatory and cell death (apoptosis or necrotic death) responses in V. alginolyticus infected oysters at 48h. In addition, the results also showed that a few genes associated with stimulation of apoptosis and inflammation (TRAF2, SIRT6, PARP14, IFI30, TNFaip3) were expressed at low levels at 72h in the “10‰Vibrio” oysters, while most genes were expressed at high levels. The results showed that the intensity of the inflammatory response decreased slightly in the later stage, but the inflammatory response still existed at 72h.




Figure 4 | Comparative transcriptome profiling of V. alginolyticus infected oysters exposed to salinity of 10‰ and 30‰. (A) Identification of differentially expressed genes between V. alginolyticus infected oysters exposed to normal salinity (30‰) and low salinity (10‰) at 12h and 48h post infection. The filled colored bars indicated number of genes that were expressed at higher levels, while hashed bars indicated number of genes expressed at lower levels. (B) GO categories associated with necrotic cell apoptosis or death and inflammation that were significantly enriched at 12h. The red-colored bars indicated number of genes that were expressed at higher levels in 10‰Vibrio oysters, while purple-colored bars indicated number of genes expressed at higher levels in 30‰Vibrio oysters. (C) GO categories associated with necrotic cell apoptosis or death and inflammation that were significantly enriched at 48h. The red-colored bars indicated number of genes that were expressed at higher levels in 10‰Vibrio oysters, while purple-colored bars indicated number of genes expressed at higher levels in 30‰Vibrio oysters. (D) Verification of expression profiles of genes associated with necrotic cell apoptosis or death and inflammatory response. Differential expression analysis was performed between each time point and time zero. The intensity of the color from green to red indicates the magnitude of differential expression in log2(foldchange).






Discussion

When experiencing extreme weather in the context of disease outbreaks caused by pathogenic microbes, it may seriously threaten the economic and ecological functions of coastal region marine organisms. Therefore, it is important to investigate the pathological processes that might be affected by extreme precipitation events and pathogen challenges. In this study, we observed the high mortality of C. gigas infected with V. alginolyticus at low salinity, and performed further investigation on their synergistic effect on the mortality of the infected oysters. The mortality rate of infected oysters exposed to low salinity (10‰) was 100%, in contrast that the mortality rate of infected oysters exposed to normal salinity (30‰) was 33%. The results showed that low salinity stress could trigger an increased mortality in oysters infected with pathogens, which is consistent with previous studies that reported a sharp increase in mortality of oysters exposed to extreme precipitation events (66). We further investigated the cause for mass mortality of infected oysters at low salinity (“10‰Vibrio”) and speculated whether low salinity stress has an effect on pathogen infection or host physiology, or both.

Changes in the natural environment affect the growth of pathogens and their secretion of virulence factors. Before the host’s immune defense system fully functions, fast-growing pathogens may secrete more virulence factors to destroy the host’s non-specific defense and lead to occurrence of disease (67). In addition, in our study, the change of salinity had no significant effect on the growth and virulence of V. alginolyticus. This suggested that high mortality rate observed in “10‰Vibrio” oysters may not be caused by affecting growth and virulence of V. alginolyticus.

To better understand the relationship between the high mortality of infected oysters at low salinity and intestinal microbiota composition, bacterial communities in the digestive gland of oysters were examined. Our results showed that alterations in microbiota composition and diversity in “10‰Vibrio” oysters were more significant than that in “30‰Vibrio” oysters. Previous studies have reported that salinity stress and pathogen exposure can cause changes in intestinal microbiota composition of various aquatic organisms (28, 68–70), while the occurrence of many diseases is associated with changes in intestinal microbial composition (71). Intestinal microorganism can provide protection against pathogens by producing inhibitory compounds and competing for nutrients and space. Therefore, we concluded that such changes in the intestinal microbiome caused by low salinity might exacerbate disease progression in infected oysters.

The finding of Gammaproteobacteria as the dominant class of intestinal microbiota in infected oysters is consistent with reports in previous studies (28, 68, 72). Low salinity stress affected the relative abundance of Gammaproteobacteria in the oyster bacterial community. The OTUs with increased abundance in “10‰Vibrio” oysters were assigned to the genera Vibrio, Acinetobacter, Bacteroides, and Streptococcus, all of which have been previously associated with diseases in some aquatic organisms. There are growing studies revealed the role of Vibrio communities in oyster disease outbreaks (13, 73–76). Previous studies had shown that the original Vibrio community in oysters had been replaced by pathogenic Vibrio before the disease outbreaks (56), especially when oysters were exposed to stressors that may facilitate the transition to more pathogen-dominant communities (28, 74). Our work also suggested the increased abundance of Vibrio community when infected oysters were exposed to low salinity. Although the relative abundance was low, it could have a significant influence on the host health (77). In addition, Acinetobacter (78), Bacteroides (79–81), and Streptococcus (82–84) were over-represented in “10‰Vibrio” oysters, which have been identified as known pathogens in fish or crabs. Low salinity stress may disrupt the homeostasis of the microbial composition in infected oysters, likely leading to proliferation of various opportunistic pathogens and inflammation in oysters. The stable microbiome of “30‰Vibrio” may suggest their potential role in host adaptation to stressors (85–88).

Comparative expression profiling of Vibrio infected oysters at low and normal salinity provided insights into molecular basis associated with high mortality of oysters under biotic and abiotic stresses. Functional analysis of DEGs revealed that gene pathways related to necrotic cell apoptosis or death, interleukin-1 production, interleukin-4 mediated signaling pathway, and T cell differentiation were significantly enriched. Interestingly, most of the genes involved in these significantly enriched functional pathways were upregulated upon low salinity stress. It has been reported that necrotic cell apoptosis or death is a critical determinant for the initiation of inflammation, and damage-associated molecular patter (DAMP) signals sent by dead cells can attract more monocytes, inducing a vicious cycle of inflammation and accelerating disease development (89). Interleukin-1 (IL-1) family cytokines IL-1β play key roles in inflammation (90), and its excessive and/or dysregulated activity can cause common inflammatory disorders (91, 92). Naive CD4+ T cells can be differentiated into Th17 cells that produce IL-17, Th1 cells that produce TNF-α and IFN-γ, and Th2 cells that produce IL-4, and during intracellular bacterial infection (93, 94). The excessive cytokines may induce an imbalance in the Th1/Th2 ratio, thereby enhancing immune activation and inflammatory response, which is closely related to the onset and severity of colitis, inflammatory bowel disease (IBD) and asthma (95).

Inflammation protects the host from pathogens and can repair damaged tissues. However, excessive inflammation can cause tissue damage and malaise (96). We further validated expression profiles of critical genes involved in cell death (apoptosis or necrotic death), inflammatory factors and oxidative stress. We showed that the majority of these genes were expressed at higher levels in infected oysters exposed to low salinity stress. These results were consistent with the results of high expression of apoptosis and inflammatory cytokine related genes in immune-damaged fish and chickens (51, 97–99). Furthermore, an auto-amplification loop leading organ damage may be the result of the interaction of apoptosis and inflammatory responses (45).

Functional analysis of DEGs also showed that some immune functions (i.e. defense response to bacteria, complement activity, antimicrobial peptide biosynthesis, antigen processing and presentation) were significantly enriched in infected oysters at low salinity. Nevertheless, as shown by the high mortality of infected oysters at low salinity, the increase of immune-related factors does not necessarily indicate that the organism’s resistance to microbial disease is high. These results suggest that low salinity stress induces more severe inflammatory and apoptotic responses in infected oysters, and these factors may interact to cause immune damage and disrupt basal immune homeostasis, similarly as the phenomena that have been reported in fish (51, 100). Low salinity creates unfavorable environment for effective immune defense against pathogen infection in oysters. However, mechanism by which low salinity induces immune damage in infected oysters deserves further investigations.

Regulation of immune homeostasis and stable intestinal flora are important for maintaining host health (101). Our final results showed that low salinity environment causes changes in digestive bacterial microbiota of infected oysters, leading to increased abundance of pathogenic bacteria such as Vibrio and disruption of microflora homeostasis of the host. Moreover, the low salinity stress induced alterations of expression of genes involved in apoptosis and inflammation (e.g, BIRC2, BIRC3, TRAF2), which promotes production of inflammation-related cytokines that lead to immune dysregulation in oysters. Together, microflora imbalance and immune dysregulation caused by low salinity stress drive high mortality of the oysters (Figure 5). The increased abundance of digestive gland pathogens and the enhanced immune inflammatory response were more significant at 48h of the experiment. In addition, we also found that a few genes related to immune inflammation and apoptosis were expressed at low levels at 72h, indicating that the intensity of the inflammatory response decreased slightly, which may be related to the homeostasis recovery of the digestive gland microbiota. However, most of the genes related to inflammation and apoptosis were expressed at high levels at 72h. Based on the increased mortality of infected oysters under low salinity, it was speculated that the enhanced oyster inflammation would still have adverse effects on oyster health in the later stage. Changes in intestinal microflora are closely related to immune status, as demonstrated in mice infected with Clostridium difficile (102). Altered host immune responses to multiple stressors may affect intestinal microbial composition, interspecific interactions, and microbial community mediated biological functions (103). Similarly, studies have shown that V. anguillarum infection changes the intestinal flora of Plecoglossus altivelis, increasing the abundance of pathogenic bacteria and secreting specific bacterial inducers, which further promotes the expression of immune-related genes (104). The intestinal mucosa also recognized bacterial antigens, which initiated systemic immune-related immune and inflammatory responses (105, 106). Therefore, when the gut flora is impaired, immune homeostasis is also disrupted, which increases the organism’s susceptibility to disease (107). In our study, we also observed alteration of the microbial community structure. The increased abundance of pathogenic bacteria such as Vibrio caused intestinal inflammation, while related genes such as immune inflammation were also continuously induced. Therefore, we speculate that low salinity may indirectly affect immune homeostasis by altering the oyster’s digestive bacterial microbiota homeostasis in infected oysters; on the other hand, low salinity may indirectly affect host intestinal microbiota homeostasis by inducing immune changes in infected oysters. At present, in-depth studies on the complex interactions between oyster intestinal microbiome and host immunity are lacking. Future work focusing on this process warrants better understanding of its role in surveilling host health and pathogenesis.




Figure 5 | A proposed model for synergistic interaction of low salinity stress, Vibrio infection and host response. Microflora imbalance and immune dysregulation caused by low salinity stress are hypothesized to cause high mortality of oysters infected with V. alginolyticus in low salinity environment.





Conclusion

In this study, we performed an experiment by low salinity stress and pathogen infection with V. alginolyticus to investigate their synergistic effect on the mortality of the infected C. gigas toward understanding of the interaction among environment, host, and pathogen. The infected oysters exhibited higher mortality rate under low salinity stress compared to normal salinity. Further investigation revealed that high mortality rate was not due to effect of low salinity stress on promoting growth and virulence of V. alginolyticus, but likely due to disruption of homeostasis of digestive bacterial microbiota in infected oysters, leading to the burst of pathogenic bacteria as well as excessive inflammatory response to cause immune dysregulation. The interaction of these factors ultimately impairs the oyster’s capacity to defend against infection of V. alginolyticus at low salinity, causing mass mortality. Oysters are exposed to various stressors in natural marine environment, so based on the observation of our work, we suggest that abiotic factors such as low salinity and biotic factors such as Vibrio pathogens should be considered simultaneously, and the interaction among these stressors should be emphasized to better assess the environmental risk of pathogenic diseases. Moreover, our work revealed that oysters exposed to low salinity stress were more prone to inflammatory responses which benefit infection of virulent pathogens such as Vibrio species. Therefore, to vertically move the oysters deeply within the water column by adjusting buoy could be an effective solution to prevent large-scale outbreaks of diseases after extreme precipitation event, which usually causes abrupt decrease of sea surface salinity. Future research deserves further investigations on the relative weight of environmental stressor, host genetics and microbial diversity in the development of oyster disease to identify effective solutions to disease surveillance and control in oyster aquaculture.
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Octanoate is a type of classical medium-chain fatty acids, which is widely used to treat neurological and metabolic syndrome. However, the specific role of octanoate in repairing intestinal health impairment is currently unknown. Therefore, we investigated whether dietary octanoate repaired the intestinal damage induced by surplus soybean oil in Larimichthys crocea. In this study, dietary octanoate alleviated abnormal morphology of the intestine and enhanced expression of ZO-1 and ZO-2 to improve intestinal physical barrier. Further, dietary octanoate increased antioxidant enzymic activities and decreased the level of ROS to alleviate the intestinal oxidative stress. Dietary octanoate also attenuated the expression of proinflammatory cytokines and the polarity of macrophage to reduce the intestinal inflammatory response. Moreover, the result of intestinal microbial 16S rRNA sequence showed that dietary octanoate repaired the intestinal mucosal microbial dysbiosis, and increased the relative abundance of Lactobacillus. Dietary octanoate supplementation also increased the level of acetic acid in intestinal content and serum through increasing the abundance of acetate-producing strains. Overall, in Larimichthys crocea, dietary octanoate might alleviated oxidative stress, inflammatory response and microbial dysbiosis to repair the intestinal damage induced by surplus soybean oil. This work provides vital insights into the underlying mechanisms and treatment strategies for intestinal damage in vertebrates.
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Highlight:

	• Octanoate alleviated the soybean oil-induced intestinal physical barrier damage.

	• Octanoate suppressed the oxidative stress and inflammatory response in the intestine.

	• Octanoate repaired the intestinal microbial dysbiosis and increased the abundance of probiotic.

	• Octanoate increased the level of acetic acid in intestinal content to benefit the intestinal health.





Introduction

Dietary lipid is primarily emulsified, hydrolyzed, and ingested in the intestine (1). However, unhealthy dietary lipid patterns, such as surplus soybean oil (SO) are harmful, and will induce intestinal damage (2, 3). Severe intestinal damage even can induce and/or aggravate inflammatory bowel disease (IBD) and other metabolic syndromes (4). Though several studies on lipid-induced intestinal damage are available (1, 5), safer and more efficient nutritional therapy for repairing dietary lipid-induced intestinal injury remains an urgent requirement.

A number of functional lipids that improve intestinal damage have been identified to date, including short-chain fatty acids (SCFAs), medium-chain fatty acids (MCFAs), and n-3 polyunsaturated fatty acids (PUFAs) (1). Octanoate (C8:0) is a type of classical MCFA, which has special characteristics different from long-chain fatty acids (6). Firstly, octanoate could freely enter cells and be rapidly oxidated by mitochondria in a carnitine-independent manner. On account of its metabolic peculiarity, the ketogenic diet which is rich in octanoate, is employed worldwide to treat neurological and metabolic disorder (7). Secondly, octanoate could reduce the oxidative stress and inflammatory response. In zebrafish, octanoate ameliorated rotenone-induced oxidative stress and inflammatory response in the gut-brain axis (8). In mice, octanoate also inactivated Toll-like receptors (TLRs) to reduce the inflammatory response (9). Thirdly, octanoate could pass through the bacterial cytoderm freely as an anionic surfactant, destroy bacterial DNA duplication and inhibit lipase synthesis. Thus, octanoate will lead to microbial death of several pathobionts, such as Cronobacter (10), Escherichia coli, and Staphylococcus aureus (11). In mice, octanoate has further been shown to modulate the gut microbiota (12). Numerous studies also highlighted the dysbiosis of intestinal microbiota promoted the process of intestinal oxidative stress and inflammatory response (13, 14).

The previous study indicated that dietary octanoate could treat neurological and metabolic syndrome (15). However, to our knowledge, no reports have focused on the specific role of octanoate in repairing dietary lipid-induced intestinal damage to date. Hence, we investigated whether dietary octanoate repaired the intestinal damage induced by surplus SO. Fish represent a suitable model for investigating dietary lipid-induced intestinal damage because of their evolutionarily conserved nutrient-sensing systems (16). Earlier research by our group also demonstrated that dietary SO induced intestinal inflammation in large yellow croaker (Larimichthys crocea) (17). In this study, the potential benefits of octanoate in alleviating intestinal physical barrier damage, oxidative stress, inflammatory response, and microbial dysbiosis were evaluated. Our results may be extrapolated to develop efficient nutritional therapeutic strategies for the prevention and treatment of vertebrate intestinal disorder.



Materials and Methods


Diets and Animals

Six groups of diets containing equal amounts of protein (45.01%) and lipid (12.55%) were formulated for large yellow croakers (18). The negative control diet was formulated with 7% fish oil as the only lipid source (FO group). The positive control diet (SO group) and treatment diets were formulated with 7% soybean oil as the only lipid source. Based on the positive control diet, graded levels of 0.7 g/kg, 2.1 g/kg, 6.3 g/kg, and 18.9 g/kg sodium octanoate (purity: ≥ 99%, Sigma, USA) were added at the expense of microcrystalline cellulose to formulate other treatment diets (Supplementary Table 1). The Gas chromatograph-Mass spectrometer (GC/MS) was used to analyze the fatty acid profiles and corresponding levels of octanoate in six diets (Supplementary Table 2).

The experimental protocol was similar to those previously adopted in our laboratory (Supplementary Figure 1), and the feeding experiment was conducted at FuFa Aquatic Products Co., Ltd. (Ningde, China) (19). In brief, large yellow croakers were obtained from FuFa Aquatic Products Co., Ltd. (Ningde, China), and both sexes were used in the study. Prior to the start of the experiment, large yellow croakers were reared in floating sea cages (3 m × 3 m × 3 m) for 2 weeks to acclimate to the experimental diets and environment. At the start of the experiment, the fish were fasted for 24 h and weighed after being anesthetized with MS-222 (1:10000, Sigma, USA). Fish of similar sizes (13.00 ± 0.10 g) were randomly distributed into 18 sea cages (1 m × 1 m × 1.5 m). Each cage was stocked with 60 fish, and each diet was randomly assigned to triplicate cages. Fish were hand-fed to apparent satiation twice (05:00 and 17:00) daily for 10 weeks. During the experimental period, the temperature ranged from 19.5 to 25.5°C, the salinity from 25 to 28‰ and dissolved oxygen content was approximately 7 mg/L.



Sampling and Dissection

At the end of the feeding experiment, MS-222 was prepared to anesthetize large yellow croakers which had been starved for 24 h. Firstly, blood was obtained from fish and clotted at 4°C for 4 h, the blood was centrifuged at 2, 500×g (10 min) to collect serum after that. Secondly, ten fish from each cage were dissected to obtain intestinal tissue and content. The intestinal content was directly stored in 1.5 mL Eppendorf tubes, and the intestinal tissue were stored in 1.5 mL Eppendorf tube after being washed by phosphate-buffered saline (PBS) (Biological Industries, Israel). Thirdly, to create a sterile environment, the surface of three fish per cage was sterilized with 75% alcohol. Then, the operation of sampling intestinal content and tract was conducted under the alcohol burner. The sample of intestinal content and tract was obtained and placed into 2 mL sterile cryopreservation tubes for flora analysis. Fourthly, the intestine of six fish was randomly collected from each cage, washed with PBS, preserved in 4% paraformaldehyde for 24 hours, and transferred to 75% alcohol for hematoxylin and eosin (H&E) staining. Lastly, these samples of serum, intestine, intestinal content, and tract were frozen in liquid nitrogen, then stored at −80°C for subsequent analysis. Meanwhile, the sample for H&E staining was stored at room temperature.



Intestinal Histology Analysis

Intestinal morphology was determined based on the method described by the published paper (20). Briefly, fixed intestinal tissue was embedded in paraffin before staining. Then, paraffin sections were washed and stained with hematoxylin (Sigma, USA) for 10 min leading to nuclear staining. Paraffin sections were decolorized with HCl-alcohol for 12 s and incubated with eosin (Sigma, USA) for 3 min to stain the cytoplasm. Intestinal morphology was detected in the section under a microscope (ECLIPSE 80i, Nikon, Japan).



RNA Extraction, cDNA Synthesis, and Real-Time Quantitative PCR (RT-qPCR)

The procedure of RNA and cDNA generating followed the previous study (19). Trizol reagent (Vazyme Biotech Co., Ltd, China) was added into the powdery intestinal tissue to extract the total RNA following the manufacturer’s protocol. The denaturing agarose gel (1.2%) and a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA) were applied respectively to assess the quality and concentration of total RNA. Primers were designed (Supplementary Table 3) based on the nucleotide sequences or referred in our previous study. The threshold of primers amplification efficiencies ranged between 0.95 and 1.05. β-actin was used as a reference gene in this study. The amplification was performed in a total volume of 20 μL containing 4 μL of cDNA, 0.5 μL of each primer, 10 μL of ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd, China), and 5 μL of RNase-free water. PCR cycling conditions were 10 s at 95°C, 10 s at 58°C and 20 s at 72°C for 39 cycles. Melting curve analysis was carried to confirm that a single PCR product was present. RT-qPCR was carried out on a CFX96 Real-Time PCR Detection System (BIO-RAD, USA), and the relative gene expression levels were calculated with the 2–ΔΔCT method (21).



Enzymatic Activity Assays

PBS was precooled to serve as the medium to homogenize the intestine. Then the supernatant was extracted after centrifuging the homogenate at 2, 500×g for 15 min. According to the method described by Yin et al. (20), brush border membranes (BBM) were purified from the homogenate of the intestine.

The method of measuring the activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), total antioxidant capacity (T-AOC), trypsin, lipase (LPS), α-amylase (α-AMS), alkaline phosphatase (AKP), acid phosphatase (ACP), and the levels of endothelin-1 (ET-1), D-lactic acid (D-Lac), reduced glutathione (GSH), malondialdehyde (MDA), complement 3 (C3) was referred to the instruction of commercial kit (Nanjing Jiancheng Bioengineering Institute, China). Besides, the kit for measuring ET-1, D-Lac, and C3, was commercial ELISA kit. The activity of leucine-aminopeptidase (LAP) was determined according to the description of Liu et al. (22). In brief, leucine-p-nitroanilide (Sigma, USA) servicing as substrate was incubated with 100 μL supernatant fraction (37°C) and phosphate buffer. The absorbance of samples was continuously monitored in Multiskan Spectrum (Thermo, USA) at 405 nm for 15 min.



Western Blot Analysis

The western blotting procedure followed the previous study (23). Intestinal tissue was lysed by RIPA reagent (Solarbio, China) with protease inhibitors and phosphatase inhibitors and centrifuged at 12, 000×g for 10 min to obtain supernatant. Protein concentration was determined by a BCA Protein Assay Kit (Beyotime Institute of Technology, China). An equal amount of 20 μg protein samples was separated by 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to activated 0.45 μm polyvinylidene difluoride (PVDF) membranes (Pall Corporation, USA). The proteins on PVDF membranes were blocked with 5% nonfat dry milk in tris-buffered saline with Tween™ (TBST) at room temperature for 2 h. Then the PVDF membranes were incubated with primary antibodies overnight at 4°C. Subsequently, membranes were incubated with secondary antibodies for 2 h after membranes were washed with TBST. At last, immune complexes were visualized using Beyo ECL Plus Kit (Beyotime Institute of Technology, China).

Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:5000 dilution; Golden Bridge Biotechnology, China) was used as the reference. Anti-cluster of differentiation 68 (CD68, 1:2000 dilution), anti-cluster of differentiation 209 (CD209, 1:1000 dilution), anti-zonula occludens-1 (ZO-1, 1:1000 dilution);, and anti-zonula occludens-2 (ZO-2, 1:500 dilution) were obtained from Abcam (England). Anti-macrophage mannose receptor 1(MRC1, 1:200 dilution) was obtained from Sangon (China).



Fatty Acids Analysis

The method of fatty acid profiles analysis was based on the procedure described by Li et al. (19) with some modifications. Solid samples (intestinal tissue and experimental diets) were freeze-dried, then approximately 100 mg were collected and placed in 3 mL KOH–ethanol (1 N) (Shanghai yuanye Bio-Technology Co., Ltd, China) to saponify total lipids. Fatty acids were esterified after acid-catalyzed methylation with 3 mL methanolic hydrogen chloride (2 N) (Shanghai yuanye Bio-Technology Co., Ltd, China). Fatty acid methyl esters (FAME) were extracted and purified by chromatographic grade n-hexane (Shanghai yuanye Bio-Technology Co., Ltd, China), and quantified by a Gas chromatograph-Mass spectrometer (GC/MS) (Agilent Technologies Inc., Santa Clara, California, USA).

In the measurement of acetic acid, the preparation of FAME was similar to the above, except that, 20 μL serum or 200 μL intestinal content was saponified and methylated directly without freeze-drying. GC/MS was also used to quantify the FAME of acetic acid.



Culture and Treatment of Intestinal Cells

The method of obtaining intestinal cells was similar to Fang et al. (24). Briefly, 15% fetal bovine serum (FBS) (Biological Industries, Israel) was added into Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Biological Industries, Israel) to culture intestinal cells isolated from healthy large yellow croakers. Cells were cultivated in 27°C and 5% CO2 atmosphere. Intestinal cells were seeded in six-well plates, and after 48 h of culture, intestinal cells were serum-starved with FBS-free DMEM/F12 for 2 h. When intestinal cells completed hungry, different concentrations of docosahexaenoic acid (DHA) (Sigma, USA), linoleic acid (LA) (Sigma, USA), and octanoate (Sigma, USA) were supplied in DMEM/F12 individually or together to culture intestinal cells to simulate the situation in vivo. Then, cells were harvested for further analysis.



Determination of ROS Generation

The change of intracellular reactive oxygen species (ROS) was determined according to the accompanying instructions of the reactive oxygen species detection kit (Beyotime Institute of Technology, China) and Fang et al. (25). In brief, cells were cultured in 96-well plates with DMEM/F12, stimulated with fatty acids for 12 h, then loaded with cell-permeable 2’, 7’ dichlorofluorescein diacetate (DCFH-DA). DCFH-DA was prepared into 10 μmol/L by serum-free DMEM/F12 medium. The original medium was discarded, and cells were washed with PBS and added with the prepared DCFH-DA. After incubation at 27°C for 20 min, cells were washed three times with DMEM/F12 medium to remove the remaining DCFH-DA. Multiskan Spectrum (Thermo, USA) was used to detect the fluorescence intensity at an excitation wavelength of 488 nm and an emission wavelength of 535 nm.



Intestinal Microbiota Sequencing and Analysis

The protocol of intestinal microbiota sequencing and analysis was similar to our previous study (20). Total genomic DNA of intestinal content flora and mucosal microbiota in each group was extracted (26) and the V3-V4 region of the bacterial 16S rRNA gene was amplified by PCR using the 515f/907r primer (Fwd5’-GTGCCAGCMGCCGCGGTAA-3’, Rev5’-CCGTCAATTCCTTTGAGTTT-3’) with the barcode. Subsequently, sequencing was performed on an Illumina MiSeq platform, provided by Beijing Novogene Genomics Technology Co. Ltd. (China). Complete data were submitted to the NCBI Sequence Read Archive (SRA) database under accession number PRJNA814750.

FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/) was used to merge reads from the same original DNA (27). Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/) was applied to cluster the unique sequences to acquire operational taxonomic units (OTUs) according to the similarity of sequence distance based up to 97% or greater (28). Subsequently, the representative OTUs were annotated through the RDP Classifier (Version 2.2, http://sourceforge.net/projects/rdp-classifier/ and GreenGene database (http://greengenes.lbl.gov/cgi-bin/nph-index.cgi (29). QIIME (Quantitative Insights Into Microbial Ecology) V1.7.0 software package (http://qiime.org/index.html and the UPARSE (http://drive5.com/uparse/) pipeline were adopted to analyze the alpha and beta diversity. Principal coordinates analysis (PCoA) was conducted with Mothur and R software packages (http://www.R-project.org). Linear discriminant analysis (LDA) effect size (LefSe) analysis was used to identify the different abundant taxa among groups (30).



Calculations and Statistical Analysis

The perimeter ratio (PR) = the total length of intestinal epithelium/the perimeter of the intestine.

The total length of intestinal epithelium and the perimeter of the intestine were measured by the Image J software (USA). The villus height (VH) and muscular thickness (MT) were measured by the Image-Pro Plus version 6.0.0.260 (USA).

All statistics were evaluated by SPSS 19.0 (IBM, USA). All data were subjected to a one-way analysis of variance (ANOVA) and followed by Tukey’s multiple range test or independent t-tests. Bars bearing the different letter were significantly different among treatments (*P < 0.05), and results were presented as means ± S.E.M. (standard error of the mean).




Results


Octanoate Supplementation Alleviated Dietary SO-Induced Intestinal Physical Barrier Damage and Digestive Capacity Decrease

The intestinal physical barrier serves as ‘mechanical defense system’ protecting the intestine. In this study, the intestinal physical barrier was disrupted by surplus SO, while dietary octanoate supplementation alleviated the adverse effect (Figures 1A–E). Specifically, compared to the SO group, dietary octanoate increased the VH, MT, and PR of intestinal tissue, and only VH showed a significant increase in group S2 (P < 0.05) (Figures 1A, B). A number of indices of intestinal tight junction (TJ) proteins and permeability were further tested to assess the integrity of the intestinal physical barrier. The result suggested that dietary octanoate supplementation significantly increased the mRNA expression of zo-1, zo-2, occludin, and claudin-11 in group S2 relative to group SO (P < 0.05) (Figure 1C). Consistent with mRNA levels, relative protein levels of ZO-1 and ZO-2 were both enhanced in group S2 (Figure 1E). Notably, the D-Lac level in groups S3 and S4 showed a marked decline compared to the group SO (P < 0.05), while the ET-1 level in treatment groups showed no significant change compared to the group SO (P > 0.05). (Figure 1D).




Figure 1 | Octanoate supplementation alleviated dietary SO-induced intestinal physical barrier damage and digestive capacity decrease. Histopathological changes in the intestine tissue from the experimental groups were observed by H&E staining (A) and assessed by indices of villus height (VH), muscular thickness (MT), and perimeter ratio (PR) (B). The relative mRNA expression of tight junction protein (zo-1, zo-2, occludin, and claudin-11) in the intestinal tissue were measured (C). The protein expression of tight junction protein (ZO-1 and ZO-2) in the intestinal tissue were measured (n = 2) (E). The level of ET-1 and D-Lac in the serum were measured (D). The enzymic activities of Trypsin, LPS, and α-AMS in the intestinal tissue (F), and LAP, AKP in intestinal brush margin were measured (G). Data were presented as means ± S.E.M. Means in each bar sharing the same superscript letter or absence of superscripts were not significantly different determined by Tukey’s test (P ≥ 0.05). S.E.M.: standard error of means (n = 3).



Excess dietary SO had an inhibitory effect on intestinal digestion (Figures 1F, G). Presently, compared with SO group, octanoate supplementation conspicuously boosted digestive enzymic activities in group S2 (P < 0.05), including trypsin, LPS, and α-AMS (Figure 1F). Activities of LAP and AKP in intestinal BBM were also considerably enhanced in the group S2 compared to the SO group (P < 0.05) (Figure 1G). Above all, these data indicated that, dietary octanoate clearly improved the intestinal physical barrier and digestion which were damaged by SO.



Octanoate Supplementation Reduced Dietary SO-Induced Intestinal Oxidative Stress and Inflammatory Response

To further describe the intestinal environment completely, relative indices of oxidative stress (Figures 2A–D) and inflammatory response (Figures 2E–J) were measured respectively.




Figure 2 | Octanoate supplementation reduced dietary SO-induced intestinal oxidative stress and inflammatory response. The relative mRNA level of key antioxidation-related genes (cat, nrf2, sod1, and sod2) in the intestinal tissue were measured (A). The activities of SOD, CAT, and POD in the intestinal tissue were measured (B). The level of T-AOC, MDA, and GSH in the intestinal tissue were tested (C). The relative mRNA expression of key antioxidation-related genes (cat, nrf2, sod1, and sod2) and the fold change of ROS in treated intestinal cells were measured (D). The relative mRNA expression of proinflammatory cytokines (il-1β, il-6, il-8, tnf-α, ifn-γ, inos, and mhcⅡ) (E) and anti-inflammatory cytokines (arg1 and il-10) (F) in the intestinal tissue were measured. The relative mRNA (G) and protein (n = 2) (H) level of CD68, CD209, and MRC1 in the intestinal tissue were measured. The activity of ACP in the intestinal tissue and the level of serum C3 were measured (I). The relative mRNA expression of tlr1, tlr2, tlr3, tlr7, tlr9, tlr13, tlr22, and myd88 in the intestinal tissue were measured (J). Data were presented as means ± S.E.M. Means in each bar sharing the same superscript letter or absence of superscripts were not significantly different determined by Tukey’s test (P ≥ 0.05). S.E.M.: standard error of means (n = 3).



On the one hand, the result indicated that the intestinal oxidative stress induced by SO was reduced by dietary octanoate supplementation. Specifically, the mRNA expression of cat, sod1, sod2, and nrf2 were markedly increased in group S2 relative to group SO (P < 0.05) (Figure 2A). Compared to the SO group, dietary octanoate markedly enhanced antioxidant enzymatic activities in S2 group (P < 0.05) (Figure 2B), including SOD, CAT, and POD. Meanwhile, in S2 group, non-enzymatic antioxidant indices (including the level of T-AOC and GSH) were also improved, and the MDA level significantly lessened (P < 0.05) (Figure 2C). With the support of the data of fatty acid profiles in intestinal tissue (Supplementary Table 4) and pre-experiment in intestinal cells (Supplementary Figures 2A, B), in vitro, we decided to use 1000 μM LA incubating cells contrast to 200 μM DHA incubating cells to simulate intestinal cells in vivo. We found that 50 μM octanoate markedly diminished the 1000 μM LA-induced ROS production in intestinal cells (P < 0.05) (Figure 2D).

On the other hand, the result also showed that the intestinal inflammatory response induced by SO was alleviated by dietary octanoate supplementation. In this study, the mRNA expression of several proinflammatory cytokines (including il-1β, il-6, il-8, tnf-α, ifn-γ, inos, and mhcⅡ) prominently declined in the group S2 compared with SO group (P < 0.05) (Figure 2E). Conversely, dietary octanoate facilitated the expression of anti-inflammation cytokines (arg1 and il-10) in the group S2 (Figure 2F). CD68, CD209, and MRC1 were known biomarkers of macrophage polarization. Compared to the SO group, dietary octanoate decreased the mRNA and protein expression of CD68. Moreover, dietary octanoate also increased the mRNA and protein expression of CD209 and MRC 1 (Figures 2G, H). Intestinal ACP activity and serum C3 level had a marked increase in groups S3 compared to the group SO (P < 0.05) (Figure 2I). We previously verified that dietary SO induced inflammation through TLRs activation (31). In this study, relative to the group SO, octanoate supplementation lowered the relative mRNA expression of TLRs-related genes (tlr1, tlr2, tlr3, tlr7, tlr9, tlr13, tlr22, and myd88) in group S2 (Figure 2J). These collective results suggested that dietary octanoate reduced intestinal oxidative stress and inflammatory response induced by excess SO.



Octanoate Supplementation Modulated Intestinal Mucosal Microbiota

Intestinal mucosal microbiota represents the body’s first line of defense against pathogenic microorganisms. 16S ribosomal RNA sequencing of intestinal mucosal microbiota was conducted to evaluate the regulatory effects of octanoate in the intestinal mucosal microbiota. In this study, 1, 575, 056 high-quality sequences were obtained from 24 mucosal samples with 65, 019.5 ± 4938.5 sequences per sample. After being assembled, quality screened, and trimmed, the study resulted in the identification of 1, 216 OTUs with 97% sequence similarity level among samples (data not shown). For all samples, both the rarefaction curve and species accumulation boxplot, tended to approach the saturation plateau (Supplementary Figures 2C, D), indicative of the completeness and depth of sequencing efforts.

A Venn diagram showed that 107 OTUs were shared by all groups. The number of unique OTUs in FO, SO, S1, S2, S3, and S4 groups were 205, 117, 163, 66, 498, and 60, respectively (Figure 3A). A histogram depicting relative abundance of phylum and genus reveals that Proteobacteria, unidentified Bacteria, and Cyanobacteria were detected as predominant bacterial phyla in the mucosal microbiota among all groups at the phylum level (Figure 3B). Methylobacterium-Methylorubrum, Ralstonia, and unidentified Chloroplast were detected as the richest bacterial genera in the mucosal microbiota among all groups at the genus level (Figure 3C). Further analysis of the mucosal microbiota with heatmap comparison and hierarchical clustering dendrogram demonstrated that octanoate induced alterations in the dominant bacterial composition (Figure 3E). Though the Firmicute to Bacteroidetes ratio was conspicuously augmented in groups SO and S1 in contrast to the group FO, octanoate supplementation induced a considerable decrease in the S2 group compared to the group SO (P < 0.05) (Figure 3D).




Figure 3 | Octanoate supplementation modulated intestinal mucosal microbiota. The profile of gut mucosal microbiota (n = 4). Venn diagram (A), the histogram of relative abundance of phylum (B) and genus (C) (Only top 10 most relative abundant bacterial phyla and genera were shown. Other phyla and genera were all assigned as ‘Others’.), heatmap comparison and hierarchical clustering dendrogram based on the relative abundance of dominant bacterial genera at the phylum and genus levels (E) and the ratio of Firmicute to Bacteroidetes (n = 3) (D) were calculated to portray the fundamental structure of mucosal microbiota. Alpha diversity indices included the Simpson index (F), the Shannon index (G), the Chao 1 index (H), and the abundance-based coverage estimator (Ace) index (I) were calculated to compare the community diversity and richness. The beta diversity analyses were performed on the weighted Unifrac distance matrix to analyze the extent of similarities in microbial communities, including the principal coordinates analysis (PCoA) (J) and UPGMA clustering (K). Linear discriminant analysis Effect Size (LEfSe) analysis (L) was conducted to find out the biomarker with noteworthy differences between groups. The relative abundance of Lactobacillus, Escherichia-Shigella, and Staphylococcus settling on the mucosa were calculated (n = 3) (M). Results of alpha diversity indices and the relative abundance of Lactobacillus, Escherichia-Shigella, and Staphylococcus were analyzed using independent t-test (n.s., No significant; P ≥ 0.05, *0.01 ≤ P < 0.05, ***P < 0.001).



Alpha diversity indices, including the Simpson index, the Shannon index, the Chao 1 index, and the abundance-based coverage estimator (Ace) index were calculated to compare the community diversity and richness. The result showed that all alpha diversity indices were decreased in group S2 relative to the group SO (Figures 3F–I). Moreover, beta diversity analysis was performed on the weighted Unifrac distance matrix to analyze the extent of similarities in microbial communities among groups. Principal coordinates analysis (PCoA) showed that the octanoate supplementation resulted in a more marked difference in the structure of intestinal mucosal microbiota between treatment groups and SO group, which explained 27.05% of the total variance observed in PC1 and 19.35% of the total variance observed in PC2 (Figure 3J). The hierarchical clustering tree illustrated mucosal microbiota structures from groups SO, S2, and S3 were similar and clustered within one lower branch, whereas those of groups FO, S1, and S4 were distinct and formed another branch (Figure 3K).

To identify the differentially abundant taxa among experimental samples, linear discriminant analysis effect size (LEfSe) analysis was conducted. The result revealed marked differences in taxonomic distribution of mucosal microbiota communities between control groups and treatment groups. Dietary SO induced a significant increase in the relative abundance of phylum Firmicutes, class Bacilli, order Mycoplasma, family Streptococcaceae, and genus Cutibacterium, while the octanoate promoted the relative abundance of class Alphaproteobacteria in the group S2, and the relative abundance of genus Tyzzerella and species Clostridium colinum were richened in the group S3 (Figure 3L).

Further in-depth investigation of the abundance of functional bacterial strains revealed significantly higher relative abundance of Lactobacillus in group S3 compared to the group SO (P < 0.05). Conversely, the relative abundance of Escherichia-Shigella and Staphylococcus were lower in group S3 than group SO (Figure 3M). Together, these findings strongly implied that adequate dietary octanoate supplementation modulated the overall structure of mucosal microbiota which was disturbed by SO, and facilitated the increased abundance of probiotics.



Octanoate-Induced Changes in the Intestinal Microbiota had a Tight Correlation With Intestinal Repair

To investigate the correlation between the intestinal damage repair and the change of intestinal mucosal microbiota, Spearman’s correlation analysis was conducted.

The correlation between physical barrier, digestion, and intestinal mucosal microbiota was presented in Figure 4A. Among the top 5 abundant genera, the change of Alcaligenes and Methylobacterium-Methylorubrum abundance was not remarkably correlated with physical barrier and digestion improvement, whereas the change of Photobacterium, Ralstonia, and unidentified Chloroplast abundance showed a significant correlation with these indices (P < 0.05). Heatmap analysis also showed significant positive association of Lawsonia and significant negative association of Prevotella with intestinal VH, MT, PR, trypsin, and LPS. Moreover, Serratia had a tight correlation with physical barrier and digestion.




Figure 4 | Octanoate-induced changes in the intestinal microbiota had a tight correlation with intestinal repair. The Spearman’s correlation coefficient between mucosal microbiota and intestinal physical barrier (intestinal VH, MT, PR, the level of D-Lac, ET-1, the relative protein level of ZO-1 and ZO-2), digestive capacity (Trypsin, LPS, α-AMS, LAP, and AKP) were calculated and the heatmap was exhibited (A). The Spearman’s correlation coefficient between mucosal microbiota and intestinal antioxidative capacity (SOD, CAT, POD, and the content of T-AOC, GSH, MDA), and inflammatory response (the relative protein level of CD68, CD209, MRC1, intestinal ACP, and serum C3) were calculated and the heatmap was exhibited (B), *0.01 ≤ P < 0.05, ** 0.001 ≤ P < 0.01, ***P < 0.001.



The correlation between oxidative stress, inflammatory response, and intestinal mucosal microbiota was determined in Figure 4B. Almost all of the top 5 abundant genera showed weak correlations with indices of oxidative stress and inflammatory response. The change of Lawsonia and Parabacteroides abundance had a strongly negative correlation with oxidative stress and inflammatory response. Taken together, these results suggested that dietary octanoate might modulate the intestinal microbiota to promote the repair of intestinal damage.



Octanoate Supplementation Up-Regulated Acetic Acid Production

According to the previous study (32), acetic acid is the most abundant SCFA in the intestinal content, and it was produced by the intestinal lumen content flora to benefit the intestine. Acetic acid fluctuation in the intestinal content and serum were detected by GC/MS. The result suggested that, compared to the group SO, supplementation with dietary octanoate significantly promoted acetic acid levels in both intestinal content and serum (P < 0.05) (Figures 5A, B). And the 16S ribosomal RNA sequencing of intestinal content flora was operated to explore the change of acetate-producing strains (Supplementary Figures 2G–O). In this study, both the rarefaction curve and species accumulation boxplot, tended to approach the saturation plateau (Supplementary Figure 2E, F), indicative of the completeness and depth of sequencing efforts.




Figure 5 | Octanoate supplementation up-regulated acetic acid production. The fold change of acetic acid level in intestinal content (A), and serum (B). The relative abundance of acetate-producing strains in content flora at the order (C), family (D), genus (E), and species (F) level. ND, Not found in samples. Data of the fold change of acetic acid level were presented as means ± S.E.M. Means in each bar sharing the same superscript letter or absence of superscripts were not significantly different determined by Tukey’s test (P ≥ 0.05). S.E.M., standard error of means (n = 3). Data of the relative abundance of acetate-producing strains were analyzed using independent t-test (n.s., No significant; P ≥ 0.05, *0.01 ≤ P < 0.05, ** 0.001 ≤ P < 0.01, ***P < 0.001) (n = 3).



Alpha diversity indices suggested that low-dosage octanoate diminished the community diversity while high doses reversed this effect (Supplementary Figures 2J–M). Beta diversity analyses were performed on the weighted Unifrac distance matrix. The result of PCoA showed that, octanoate intervention generated a more conspicuous difference in the structure of intestinal content flora between treatment groups and the SO group (Supplementary Figure 2N). The content flora structure of groups FO, S2, and S4 were similar and clustered within one lower branch, whereas that of group SO was distinct from them and formed another branch (Supplementary Figure 2O).

The result further indicated that the relative abundance of the bacteria producing acetic acid was increased (Figures 5C–F). Specifically, compared to the group SO, at the order level (Figure 5C), the relative abundance of Clostridiales in group S3 had a marked increase (P < 0.05); at the family level (Figure 5D), the relative abundance of Lachnospiraceae and Clostridiaceae showed a statistical augment (P < 0.05); at the genus level (Figure 5E), the relative abundance of Ruminococcus, Clostridium, and Roseburia in group S3 had a remarkable increase (P < 0.05), and the significant change of the relative abundance of Fusobacterium appeared in the group S1 (P < 0.05). Streptococcus showed a tendency to increase with dietary octanoate supplementation (P > 0.05). The supplementation of octanoate reverses the decrease of Akkermansia muciniphila, Veillonella parvula, and Roseburia intestinalis in groups S1, S2, and S3 compared to the group SO, respectively (Figure 5F) (P < 0.05). Overall, these findings indicated that dietary octanoate supplementation increased the relative abundance of acetate-producing strains and augmented the level of acetic acid to benefit intestinal health.




Discussion

Previous studies have verified that unhealthy dietary lipid patterns can damage the intestinal health, such as increased intestinal permeability (33), lessened TJ protein level, excessive oxidative stress (34), and serious inflammatory response (35, 36). Octanoate has often been applied to remedy the neurological and metabolic syndrome, but the specific role of octanoate in the treatment of intestinal damage has not been established to date. Thus, in this study, the intestinal injury induced by SO was treated with dietary octanoate to investigate its specific role. Notably, compared to SO diet feeding, dietary octanoate supplementation ameliorated abnormal morphology of the intestine and enhanced protein expression of ZO-1 and ZO-2, in turn diminishing permeability. Dietary octanoate also enhanced intestinal digestion through increasing digestive enzyme activities. These results are in agreement with previous data obtained in piglet and mice (37, 38). Overall, the result clearly suggested that dietary octanoate effectively rescued the surplus SO-induced damage of intestinal physical barrier, increased the TJ protein level and improved the digestion.

Further, compared to SO diet feeding, dietary octanoate supplementation increased the intestinal antioxidative capacity and decreased ROS production, then alleviated the intestinal oxidative stress. These results are in agreement with previous data obtained in zebrafish (8) and rats (39). The study showed that octanoate could reduce real protonophoric uncoupling induced by long-chain fatty acids to lessen the production of ROS (6). On the other hand, dietary octanoate alleviated intestinal inflammatory response induced by SO through reducing the expression of proinflammatory genes and the polarity of macrophages. These results were consistent with data from previous studies on mice (40). The previous study indicated that activation of the anti-inflammatory state in macrophages could be attributed to octanoate-induced up-regulation of β-oxidation in macrophages (41). Moreover, the augmented ACP activity and C3 levels also corroborated the decrease in intestinal inflammatory response induced by dietary octanoate. Further, SO-induced mRNA expression of TLR-related genes was decreased with the supplementation of octanoate, supporting the theory that octanoate inactivated TLRs to reduce inflammation. This was similar to the result obtained with RAW246.7 cells (9). Based on the collective result, we conclude that dietary supplementation with octanoate could effectively reduce intestinal oxidative stress and inflammatory response induced by dietary surplus SO.

Accumulating evidence suggested that intestinal microbiota maintains intestinal homeostasis and host health, while microbial dysbiosis plays a role in pathogenesis of IBD (35, 42). In this study, dietary octanoate reduced the alpha diversity indices of intestinal mucosal microbiota. Though the lower alpha diversity indices were connected with the occurrence of IBD (12), the ratio of Firmicute to Bacteroidetes, another vital index of microbiota balance, was decreased (43). The structures of treatment groups microbiota were away from group FO on the weighted Unifrac distance matrix. We further investigated the correlation of specific genera and intestinal damage repairment by Spearman’s correlation coefficient. Ralstonia, isolated from cystic fibrosis patients (44), were negatively correlated with indices of antioxidant capacity (POD, T-AOC, and GSH), digestive enzymic activities (trypsin, LPS, and AKP), and anti-inflammatory capacity (IL-10 and CD209). The previous study proved Alcaligenes could serve as an immunologic adjuvant to stimulate dendritic cells in systemic vaccination (45), but little correlation with inflammatory response was found in this study. Lawsonia is a pathogen in swine (46), but some species may benefit fish because of the tight and positive correlation between Lawsonia and intestinal health in this study. Thus, the potential of Lawsonia as a fish probiotic should be further explored. In mice, the researchers also suggested that dietary octanoate benefited the intestinal health through modulating intestinal microbiota (38).

Lactobacillus was identified as probiotic, and Escherichia-Shigella, Staphylococcus species were identified as pathobionts. Octanoate promoted the abundance of Lactobacillus and reduced that of Escherichia-Shigella and Staphylococcus, similar to previous finding (15). We suggested that the octanoate-induced decrease in pathogenic bacteria was attributed to its ability on disrupting bacterial DNA replication and inhibiting lipase synthesis (15). The lower abundance of pathogenic bacteria might contribute to the increase of probiotics. Although high doses of octanoate might exert an excessive killing effect on bacteria, including both pathogenic bacteria and probiotics, octanoate-induced benefit for the intestinal microbiota was clearly evident. Overall, dietary octanoate repaired the intestinal mucosal microbial dysbiosis and there was a strong correlation between changes in intestinal mucosal microbiota and the repair of intestinal damage. Dietary octanoate might affect the intestinal health through modulating intestinal microbiota, but the underlying mechanisms need to be further explored in depth.

Intestinal microbiota not only resists invasion of antigens but also produces beneficial metabolites, such as acetic acids (13, 47, 48). The previous study showed that acetic acid alleviated high-carbohydrate induced intestinal inflammation by suppressing MAPK and NF-κB signaling pathways in Nile tilapia (49). The acetic acid level in the intestine and serum was increased upon dietary octanoate supplementation. The result was consistent with data from an earlier study on mice (12). The 16S ribosomal RNA sequencing of intestinal content flora showed that dietary octanoate augmented the relative abundance of acetate-producing strains (including Ruminococcus, Clostridium, Roseburia, and Akkermansia muciniphila et al.) (47). Notably, dietary octanoate enhanced the abundance of acetate-producing strains, subsequently promoting the acetic acid level to benefit the intestinal health.



Conclusion

In this study, we demonstrated the specific role of octanoate in repairing intestinal damage for the first time. Dietary octanoate might alleviated intestinal oxidative stress, inflammatory response, and microbial dysbiosis to repair intestinal damage caused by dietary SO stress in large yellow croaker at a concentration range of 2.1-6.3 g/kg (Figure 6). This study supported the utility of octanoate as an alternative adjuvant therapeutic agented for intestinal diseases and microbial dysbiosis, and these findings might be helpful to improve vertebrate health.




Figure 6 | Schematic representation showing that dietary octanoate repaired intestinal physical barrier damage, oxidative stress, inflammatory response and microbial dysbiosis.
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Supplementary Table 1 | Formulation and chemical proximate analysis of the experimental diets (% dry weight) a All ingredients were purchased from Great Seven Biotechnology Co., Ltd, China. b White fish meal (dry mater, %): 74% crude protein and 12.6% crude lipid; Krill meal (dry mater, %): 53.18% crude protein and 13% crude lipid; Bean meal (dry mater, %): 50.08% crude protein and 0.35% crude lipid; High-gluten flour (dry mater, %): 21.2% crude protein and 0.34% crude lipid. c The mixture of mineral and vitamin, antioxidant, attractant mixture, and mildew preventive according to (19).

Supplementary Table 2 | Fatty acid profiles of the experimental diets (% total fatty acids) a SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; n-3/n-6 PUFA, the ratio of n-3 PUFA to n-6 PUFA. b Other FAs, some fatty acids of which the contents are minor trace amount or not detected, such as C22: 0, C24: 0, C14: 1n-6, C20: 2n-6, C20:3n-6, were not listed in the table. c Total FAs, all fatty acids in diets. d ND, Not found in samples.

Supplementary Table 3 | Sequences of the RT-qPCR primers used in this study. ZO-1: Zonula Occludens-1; ZO-2: Zonula Occludens-2; CAT: catalase; Nrf2: nuclear factor erythroid 2-related factor; SOD: superoxide dismutase; IL-1β: interleukin-1β; IL-6: interleukin-6; IL-8: interleukin-8; TNF-α: tumour necrosis factor α; IFN-γ: interferon γ; iNOS: inducible nitric oxide synthase; MHC: major histocompatibility complex; Arg1: arginase 1; IL-10: interleukin-10; CD68: cluster of differentiation 68; CD209: cluster of differentiation 209; MRC1: macrophage mannose receptor 1;TLR: toll-like receptor; MyD88: myeloid differentiation factor 88.

Supplementary Table 4 | Fatty acid profiles (% total fatty acids) in intestinal tissue of large yellow croaker (Larmichthys crocea) fed the experimental diets (Means ± S.E.M) d. a SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; n-3/n-6PUFA, the ratio of n-3 PUFAs to n-6 PUFAs. b Other FAs, some fatty acids of which the contents are minor trace amount or not detected, such as C22: 0, C24: 0, C14: 1n-6, C20: 2n-6, C20:3n-6, were not listed in the table. c Total FAs, all fatty acids in diets. d Data were presented as means ± S.E.M. Means in each row sharing the same superscript letter or absence of superscripts were not significantly different determined by Tukey's test (P ≥ 0.05). S.E.M.: standard error of means. e ND, Not found in samples.

Supplementary Table 5 | The list of abbreviations.

Supplementary Figure 1 | The protocol of the experiment. Intestinal damage of large yellow croaker was induced by 70 g/kg SO in the diet for 10 weeks feeding experiment. Different concentrations of sodium OCT were intervened, and collected the samples after feeding experiment.

Supplementary Figure 2 | The per-experiments of exploring the appropriate concentration of DHA and LA to simulate the situation in vivo (A, B). The relative mRNA expression of key antioxidation-related genes (cat, nrf2, sod1, and sod2) (A) and the fold change of ROS in intestinal cells (B). The evaluation of sequencing efforts’ completeness and depth (C–F). Both the rarefaction curve (C) and species accumulation boxplot (D) of mucosal microbiota, tended to approach the saturation plateau. The rarefaction curve (E) and species accumulation boxplot (F) of content flora both tended to approach the saturation plateau (n=4). The profile of content flora (n=4) (G–O). The histogram of relative abundance of phylum (G) and genus (H) (Only top 10 most abundant (based on relative abundance) bacterial phyla and genera were shown. Other phyla and genera were all assigned as ‘Others’.) were calculated to portray the fundamental structure of content flora. The ratio of Firmicute to Bacteroidetes (n=3) (I) was calculated to portray the fundamental structure of gut content flora. Alpha diversity indices included the Simpson index (J), the Shannon index (K), the Chao 1 index (L), and the abundance-based coverage estimator (Ace) index (M) were calculated to compare the community diversity and richness. The beta diversity analyses were performed on the weighted Unifrac distance matrix to analyze the extent of similarities in microbial communities, including the principal coordinates analysis (PCoA) (N) and UPGMA clustering (O). Data of the relative mRNA of key antioxidation-related genes and the fold change of ROS were presented as means ± S.E.M. Means in each bar sharing the same superscript letter or absence of superscripts were not significantly different determined by Tukey’s test (P ≥ 0.05). S.E.M.: standard error of means (n=3).
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Various bacterial diseases have caused great economic losses to the high-density and intensive aquaculture industry; however, the pathogenic mechanism underlying the large-scale challenged to caused by many bacteria remain unclear, making the prevention and treatment of these diseases difficult. In the present study, we isolated a bacterial strain from Cyprinus carpio having a typical bacterial disease and named it Cc2021. Through subsequent morphological observations, a regression challenge, biochemical identification, and 16S rRNA gene sequence analysis, we determined Cc2021 to be Plesiomonas shigelloides. Subsequently, we comprehensively investigated the pathogenicity of P. shigelloides in C. carpio through a regression challenge and assessed the underlying the pathogenic mechanism. Mortality results revealed that P. shigelloides is highly pathogenic and infects various tissues throughout the body, resulting in edema of the liver, spleen, and body and head kidneys. Histopathological analysis revealed obvious inflammation, bleeding, and necrosis in the intestine, spleen, and head kidney. The body’s immune tissues actively produce complement C3, superoxide dismutase, and lysozyme after a challenge to resist bacterial invasion. With regard to the underlying pathogenesis of P. shigelloides, comparative transcriptome analysis revealed 876 upregulated genes and 828 downregulated genes in the intestine of C. carpio after the challenge. Analysis of differentially expressed unigenes revealed the involvement of major immune pathways, particularly the TNF signaling pathway, interleukin (IL)-17 signaling pathway, and Toll-like receptor signaling pathway. The present study provides new valuable information on the immune system and defense mechanisms of P. shigelloides.
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Highlights

	1. P. shigelloides was isolated and identified from C. carpio.

	2. P. shigelloides challenge led to tissue edema, necrosis, and death in C. carpio.

	3. The TNF signaling pathway in the intestinal tract of C. carpio was induced by P. shigelloides challenge.





Introduction

Cyprinus carpio is a valuable and unique fish resource that belongs to the order Cypriniformes and family Cyprinidae (1). As a dominant cyprinid species, C. carpio has been reported to account for almost 10% of the annual freshwater aquaculture production (1, 2). However, with the deterioration of the natural environment and the increase in breeding density, the breeding environment of C. carpio has been destroyed. In particular, the increasing number of bacterial diseases has had a significant impact on the breeding industry of C. carpio and caused huge economic losses (3, 4). The prevention and control of bacterial diseases are areas that need to be urgently addressed for the healthy development of the C. carpio industry (5). Plesiomonas shigelloides, a member of the Vibrionaceae family, is found in the intestinal tracts of fishes, mammals, and humans (6–8). P. shigelloides is widely distributed in the aquatic environment and is considered a new pathogen that causes digestive tract inflammation in many aquatic animals (8). P. shigelloides can infect Trionyx sinensis, Takifugu obscurus, and other aquatic animals alone or in combination; this has resulted in great economic losses to the aquatic aquaculture industry and posed a certain safety hazard to consumers (9, 10). In recent years, P. shigelloides has been isolated and identified from several aquatic animals, such as Percocypris pingi, Lota, Mylopharyngodon piceus, and Carassius auratus (11–13); however, the pathogenicity of P. shigelloides in C. carpio remains unknown.

In humans, P. shigelloides has been associated with secondary challenges in immunocompromised states, including malignancy, blood disorders, and hepatobiliary diseases (14, 15). In addition to infecting humans, P. shigelloides can be pathogenic to aquatic animals, such as Percocypris pingi (Tchang), Huso huso♀ × Acipenser ruthenus♂, Takifugu obscurus, Ctenopharyngodon idella, and Pelteobagrus fulvidraco; it has been reported to be infect these species and even cause death (16, 17). The survival of aquatic animals as natural hosts are not affected under normal circumstances (18). The pathogenic bacteria obtained from Eriocheir sinensis H. milne Edwards were not found to be the cause of disease in a previous study (19). Moreover, symptoms were found to differ between cold-water fish and warm-water fish (20). Therefore, it can be said that P. shigelloides is an opportunistic pathogen that acts once the environment is suitable and has a high fatality rate after onset. After Ictalurus punctatus challenge, the mortality rate was found to be up to 60%–100% in a previous study (21). The median lethal dose for Nile tilapia was 1. 425 × 108 CFU/mL, while that for sturgeon was 1.0 × 105.8 CFU/mL (21, 22). P. shigelloides is increasingly causing damages to aquaculture; however, its pathogenic mechanism remains unknown. At present, there are many studies on the immunity of carp after a bacterial challenge; the commonly used effective methods are transcriptome sequencing and gene function study. However, few studies have assessed the similarities and differences in immune responses in C. carpio after a bacterial challenge based on transcriptome analysis.

Comparative transcriptome analysis has been widely used in immunological studies of different fishes, providing reliable data on immune mechanisms (23). The potential mechanism of antibacterial immunity and the candidate genes has been identified using comparative transcriptome analysis in Epinephelus lanceolatus (24). Transcriptome analysis of intestinal epithelial cells of I. punctatus has revealed that the key to the invasion of Edwardsiella ictaluri is the actin bone in the intestinal barrier (25). In addition to adult tissues and organs, the transcriptome has been used to assess the immune response of fish embryos and primary cells. The innate host immune response of zebrafish embryos infected with Salmonella Typhi has been studied by RNA-seq and marker-based sequencing (26). RNA-seq has been used to study the expression changes in the transcriptome before and after Poly (I:C) stimulation of rainbow trout embryo cells (26). Several differentially expressed genes (DEGs) have been found to be involved in multiple physiological systems, including endocrinal, reproductive, and immune systems. In a previous study, after the intraperitoneal injection of P. shigelloides solution, transcriptome sequencing was performed using the intestinal tissue samples of sturgeon. The results revealed that DEGs in the intestinal tissues were significantly enriched in biological processes, including the immune system process, immune effect process, and stimulus response (13). In the present study, a bacterium referred to as Cc2021 was isolated and purified as the key pathogenic bacterium from infected C. carpio. The pathogenic bacterium causing septicemia was identified through morphological observation, a regression challenge, biochemical identification, and 16S rRNA and gyrB gene sequence analysis. The mortality rate and effects of Cc2021 in C. carpio were analyzed on the basis of the tissue load, tissue edema, and histopathological findings. Comparative transcriptome analysis was performed to assess the immune response mechanism following Cc2021 challenge in both normal intestinal tissues and challenged intestinal tissues. The present study provides reference data regarding the pathogenic mechanism of P. shigelloides in C. carpio.



Materials and Methods


Ethical Statement

All experiments were conducted in accordance with the guidelines and regulations outlined by the Management and Use of Laboratory Animals of Hubei Province and complied with China’s existing laws and regulations for biological research. The present study did not involve any endangered or protected species.



Fish

The experimental fish C. carpio (mean weight, 50 – 100 g) was obtained from the Guanqiao Experimental Station (Wuhan City, Hubei Province, China) and acclimatized at 25 ± 1°C. All the fish were fed twice daily with commercial pellets for 2 weeks before the experiments.



Isolation and Cultivation of Bacterial Pathogens From Challenged C. carpio

Naturally infected C. carpio was obtained from the temperature-controlled Fish Culture Center of the Institute of Hydrobiology, Chinese Academy of Sciences (Wuhan City, Hubei Province, China). The body surface of C. carpio was disinfected with 70% alcohol and placed in a biosafety container for dissection. A sterilized inoculum ring was inserted deep into the lesion of the fish, the needle was gently rotated for sampling, and streaked inoculation was performed on the surface of sterile brain heart infusion (BHI) broth, followed by incubation at a constant temperature of 28°C for 48 h. A single dominant colony in the plate was selected and inoculated on another BHI plate thrice, and the purified pathogenic strain was obtained after pure culture. Finally, one part of the purified strain was used for subsequent experiments and the other part was stored in 50% glycerol at −80°C for future use.



Biochemical Analysis of Pathogenic Bacteria

Bacteria were analyzed using bacterial biochemical microidentification tubes and test papers (Hangzhou Microbial Reagent. Co., Ltd. Hangzhou, China). A single colony was selected, inoculated in a microbiological reaction tube, and cultured at 28°C for 48 h. Following this, the biochemical indicators were tested (Table 1). The bacterial strains were preliminarily identified according to Bergey’s Manual of Systematic Bacteriology and Common Bacterial System Identification Manual (27).


Table 1 | Physiological and biochemical identification of isolated strains.





Phylogenetic Analysis of 16Sr RNA and gyrB Genes From Pathogenic Bacteria

The 16S rRNA of the pathogenic bacterial strain was amplified using the 16S rRNA primers 27F (AGTTTGATCMTGGCTCAG) and 1492R (GGTTACCTTGTTACGACTT). The PCR cycling conditions were as follows: initial denaturation at 95°C for 5 min; followed by 35 cycles at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min; and a final extension at 72°C for 10 min. The two primers used for PCR amplification of the gyrB gene sequence were as follows: UP1 (forward): 5′-GAAGTCATCATGACCGTTCTGCAYGCNGGNGGNAARTTYGA-3′ and UP2r (reverse): 5′-AGCAGGGTACGGATGTGCGAGCCRTCNACRTCNGCRTCNGTCAT-3′. The PCR reaction conditions were as follows: pre-denaturation at 94°C for 5 min, denaturation at 94°C for 1 min, renaturation at 60°C for 1 min, and extension at 72°C for 1 min. After 30 cycles, incubation was performed at 72°C for 7 min. The reaction process was ended at 16°C, followed by preservation at 4°C. Amplification products were placed in 1% agarose gel for electrophoresis. Positive amplification products were recovered and sequenced by TSINGKE Biotechnology Co., Ltd (Wuhan, Hubei, China). The obtained 16S rRNA and gyrB gene sequences were analyzed by the NCBI BLAST retrieval system for sequence homology, and multiple alignments were made with the sequences of strains with high sequence similarity obtained from the GenBank database using ClustalX software. The neighbor-joining method was used to construct phylogenetic trees using Molecular Evolutionary Genetics Analysis (MEGA) 7.0 software. A bootstrap test was performed with 1000 repetitions.



Mortality Rate and Regression Challenge

The pathogenic bacterial strain was inoculated in BHI broth and cultured at 28°C under 200 rpm for 48 h. To determine the 50% lethal concentration of the pathogenic bacterial strain, four groups of C. carpio (n = 30) were intraperitoneally injected 100 μL of the bacterial strain (diluted in physiological saline) at concentrations of 1.0 × 107 CFU/mL, 5.0 × 107 CFU/mL, 1.0 × 108 CFU/mL, and 5.0 ×108 CFU/mL, while the control group was injected with sterile physiological saline (0.65% NaCl). Following this, mortality was monitored for the next 7 days.

After infecting the experimental fish (n = 100) with the measured half lethal concentration, the surviving fish were sampled from 0 to 7 days after the challenge. The blood, liver, head kidney, spleen, trunk kidney, and intestine (hindgut) of the challenged fish were randomly collected for the subsequent experiment (n = 5). Fish tissues injected with the same dose of saline were used as controls.



Tissue Bacterial Load and Edema Detection

In total, 0.5 g of ground viscera (liver, head kidney, spleen, and intestine) was weighed and homogenized in BHI medium under sterile conditions using a Dounce tissue grinder (Sigma, USA). Serial dilutions (10−4, 10−5, and 10−6) were performed, 100 μL of the diluted sample was plated on BHI plates and incubated at 28°C for 48 h. Finally, the colony morphology was identified when the colonies were counted. CFU/g (log10) was calculated taking the dilution and total weight of the fish into consideration.

The whole target tissue was gathered and rinsed, and the immediate weight was recorded as the wet weight. Subsequently, the tissues were air dried for 2 days at 60°C, and their weight was recorded as the dry weight. The wet/dry weight ratio for each fish was calculated for evaluating tissue edema.



Histological Analysis by Hematoxylin and Eosin Staining

Tissue samples from the head kidney, spleen, liver, and intestine were dissected and immediately fixed in 10% neutral buffered formalin at 4°C, dehydrated in a graded ethanol series, leaned in xylene, embedded in paraffin, and cut into 4 μm sections using a rotary microtome (Leica, Germany). The sections were stained with HE staining for routine histological examination and observed using a light microscope (Olympus BX51, Japan).



Serum Biochemical Indices

Experimentally infected C. carpio was anesthetized with 3-aminobenzoic acid ethyl ester methanesulfonate (MS-222). Blood samples were collected from the caudal vein and placed for 1 h at room temperature. After centrifugation under 4500 rpm at 4°C for 15 min, the serum was collected and stored at −80°C. The serum biochemical indices of complement C3, superoxide dismutase (SOD), and lysozyme (LZM) were assessed using corresponding commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The detection method refers to the kit instructions and previous reports (28).



RNA Isolation, cDNA Library Preparation, and Sequencing

Total RNA was extracted from six tissue samples (three from the control groups and three from the challenge groups, collected from the intestinal tissue after 3 days of P. shigelloides challenge) using TRIzol Reagent (Invitrogen, USA) and then treated with RNase-free DNase I (Thermo Scientific, USA) at 30°C for 30 min to remove genomic DNA contaminants. Subsequently, the purity, quantity, and integrity of the extracted total RNA samples were assessed using a NanoDropND-2000 spectrophotometer (Thermo, Waltham, USA), by 1.2% (w/v) agarose gel electrophoresis, and using an Agilent 2100 Bioanalyzer (Agilent Technologies, Richardson, USA), respectively. RNA samples with an RNA integrity number (RIN) > 8, 28S/18S > 0.7, and A260/280 of approximately 2.0 were used to construct the RNA-seq library. Poly (A) mRNA was isolated from total RNA using poly (dT) oligo-attached magnetic beads, and cDNA libraries were prepared using the TruSeq RNA Sample Preparation Kit (Illumina, USA). In total, six cDNA libraries were sequenced using the Illumina Nova-Seq (BGI) sequencing platform to generate 150-bp paired-end reads.



Transcriptome Quality Control and Gene Annotation

Read quality of the collected RNA-seq data was assessed using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) (29). The filtered clean data were subsequently mapped to the C. carpio genome (NCBI: ASM1834038v1) using HISAT2 v2.1.0 (30). All genes were annotated in the genome sequences available in six public databases, including NCBI’s non-redundant protein sequence (Nr) database, Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG) (31), Gene Ontology (GO) (32), evolutionary genealogy of genes: Non-supervised Orthologous Groups (eggNOG) (33), and Pfam (34).



Differential Gene Expression Analysis and Enrichment Analysis

DEGs between the control and challenge groups were identified using Baggerly’s test to calculate the fragments per kilobase of exon per million fragments mapped (FPKM) values. Benjamini–Hochberg correction was used to adjust the original P-values in Baggerly’s test in order to minimize the false discovery rate (FDR) (35). DEGs were identified if the associated PFDR was less than 0.05, and an absolute value of log2 (fold change) > 1 was regarded as the cut-off criterion. Clustering analysis was performed using the pheatmap package in R based on the FPKM values of DEGs. Subsequently, DEGs were enriched and subjected to GO term (36) and KEGG pathway analyses using clusterProfiler (37). A P-value < 0.05 indicated statistical significance, and the top 10 terms related to immunity were selected for visualization.



qRT-PCR Validation of DEG Expression

In total, six genes associated with immune-related gene testis development were randomly selected for qRT-PCR to validate the RNA-seq results. Reversed-transcribed cDNA obtained from total RNA used for transcriptome sequencing was synthesized using the PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara, Shanghai, China), according to the manufacturer’s protocol. All cDNA samples were diluted to 5 ng/µL and stored at −80°C until use. Specific primers were designed on the basis of NCBI Primer-BLAST (NCBI, USA), as listed in Table S1. All qRT-PCR reactions were performed in triplicate, and target specificity was determined on the basis of dissociation curve analysis. β-actin was selected as the internal control to normalize the expression level of each gene. The relative expression level of the target gene versus the β-actin gene was calculated using the 2−ΔΔCT method. The obtained data were statistically analyzed using GraphPad Prism 7.0 software.



Statistical Analysis

The results have been reported as the means ± SEs after data preparation and statistical analysis using GraphPad Prism 7.0 software. Statistical significance of the findings in each experimental group relative to the control group was assessed using Student’s two-tailed t-test. Significance (P-value) has been indicated as follows: *(P < 0.05), **(P < 0.01), and ***(P < 0.001).




Results


Isolation and Identification of Pathogenic Bacteria From Infected C. carpio

The symptoms of infected fish are shown in Figure 1; the symptoms mainly manifested as a mild floating head, outgroup swimming, slow swimming, and reduced feeding. In the middle stage of the disease, the fish stopped feeding completely, with slight eyeball protrusion, slight bleeding in the jaw and abdomen, and redness of the head (Figures 1A, B). In the later stage, death, abdominal bleeding, and swelling were noted (Figures 1C, D). After dissection, it was found that the dead fish had fluid accumulation (ascites) in the abdominal cavity. Moreover, the liver was swollen, with light yellow and irregular red spots distributed on it. Furthermore, the tissue felt slightly brittle, like bean paste (Figures 1E, F).




Figure 1 | Symptoms of infected C carpio. (A) The abdominal scales of infected C carpio fell off, and the abdomen was red and swollen. (B) Red head of infected C carpio. (C) Swollen abdomen of infected C carpio. (D) The abdominal scales of infected C carpio fell off. The abdomen became red, with abscess-like fluid flowing out of it. (E) The visceral tissue was diffuse, and the liver was enlarged and pale. (F) The abdominal cavity of C carpio had a lot of yellowish fluid after dissection.



The dominant strain of pathogenic bacteria was isolated from the lesions of C. carpio (ulceration, ascites, hepatopancreas, and intestinal tract) and named Cc2021 (27). The bacterium grew well on BHI agar, and the colonies were round, beige opaque, smooth, moist, and slightly raised but with neat edges (Figure 2Aa). Gram staining results were microscopically observed. The bacterial cells stained red and appeared as short rods, which were arranged singly or in pairs, indicating that the strain was gram negative (Figure 2Ab). Negative stain electron microscopy revealed a straight rod with a terminal round shape, no spore or capsule, and two fascicular flagella at both ends. The size of the bacterium (short diameter × long diameter) was 0.8–1.0 μm × 3.0 μm (Figure 2Ac). These characteristics were consistent with the description provided in Bergey’s Manual of Systematic Bacteriology.




Figure 2 | Identification of the pathogen’s morphological and molecular characteristics. (A) (a) Growth characteristics of isolates in BHI medium. (b) Gram staining results of isolates. (c) Negative staining results of isolates. (B) Phylogenetic tree based on the partial 16S rRNA gene sequences included in the expanded MicroSeq 500 library; the algorithm used to construct the tree was the unweighted pair group method using averages (UPGMA). (C) Phylogenetic tree based on the partial gyrB gene sequences included in the expanded MicroSeq 500 library; the algorithm used to construct the tree was UPGMA.



The physiological and biochemical characteristics of the pathogen are provided in Table 1. According to Bergey’s Manual of Determinative Bacteriology (9th ed.), the bacterium could hydrolyze arginine, D-fructose, fucose, glucose, and myo-inositol but not adipic acid, citric acid, D-mannitol, phenylalanine aminotransferase, phenylacetic acid, sucrose, salicin, sorbitol, and urease. The results of methyl red and malic acid tests were also positive.

To further identify the strain, its 16S rRNA and gyrB genes were sequenced. NCBI BLAST was used for homology analysis based on the 16S rRNA and gyrB gene sequences of the strain; the results revealed that the strain was 99% similar to P. shigelloides. Phylogenetic analysis was performed after screening sequences with high similarity in terms of sequence alignment; the results (Figures 2B, C) revealed that both 16S rRNA and gyrB gene sequences of P. shigelloides formed a single cluster. Therefore, based on its morphological, physiological, biochemical, and molecular characteristics, the strain was identified to be P. shigelloides.



Pathogenicity of P. shigelloides in C. carpio

To assess the pathogenicity of P. shigelloides in C. carpio, one group of C. carpio was injected with physiological saline (65% NaCl) (control group), while four groups were injected with four different concentrations (1.0 × 107 CFU/mL, 5.0 × 107 CFU/mL, 1.0 × 108 CFU/mL, and 5.0 × 108 CFU/mL) of the pathogenic bacterial strain (experimental groups). Subsequently, deaths were recorded (Table 2). Both high and low concentrations of the bacterial suspension resulted in typical symptoms, similar to those observed in naturally infected fish. After the injection of a high concentration (5.0 × 108 CFU/mL) of the bacterial suspension, a large number of fish died within 2 days (73.3%), with the mortality reaching 100% within 7 days. The mortality rates of C. carpio were 80%, 53.3%, and 23.3% after the injection of 1.0 × 108 CFU/mL, 5.0 × 107 CFU/mL, and 1.0 × 107 CFU/mL concentrations, respectively. On the other hand, no death was noted in the control group. These mortality results served as the basis for the follow-up regression challenge experiment. Tissue edema and bacterial loads in C. carpio were assessed after P. shigelloides challenge. The dry/wet weight ratios of the liver, spleen, head kidney, and body kidney of C. carpio showed an increasing trend with an increase in the challenge time. After 2 days post-challenge, the dry/wet weight ratios of the liver and head kidney gradually increased, while those of the spleen and head kidney tended to decrease (Figures 3A–D). The bacterial load in the tissues from the intestine, hepatopancreas, head kidney, body kidney, and spleen of C. carpio infected with P. shigelloides and the blood bacterial concentrations increased with an increase in the challenge time. The bacterial load in the intestinal tissues was the highest, followed by that in the tissues from the hepatopancreas, head kidney, and spleen. The lowest bacterial load was noted in the blood and body kidney tissues (Figure 3E).


Table 2 | Death statistics of C. carpio infected with P. shigelloides.






Figure 3 | Tissue edema and bacterial load in C. carpio after P. shigelloides challenge. (A–D) The dry/wet ratio of the liver, spleen, body kidney, and head kidney of C. carpio 0–3 days after P. shigelloides challenge. (E) Bacterial load in C. carpio tissues after P. shigelloides challenge.





Histopathological Changes in C. carpio After P. shigelloides Challenge

To observe the histopathological state of P. shigelloides-infected C. carpio, HE staining was performed using tissues from the liver, head kidney, spleen, and intestine at each period. The typical pathological states are shown in Figure 4. In the control group, the hepatic cells were rich in cytoplasm, had an obvious nucleus and cytoplasm, had a clear cell boundary, and were evenly dispersed (Figure 4Aa). After the artificial challenge, the inflammatory cells in the liver of infected C. carpio showed focal aggregation, with an unclear structure and a fuzzy boundary. The hepatic cells were denatured and necrotic, and the nucleus and cytoplasm were concentrated. Some hepatic cells were vacuolated and had dissolved nuclei. The tissue was loose and had edema, and degeneration and necrosis were noted around the sinuses. Moreover, the tissue structure was destroyed and several hepatocytes were vacuolated (Figure 4Ab). The renal structure of infected C. carpio was disorganized, with swelling and degeneration of cells, a narrow renal cavity, and a transparent tube type. The renal tissue was filled with lymphocytes, accompanied by multiple bleeding spots and an obvious inflammatory reaction (Figure 4Bb). Moreover, ferriflavin deposition in the splenic tissue, atrophy of the white pulp, and a reduced area occupied by splenic pulp hyperemia were noted (Figure 4Cb). The intestinal structure of C. carpio in the control group was intact; the inner wall of the tissue was not damaged, intestinal epithelial villi were arranged tightly and in an orderly manner, and basal epithelial tissues were obviously stratified (Figure 4Da). Villus epithelial cells in the intestinal tissues of infected C. carpio fell off, with the infiltration of local lymphocytes and the swelling of and increase in goblet cells in the mucosal epithelium being noted (Figure 4Db).




Figure 4 | Histopathological changes in C carpio tissues after P. shigelloides challenge. (A) Infected liver. (B) Infected head kidney. (C) Infected spleen. (D) Infected intestine. Pictures of typical symptoms are shown. Scale bar of A, B, and C = 20 μm. Scale bar of D = 50 μm.





Changes in Serum Biochemical Indices of C. carpio After P. shigelloides Challenge

To assess the degree of activation of antibacterial immune responses in the key immune organs and bloodstream of C. carpio during P. shigelloides challenge, C3, SOD, and LZM activities were assessed at different stages after the challenge. The expression level of C3 in the serum increased from 1 to 7 days and reached its maximum on the 5th day post-challenge, becoming nearly three times the normal expression level (Figure 5A). The expression levels of LZM in all the tissues of healthy common carp were similar. The LZM levels in the blood, head kidney, liver, and intestine significantly increased after the challenge. Moreover, the LZM levels in all the tissues continued to increase from 1 to 7 days post-challenge. LZM activity was the highest in the intestine, followed by the liver and blood, while it was the lowest in the head kidney after the challenge (Figure 5B). The SOD levels in each tissue of C. carpio showed a trend of first increasing and then decreasing after the challenge; the increase was most obvious on 1 and 3 days, followed by a decrease (Figure 5C). The highest SOD activity was noted in the intestinal tissue after the challenge; this may be related to enteritis caused by the bacterium.




Figure 5 | (A) Changes in complement C3 levels in the serum of C carpio with time after P. shigelloides challenge. (B) Changes in LZM activity in tissues of C carpio with time after P. shigelloides challenge. (C) Changes in SOD activity in tissues of C carpio with time after P. shigelloides challenge. "*" means P < 0.05.





Transcriptome Sequencing and Annotation

All raw data generated in the present study have been uploaded to the NCBI Sequence Read Archive (SRA) under the registration number PRJNA793911. The original sequencing data included reads having low quality, joint contamination, and a high unknown base N content, which needed to be removed before data analysis in order to ensure the reliability of the results. After sequence filtration, a comparison of all genomes was performed, as shown in Figure S1A. Expression profiles of all the genes were obtained in both the control and challenge groups, with half reaching at least one FPKM (Figure S1B). Correlation analysis of the samples revealed that the correlation coefficients of Challenge 2 and Control 1 within the group were far less than 0.7; thus, these two samples were removed from subsequent analysis (Figure S1C). Analysis of FPKM expression levels for all the genes in the visualized heatmap revealed that the expression levels of Control 2 and Control 3 genes were consistent and those of Challenge 1 and Challenge 3 genes were consistent (Figure S1D).

To further assess the immune response mechanism of C. carpio during P. shigelloides challenge, comparative transcriptome analysis was performed for comparing the gene expression profiles in the intestinal tract of C. carpio between the control and challenge groups. For this analysis, three control group samples and three challenge group samples, collected on the 3rd day after the infection, were included. Based on sequence homology, GO enrichment analysis of DEGs in the intestinal tract was performed after P. shigelloides challenge, and the similarities and differences in these terms were analyzed. To further understand the functions of DEGs and the signaling pathways that they participate in, all DEGs were classified into three GO categories: biological process (BP; 20 subclasses), molecular function (MF; 20 subclasses), and cellular component (CC; 20 subclasses) (Figure S2A). KEGG pathway analysis of the intestinal tissue after P. shigelloides challenge revealed that there were 21 KEGG metabolic pathways involving different genes, mainly including the complement and coagulation cascade pathway, TNF signaling pathway, interleukin (IL)-17 signaling pathway, and toxoplasmosis and systemic lupus erythematosus pathway (Figure S2B).



Identification of Candidate Genes Responding to P. shigelloides Infection

The identification of DEGs can provide a deeper understanding of the changes in the immune mechanism of P. shigelloides-infected C. carpio. The heatmap in Figure 6A shows the expression of DEGs in each group. Intestinal gene expression was higher in the challenge group. Importantly, there was no significant difference in DEGs between the control and challenge groups. In total, 1704 genes were differentially expressed in the control and challenge groups, including 876 upregulated genes and 828 downregulated genes (Figure 6B). The upregulation level of genes was thus significantly higher than the downregulation level, which may be attributed to the cascade amplification of immune signal transmission.




Figure 6 | Differentially expressed genes. (A) Heatmap showing the expression of differentially expressed genes in each sample. (B) Volcano map showing the expression of differentially expressed genes in each group of samples. (C) GO enrichment analysis was performed for differentially expressed genes, and three categories of the top 10 immune-related pathways were selected for display. (D) KEGG enrichment analysis was performed for differentially expressed genes, and the top 10 immune-related pathways were selected for display.



To further assess the immune response after P. shigelloides challenge, we focused on immune-related DEGs classified into BP, MF, and CC categories, as shown in Figure 6C. The top 10 KEGG pathway terms are shown in Figure 6D. GO enrichment analysis of this module was dominated by functional categories related to immune system. In the BP category, acute inflammatory response, regulation of acute inflammatory response, and leukocyte chemotaxis were the top three terms. In the CC category, platelet alpha granule lumen, platelet alpha granule, and plasma lipoprotein particle were the top three GO terms. In the MF category, CXCR3 chemokine receptor binding, chemokine activity, and C3HC4-type RING finger domain binding were the top three terms. Furthermore, KEGG pathway enrichment of immune-related DEGs was analyzed. The immune-related signaling pathways of all enriched immune-related DEGs were selected as the top 10 ones, e.g., the TNF signaling pathway, IL-17 signaling pathway, antigen processing and presentation pathway, Chagas disease pathway, and Toll-like receptor (TLR) signaling pathway (Figure 6D). Some immune-related DEGs are shown in Table 3. These results suggested that both the innate and adaptive immune responses of C. carpio played vital roles in its response to P. shigelloides challenge. The discovery of the immune-related pathways and genes could provide a theoretical basis to understand the molecular mechanism of C. carpio infected with P. shigelloides or other bacteria.


Table 3  | Immune-related differentially expressed following P. shigelloides challenge based on the KEGG analysis.





Verification of Immune Response Candidates Activated by P. shigelloides

To verify significant immune response candidates activated by P. shigelloides, qRT-PCR was performed on several candidates selected from the comparative transcriptome. The expression levels of IL-1β, Hsp70, TLR5a, MCH II, CD22, and IL-8 were verified in the blood, spleen, head kidney, and intestine at 0, 1, 3, 5, and 7 days after the challenge (Figure 7). The mRNA expression level of IL-1β dramatically increased and immediately reached the highest level on the 1st day after the challenge, following which it began to decrease gradually. The expression level of IL-1β was the highest in the intestine (Figure 7A). The mRNA expression level of Hsp70 gradually increased in all immune tissues from 1 to 7 days after the challenge; the expression level was higher in the head kidney and spleen (Figure 7B). The mRNA expression level of TLR5a was upregulated to a similar extent in all the tissues after the challenge, with the increase being the highest at 3 and 5 days (Figure 7C). Moreover, the mRNA expression level of MHC II was continuously upregulated after the challenge, with the most significant increase being noted in the intestine (Figure 7D). In contrast, the mRNA expression levels of CD22 and IL-8 were downregulated to varying degrees after the challenge in all the tissues (Figures 7E, F).




Figure 7 | Relative mRNA expression levels of IL-1β, Hsp70, TLR5a, MCH II, CD22, and IL-8 in C carpio tissues after P. shigelloides challenge. mRNA expression levels of IL-1β (A), Hsp70 (B), TLR5a (C), MCH II (D), CD22 (E), and IL-8 (F) in the blood, spleen, head kidney, and intestine of C carpio at 0, 1, 3, 5, and 7 days after P. shigelloides challenge. The β-actin gene was used as a reference gene, and the data of day 0 were used for comparison with those of days 1, 3, 5, and 7 in order to analyze the differences. Data are presented as the means ± SEs (n = 4). Statistical analysis was performed using unpaired Student’s t-test (*P < 0.05 and **P < 0.01).






Discussion

P. shigelloides, belonging to the order Eerobacterales, is widely distributed in nature. it is a kind of global distribution bacteria, its detection rate has obvious seasonal, high detection rate in summer, which may be related to the optimal growth temperature of the bacteria is higher. And P. shigelloides is a new pathogen of digestive tract inflammation in many aquatic animals, as well as a zoonotic pathogen, which is a pathogen of gastrointestinal infection outbreak transmitted by water and food (7). In recent years, there have been increasing reports on the pathogenicity of P. shigelloides in fishes. The pathogenic symptoms of P. shigelloides are slightly different in different fishes; this may be caused by the differences in fish species, culture environments, and strains (38, 39). However, few studies have been conducted on the pathogenic mechanism of P. shigelloides in fishes (40). Studies on the isolation and identification of bacterial species are essential for understanding the exact incidence of a disease in a given region and for planning epidemiological studies and control and eradication programs (41). Moreover, understanding how bacteria cause pathological symptoms can form the basis of preventing and treating bacterial diseases (42, 43). In the present study, we isolated a bacterium from C. carpio and identified it to be P. shigelloides by morphological, physiological, and biochemical methods; gene sequence analysis; and PCR. In addition, we used the isolated P. shigelloides strain to infect C. carpio and studied the changes in histopathology, tissue bacterial load, tissue edema, and immune gene expression to understand its pathogenic mechanism. Finally, and most importantly, through high-throughput sequencing technology, we explored the pathogenic mechanism of P. shigelloides and the immune response mechanism of C. carpio after P. shigelloides challenge. Our findings can serve as a reference for drug designing and vaccine adjuvant screening against pathogens.

P. shigelloides is widely distributed and found in different water bodies, animals, and humans (7). It can cause human acute gastroenteritis and other toxic symptoms. In recent years, it has been detected in different aquatic animals and has been found to be highly pathogenic to fishes. It can multiply in the intestines of fishes, damaging their organs and ultimately causing death (37). Grass carp mainly presents with redness and swelling of the body surface, liver, intestine, and anus (38, 39). Garra rufa infected with Streptococcus agalactiae presents with surface ulceration and intestinal and hepatic lesions (40). Pathological changes in the liver, stomach, intestine, kidney, throat, and other organs have been reported to be caused in Trionyx sinensis by Aeromonas hydrophila, with the findings in male and female gonads also being inconsistent (39). However, acute diarrhea and food poisoning have been found to be the main symptoms in humans after P. shigelloides challenge (41). In the present study, the disease in C. carpio was characterized by an abdominal cavity, the emergence of a few different levels of fish ascites, hepatomegaly, yellowish color, and an irregular distribution of red dots. Anatomic assessment revealed a crispy organization, light inflammation of the gills, erosion and rotting of the gills, bleeding of the gills, and significant intestinal inflammation. P. shigelloides is a pathogen that causes zoonotic diseases. It also causes a wide range of clinical symptoms in humans, such as acute gastroenteritis and diarrhea (7). Therefore, it is an important pathogen that can pose a risk to public health, especially to people who directly touch any infected fish.

Complement C3, SOD, and LZM in the serum are powerful indicators of the non-specific immune response of aquatic animals, which can identify pathogens, inactivate viruses, and reflect the degree of somatic cell damage to a certain extent (18). Moreover, they play an important role in the non-specific immunity of fishes (44). The complement system is an important component involved in the resistance of fishes to challenge and is involved in target cell lysis and conditioning reactions after activation. Complement C3 is the main component of the complement system (45). A previous study reported an increase in the complement C3 level of hybrid tilapia fed different doses of the commercial product DVAQUA (46). The serum complement C3 level of yellow catfish was found to significantly increase at 7, 14, 21, and 28 days after the injection of inactivated E. ictaluri vaccine, further providing that the vaccine could improve the non-specific immunity of yellow catfish (47). However, in the present study, the complement C3 level in the serum of P. shigelloides-infected C. carpio significantly increased, reached its maximum after 5 days post-challenge, and then significantly decreased. The results revealed that the non-specific immune mechanism was activated in C. carpio after P. shigelloides challenge and was maintained for a long time. SOD activity has been found to be closely related to the immune level of an organism. The SOD activity of Channa argus increased from 9 days after the injection of inactivated Nacardia seriolea, reaching its peak on the 12th day (48). In the present study, the SOD activity in the serum of C. carpio first increased after the injection of P. shigelloides and then decreased after reaching its maximum on day 3. This result indicated that C. carpio could produce a large number of free radicals, such as superoxide anions, at an early stage of the challenge and improve its antioxidant and immune capacity to resist the challenge. Moreover, LZM activity was found to increase in A. hydrophila-infected Chinese sturgeon (49). This result was consistent with that of the present study. In conclusion, the isolated bacterial strain could stimulate the body to produce an immune response after a challenge, which was manifested as increased C3, SOD, and LZM activities in the serum of C. carpio; this in turn stimulated the non-specific immunity of C. carpio to a certain extent.

Intestinal mucosal immunity is an important mechanism by which a host can resist a pathogen; it plays an important role in natural immunity (50). In previous studies, P. shigelloides challenge was found to destroy the intestinal tissue structure, reduce the number of mucosal immune-related cells, cause intestinal digestion and absorption dysfunction, and activate the mucosal immune response in hybrid sturgeon (12, 17). In the present study, the intestinal transcriptome of C. carpio was altered by P. shigelloides challenge. The results revealed that there were 1704 DEGs in the intestinal tissues of C. carpio after P. shigelloides challenge, including 876 upregulated DEGs and 828 downregulated DEGs. This may be related to extensive bacterial replication in C. carpio and the resistance of C. carpio to bacterial challenge. These results indicate that bacterial invasion into the digestive mucosa of C. carpio can induce a specific immune response through a non-specific immune function of the body, i.e., the phagocytosis of immune cells. Some pathogens, such as Legionella pneumophila, Listeria monocytogenes, and S. Typhi, recognize cytoplasmic pathogen-associated molecular patterns (PAMPs). The RIG-1-like receptor signaling pathway is activated to promote the expression of type 1 interferons and pro-inflammatory cytokines, thereby protecting against bacterial challenge (51, 52). Fish TLRs (such as TLR3) are responsible for recognizing not only nucleic acids produced by viruses but also bacterial components, thereby acting as antibacterial agents (53). Intracellular parasitic bacteria, such as L. monocytogenes and Mycobacterium tuberculosis, can activate the cellular solute DNA sensing pathway by recognizing and activating the cGAS-STING pathway. Following this, the TBK1/IRF3 signal cascade is activated to activate the type I IFN transcriptional response and exert antibacterial effects (54). In the present study, the main immune-related signaling pathways in the intestine of P. shigelloides-infected C. carpio were the TNF signaling pathway, IL-17 signaling pathway, antigen processing and presentation pathway, Chagas disease pathway, and TLR signaling pathway. These signaling pathways play an important role in immune cell activation, inflammatory response, DNA damage, lipid metabolism, and the inhibition of pathogenic bacteria.

To further understand the antibacterial mechanisms triggered by the innate immune response in C. carpio after P. shigelloides challenge, we analyzed the expression levels of six DEGs related to immunity in different tissues and at different times. The IL family is one of the largest cytokine families that plays an important role in the innate and acquired immune responses of the host (55). IL-1β was the first IL to be identified. It plays a critical role in the initiation and regulation of immune and inflammatory responses in many economically important teleost fishes (55). IL-1β in teleost fishes also plays an important role in host resistance to pathogens (56). Recent research has revealed that IL-1β plays an important role in the immune response of large yellow crocea against Vibrio alginolyticus (55). In the present study, after the challenge, the mRNA level of IL-1β rapidly increased and reached the highest level on day 1, following which it began to gradually decrease. The expression level in the intestine was the highest. IL-8, a CXC-type chemokine, plays a key role in acute inflammation by recruiting neutrophils in mammals. Moreover, fish IL-8 is a functional homolog of mammalian IL-8 (57). IL-8 is a well-known cytokine that plays a crucial role in inflammatory responses and is activated in response to various diseases (57). IL-8 was found to be expressed in various tissues of unchallenged olive flounder. In particular, its expression was the highest in the gills (58). The same results have been reported in rainbow trout, tongue sole (Cynoglossus semilaevis), and common carp (59). In the present study, the mRNA expression levels of IL-8 were downregulated to varying degrees after the challenge in all the tissues. These results suggest that IL-8 is closely related to inflammation and immune regulation in olive flounders and may be used as a basis for research on the immune systems of other fishes. HSP70 is an important member of the heat-shock protein superfamily; it appears in almost all species. HSP70 proteins also play a role in improving disease resistance (60). In the present study, the mRNA expression level of Hsp70 gradually increased in all the immune tissues 1–7 days after the challenge. This upregulation was most obvious in the head kidney and spleen. These results suggest that HSP70 is involved in the immune response against bacterial attacks and heat stress. TLR5 is associated with flagellin detection (61). Moreover, significant upregulation of TLR pathway genes has been reported after A. hydrophila challenge in other fish species (61). Increased expression levels of tlr5a and tlr5b genes were noted in turbot (Scophthalmus maximus L.) mucosal tissues (i.e., intestine and gills) in response to infection by the gram-positive, non-flagellated pathogen S. iniae (62). In the present study, the mRNA expression level of TLR5a was upregulated to a similar extent in all the tissues after the challenge, with the increase being the highest at 3 and 5 days. A similar upregulation of tlr5 in response to alive and formalin-killed R. salmoninarum has been reported (63, 64). Therefore, the role of TLR5 beyond the recognition of flagellin, particularly after exposure to non-flagellated bacteria in teleosts, warrants further investigation.

In conclusion, in the present study, a comprehensive and accurate method was used to identify pathogenic bacteria in C. carpio. Changes in the tissue bacterial load, tissue edema, histopathological parameters, innate immunity, and survival rates of P. shigelloides-infected C. carpio during the septicemia process were systemically analyzed. The results indicated that the host response to P. shigelloides challenge involved an inflammatory reaction. To further assess the pathogenesis, comparative transcriptome analysis was performed between the challenge and control groups at 3 days post-challenge. The analysis revealed 1704 genes that were differentially expressed. Further analysis revealed that about 10 KEGG pathways were involved in the host immune response to bacterial challenge; these included the TNF signaling pathway, IL-17 signaling pathway, antigen processing and presentation pathway, Chagas disease pathway, and TLR signaling pathway, among others. The present findings can serve as a reference for understanding the pathogenic mechanism of P. shigelloides in C. carpio and broaden the understanding of the systemic immune response of C. carpio.
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Toll-like receptors (TLRs) are epitomized as the first line of defense against pathogens. Amongst TLRs, TLR22 is expressed in non-mammalian aquatic vertebrates, including fish. Using headkidney macrophages (HKM) of Clarias gariepinus, we reported the pro-apoptotic and microbicidal role of TLR22 in Aeromonas hydrophila infection. Mitochondria act as a central scaffold in the innate immune system. However, the precise molecular mechanisms underlying TLR22 signaling and mitochondrial involvement in A. hydrophila-pathogenesis remain unexplored in fish. The aim of the present study was to investigate the nexus between TLR22 and mitochondria in pro-apoptotic immune signaling circuitry in A. hydrophila-infected HKM. We report that TLR22-induced mitochondrial-Ca2+ [Ca2+]mt surge is imperative for mtROS production in A. hydrophila-infected HKM. Mitigating mtROS production enhanced intracellular bacterial replication implicating its anti-microbial role in A. hydrophila-pathogenesis. Enhanced mtROS triggers hif1a expression leading to prolonged chop expression. CHOP prompts mitochondrial unfolded protein response (UPRmt) leading to the enhanced expression of mitochondrial fission marker dnml1, implicating mitochondrial fission in A. hydrophila pathogenesis. Inhibition of mitochondrial fission reduced HKM apoptosis and increased the bacterial burden. Additionally, TLR22-mediated alterations in mitochondrial architecture impair mitochondrial function (ΔΨm loss and cytosolic accumulation of cyt c), which in turn activates caspase-9/caspase-3 axis in A. hydrophila-infected HKM. Based on these findings we conclude that TLR22 prompts mtROS generation, which activates the HIF-1α/CHOP signalosome triggering UPRmt-induced mitochondrial fragmentation culminating in caspase-9/-3-mediated HKM apoptosis and bacterial clearance.
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Introduction

Oxidative burst is the rapid release of reactive oxygen species (ROS), which plays a crucial role in intracellular redox profile influencing a wide variety of signaling pathways (1). It also represents one of the most proficient defense arsenals in host innate immunity against pathogens (2). Macrophages release copious amounts of ROS and the two well-recognized sources are NADPH oxidase (NOX) and mitochondria (3). The production of mitochondrial ROS (mtROS) is primarily attributed to the oxidation of electron transport chain (ETC) metabolic intermediates (3), and the complex I, complex III of the mitochondrial ETC serve as the major sites for mtROS production (4). mtROS were initially thought of as an unwanted adjunct of oxidative metabolism however, recent studies have suggested that macrophages exploit mtROS as the unswerving antimicrobial agent to combat pathogens (5, 6), implicating mitochondria act as a central hub in innate immunity. Though the role of mtROS in anti-microbial defense has been reported in fish (7) nonetheless the underlying molecular mechanism that activates the process in fish remains nebulous.

Toll-like receptors (TLRs) represent an evolutionarily conserved family of pattern-recognition receptors (PRRs) and represent a cornerstone of the fish innate immune response (8). TLRs recognize pathogens via pathogen-associated molecular patterns (PAMPs) and endogenous danger signals via damage-associated molecular patterns (DAMPs) released by damaged or dying cells (9). Amongst the TLR repertoire, TLR22 has been reported in non-mammalian aquatic animals including fish (10). The role of TLR22 in fish immunity is not well understood and the presence of this receptor in immune and non-immune tissues suggests it to be a multifaceted molecule (11). Previous studies have implicated the role of TLR22 in the fish immune response against microbial infection (12–15). Recently, we reported the anti-bacterial and pro-apoptotic role of TLR22 in fish macrophages (16) but how it contrives innate immune signaling pathways in fish needs to be investigated. Although TLR signaling has been implicated in mtROS production (5), but the primal role of TLR22 has not been reported.

Bacterial infections lead to surfeit consumption of cellular oxygen triggering hypoxia (17). The hypoxia-inducible factor-1 (HIF-1) plays an integral role in the body’s response to hypoxia. It consists of an inducible α subunit (HIF-1α/-2α) and a constitutive β subunit (HIF-1β). HIF-1α is expressed virtually in all innate and adaptive immune cells while the expression of HIF-2α is limited to endothelial cells and certain immune cells (17). Under hypoxic conditions, HIF-1α/-2α dimerizes with HIF-1β and binds with the hypoxia response elements (HREs) in the nucleus (18), initiating the transcription of genes involved in tissue homeostasis and immune response (19). mtROS has been reported as one of the key contributing factors in propagating hypoxia (20) but the exact mechanisms remain poorly defined. Hypoxia has been reported to exert host protective effects in fish by aiding the production of pro-inflammatory cytokines and nitric oxide vital for controlling bacterial burden (21). However, the exact immune signaling mechanisms regulated by HIFs in fish remains elusive.

The fitness of mitochondria is of paramount importance for cellular health and metabolism. The organelle remains dynamically interconnected, undergoing incessant cycles of fission and fusion which is essential for mitochondrial quality control (22). Mitochondrial fission helps in confiscating damaged mitochondria and is triggered by several factors of which dynamin-related protein 1 (Drp1) is important (23). Recent evidence though suggests mtROS is interlinked with mitochondrial fission and fusion (23, 24) but the intricate mechanisms remain unclear. Additionally, there are also reports implicating the importance of mitochondrial dynamics in regulating the outcome of immune response (25) but its role in fish immunity remains elusive.

Unfolded protein response (UPR) is employed to overcome cellular stress and restore proteostasis (26). Pathogenic assault leads to the aggregation of unfolded or misfolded proteins in mitochondria triggering mitochondrial UPR (UPRmt) (27–29). UPRmt triggers the induction of mitochondrial chaperones like Hsp60 to maintain protein homeostasis in the organelle (30). Additionally, it also induces certain genes for mitochondrial biogenesis, mitochondrial fission, and the repair and recovery of damaged mitochondria (30).

Aeromonas hydrophila, a Gram-negative bacterium is responsible for fatal hemorrhagic septicemia, enteritis, red body disease, and motile Aeromonas septicaemia [MAS] in fish (31). In mammals including humans, it is associated with gastroenteritis, septicaemia, wound infections, and extra-intestinal infections (32). The virulence of A. hydrophila has been attributed to its diverse range of virulence factors which poses a difficulty in understanding its pathogenesis. Previous studies have documented A. hydrophila induces apoptosis of fish macrophages, involving extrinsic and intrinsic caspases (33). Nevertheless, the signaling mechanism triggering apoptosis in A. hydrophila-infected cells needs to be investigated.

It is important to note that information on the physiological processes of mitochondria in the innate immune system had been limited to the mammalian system only. To the best of our knowledge, no direct evidence has been yet presented regarding the role of TLR22 and mitochondrial processes in the fish immune system. In fish, headkidney (HK) is a primary immunocompetent organ and serves as a rich source of macrophages (34). In this study, we have studied the role of TLR22 in triggering the mitochondrial response and shaping the immune outcome in A. hydrophila pathogenesis in fish.



Materials and Methods


Animal Care and Maintenance

Catfish (Clarias gariepinus, 120-150 g; 28 ± 2.5 cm) were procured locally and maintained in 50 L tanks under natural photoperiod. The studies were carried out according to the guidelines issued by Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Govt. of India and permitted by Animal Ethics Committee (DU/ZOOL/IAEC-R/2013/33), University of Delhi. Fish were acclimatized for 15 days prior to the experiments and fed with chicken liver ad libitum (33).



HKM Isolation, Infection and Inhibitor Studies

The fish were euthanized using MS 222 (Sigma), headkidney excised aseptically and HKM were isolated using 34/51% percoll gradient as described earlier (33). The HKM were infected with A. hydrophila (MOI 1:50) for 1 h and extracellular bacteria was removed using chloramphenicol (30 µg/mL) as described earlier (16).

The HKM were pre-incubated separately with mPTP inhibitor [Cyclosporin A (CsA), 5 µM, Sigma], mitochondrial Ca2+ uniporter (MCU) inhibitor [Ruthenium Red (RR), 20 µM, Sigma], caspase-9 inhibitor [Z-LEHD-FMK, 7.5 µM, Sigma], DRP-1 inhibitor [Mdivi-1, 25 µM, Sigma], HIF-1α inhibitor [Dimethyl-bisphenol A (di-BPA), 200 µM, Abcam], mtROS inhibitor [YCG063, 10 µM, Calbiochem], caspase-9 inhibitor [Z-LEHD-FMK, 7.5 µM, Biovision], caspase-3 inhibitor [Ac-DEVD-CHO, 10 µM, Sigma], for 1 h and then infected with A. hydrophila as mentioned earlier (16). The inhibitor concentrations used in the study had no adverse effects on the viability of HKM and bacterial growth per se (data not shown).



siRNA Transfection

tlr22 and chop gene was knocked out using specific siRNA (Table 1) using HiPerFect Transfection Reagent (Qiagen) as per manufacturer’s instructions. HKM were transfected with sc-siRNA or specific-siRNA-HiPerFect complex and the HKM were incubated at 30°C for 16 h and then infected with A. hydrophila as described earlier (33). The knockdown of both the genes was confirmed by RT-qPCR (Figure S1).


Table 1 | List of siRNAs.





Cloning and Sequencing of dnm1l gene

Degenerate primers were designed using dnm1l homologous sequences of fishes available in the NCBI database. The cDNA was amplified using degenerate primers and the amplified product was eluted using QIA quick gel extraction kit (Qiagen). The amplified product was cloned into pGEM-T EASY vector (Promega) and sequenced (Macrogen). The sequence obtained (Supplementary Table 1) was aligned to nBLAST and submitted to the NCBI database (Accession no. MZ882392).



RT-qPCR

HKM (1 × 107) pre-incubated with inhibitors or transfected with specific siRNA were infected with A. hydrophila and the cultures were terminated at indicated time points. The total RNA was isolated using TRI reagent (MRC) as per the manufacturer’s instructions. The cDNA was prepared using Revert Aid First Strand cDNA synthesis (Thermo Fischer Scientific) from 1 µg of DNase-treated RNA as described earlier (16).

Gene expression studies were performed using ViiA Real-Time PCR system (ABI) and SYBR green PCR Master Mix (ABI) with specific primers (Table 2). The expression of the genes was quantitated by comparative ΔΔCT method and normalized against β-actin (housekeeping gene) as described earlier (16).


Table 2 | List of RT-qPCR primers.





Assessment of Mitochondrial Ca2+ [(Ca2+)mt] Levels

The (Ca2+)mt levels were measured using Rhod-2/AM (Molecular Probes). HKM (2 × 106) were pre-incubated with Ruthenium Red or transfected with tlr22-siRNA and then infected as mentioned earlier. The cells were washed at 1 h p.i. and stained with Rhod-2/AM (50 nM). The excess dye was washed to remove any unbound dye then resuspended in 1× PBS and the changes in fluorescence intensity levels were measured at Ex552 and Em581 using microplate reader (BMG Labtech).



Measurement of Mitochondrial ROS (mtROS) Production

The mtROS levels were determined using MitoSOX™ Red mitochondrial superoxide indicator (Molecular Probes). HKM (2 × 106) were pre-incubated with YCG063, RR or transfected with tlr22-siRNA and then infected with A. hydrophila as described above. At 4 h p.i., the HKM were washed and incubated with MitoSOX (5 µM) at 30 °C for 20 min in dark. The excess dye was washed and the changes in fluorescence intensity levels were measured at Ex510nm and Em580nm using microplate reader (BMG Labtech).

In a parallel study, fluorescence microscopic analysis was also done for monitoring the changes in mtROS levels. For this, HKM were pre-incubated with YCG063, RR or transfected with tlr22-siRNA, infected with A. hydrophila, and then incubated with MitoSOX described above. The nucleus of the cells was stained with DAPI (100 µg/mL, Sigma) for 15 min at 30 °C in dark. The HKM were washed, mounted and observed under fluorescence microscope (×40, Zeiss Imager, Z2).



Apoptosis Assays


Hoechst 33342 Staining

HKM (1 × 106) were pre-incubated with YCG063, CsA, di-BPA, Mdivi-1, Z-LEHD-FMK, Ac-DEVD-CHO or transfected with tlr22-siRNA, chop-siRNA and infected with A. hydrophila as described above. At 24 h p.i., HKM were washed, stained with Hoechst 33342 as described earlier (14) and the slides were visualized under fluorescence microscope (×40, Zeiss Imager, Z2). Hoechst-positive and Hoechst-negative HKM were enumerated and the graph was plotted as % Hoechst-positive HKM.



Caspase Assays

Caspase-9 activity (LEHDase) and caspase-3 activity (DEVDase) were monitored using colorimetric caspase-9 and caspase-3 assay kit (Biovision) respectively following the manufacturer’s instructions and using reagents provided with the assay kits. HKM (1 × 106) pre-incubated with CsA, Mdivi-1, Z-LEHD-FMK, Ac-DEVD-CHO or transfected with tlr22-siRNA were infected with A. hydrophila as mentioned earlier. The HKM were collected at 24 h p.i., washed, re-suspended in chilled lysis buffer (50 μL) and incubated at 4°C for 1 min. Following incubation, the cell lysate was centrifuged at 10, 000 × g for 5 min at 4°C. Supernatant (50 μL) was mixed with 2× reaction buffer supplemented with DTT (10 mM), PMSF (5 mM). Then, 5 μL of substrate (LEHD-pNA for caspase-9 and DEVD-pNA for caspase-3) was added and incubated at 30°C for 5 h. The absorbance was read at A405nm (Epoch2, BioTek) and the relative fold change in the activity of caspase-9 and caspase-3 were calculated.




Confocal Microscopy

The mitochondrial morphology was observed using MitoTracker Green (Molecular Probes). HKM (1 × 106) were infected with A. hydrophila for 24 h p.i., washed and then loaded with MitoTracker Green (50 nM) for 30 min at 30 °C. The nucleus of the HKM was stained with DAPI (1 µg/mL) for 15 min at 30 °C. Excess dye was removed by washing, slide mounted and visualized under fluorescence microscope (×100, Nikon Eclipse Ti2).



Measurement of Cytochrome c (Cyt c) Release

The Cyt c release was studied according to the reported method (35). HKM (1 × 106) pre-incubated with CsA, Mdivi-1 or transfected with tlr22-siRNA were infected with A. hydrophila as described above. The HKM were washed at 24 h p.i., and homogenized in buffer A (50 mM Tris, 1 mM PMSF, 2 mM EDTA, pH 7.5), followed by addition of 2% glucose to remove the impurities and centrifuged at 2,000 × g for 10 min at 4°C. The supernatant was collected to detect the release of Cyt c in cytoplasm and the pellet was re-suspended in buffer B (50 mM Tris, 2 mM EDTA, pH 5) to obtain mitochondrial fraction. The mixture was centrifuged at 5,000 × g for 30 s at 4°C and pellet was re-suspended in TE buffer. The supernatant and pellet were treated with ascorbic acid (500 mg/mL) for 5 min and absorbance was read at A550nm (Epoch2, BioTek).



Determination of Mitochondrial Membrane Potential (Δψm)

The Δψm was studied using Rhodamine 123 (Molecular Probes). HKM (1 × 106) pre-incubated with CsA, Mdivi-1 or transfected with tlr22-siRNA were infected with A. hydrophila as described above. At 24 h p.i., HKM were washed and incubated with Rhodamine 123 (10 µM) for 30 min at 37°C in dark. The unbound dye was removed by washing and changes in fluorescence intensity were measured at Ex511nm and Em534nm (BMG Labtech).



Statistical Analysis

Statistical analysis was performed with IBM SPSS 25. For comparison, one-way ANOVA with Bonferroni post-hoc test was used to compare the means between the groups. *p < 0.05 was considered as level of statistical significance.




Results


TLR22-Induced (Ca2+)mt Flux Prompts Antimicrobial mtROS Generation in A. hydrophila-Infected HKM

Macrophages help in counteracting bacterial infections. Towards this direction, HKM were infected with A. hydrophila and the bacterial load was recorded at indicated time point p.i. We observed time-dependent reduction in the intracellular bacterial load with significant reduction recorded from 4 h p.i. (Figure 1).




Figure 1 | TLR22 signaling restrain A. hydrophila replication in HKM. HKM were transfected with sc-siRNA or tlr22-siRNA, infected with A. hydrophila and bacterial load was enumerated at indicated time points. Data represent mean ± SEM (n=3). Asterisk (*) signifies significant difference as compared to 0 h (*p < 0.05), Hashtag (#) signifies significant difference between the group (#p < 0.05). HKM+sc-siRNA+B, HKM+tlr22-siRNA+B, sc-siRNA and tlr22-siRNA transfected HKM were infected with A. hydrophila.



The next step was to identify the signaling molecules that aid in controlling A. hydrophila replication. Our previous studies implicated the role of TLR22 and mtROS in regulating A. hydrophila replication (16) and HKM apoptosis (36) respectively. Here we aimed to correlate the two molecular events in A. hydrophila pathogenesis. For this, we selected the 4 h time interval because a) significant reduction in intracellular A. hydrophila load was observed from 4 h p.i. and b) maximum mtROS production was noted at 4 h p.i. in A. hydrophila-infected HKM (36). Thus, HKM transfected with tlr22-siRNA were infected with A. hydrophila and the changes in mtROS levels were monitored at 4 h p.i. We observed a significant reduction in mtROS production in tlr22-knockdown HKM (Figures 2A, B) suggesting the role of TLR22 signaling in inducing mtROS production in A. hydrophila-infected HKM. Pre-incubation with the mtROS inhibitor (YCG063) attenuated mtROS production in A. hydrophila-infected HKM (Figures 2A, B). Our results for the first time established the primal role of TLR22 in mtROS production in A. hydrophila infection.




Figure 2 | TLR22-induced (Ca2+)mt flux instigates pro-apoptotic mtROS generation in A. hydrophila-infected HKM. HKM pre-incubated with YCG063, RR or transfected with sc-siRNA, tlr22-siRNA were infected with A. hydrophila and at 4 h p.i. (A) changes in mtROS levels were measured, and (B) changes in mtROS levels were visualized under fluorescence microscope. Vertical bars denote mean ± SEM (n=5). Fluorescence microscopic data is representative of three independent experiments. (C) HKM pre-incubated with RR or transfected with sc-siRNA, tlr22-siRNA were infected with A. hydrophila, and changes in (Ca2+)mt were measured using Rhod-2/AM at 1 h p.i. (D) HKM pre-incubated with YCG063, di-BPA, CsA, Mdivi-1 or transfected with sc-siRNA, tlr22-siRNA were infected with A. hydrophila and bacterial load were enumerated at 24 h p.i. Data represent mean ± SEM (n=5). Asterisk (*) signifies significant difference between the indicated group (*p < 0.05). HKM, uninfected HKM; HKM+B, HKM infected with A. hydrophila; HKM+YCG063+B, HKM+RR+B, HKM+di-BPA, HKM+CsA+B, HKM+Mdivi-1, HKM pre-incubated with YCG063, Ruthenium Red, di-BPA, CsA, Mdivi-1 were infected with A. hydrophila; HKM+sc-siRNA, sc-siRNA transfected HKM; HKM+sc-siRNA+B, HKM+tlr22-siRNA+B, sc-siRNA and tlr22-siRNA transfected HKM were infected with A. hydrophila.



Our next step was studying the intermediate molecules that link TLR22 with mtROS generation. Mitochondrial calcium [(Ca2+)mt] flux plays a major role in mtROS production (37). In line with this, we had reported that A. hydrophila infection leads to Ca2+ sequestration in mitochondria at 1 h p.i (33). We hypothesized that TLR22 in (Ca2+)mt flux thereby compounding A. hydrophila pathogenesis. To test this, HKM transfected with tlr22-siRNA, were infected with A. hydrophila and the (Ca2+)mt levels was measured at 1 h p.i., using Rhod-2/AM. The significant reduction in (Ca2+)mt levels in tlr22-knockdown HKM (Figure 2C) suggested that TLR22 signaling positively instigates (Ca2+)mt dynamics in A. hydrophila-infected HKM. Identifying the molecules that aid in (Ca2+)mt flux was the next step and mitochondrial Ca2+ uniporter (MCU) was a rational candidate. Impairment of MCU functioning by ruthenium red (RR) attenuated Ca2+ influx into the mitochondria (Figure 2C) and consequently inhibited mtROS production in A. hydrophila-infected HKM (Figures 2A, B). Collectively our results suggested that TLR22-induced (Ca2+)mt flux through MUP triggers downstream mtROS production in A. hydrophila infected HKM.

We followed this by monitoring the effect of tlr22-induced mtROS on the intracellular A. hydrophila replication. For this, we selected the 24 h time interval and observed that inhibiting the TLR22/mtROS axis significantly increased intracellular A. hydrophila load (Figure 2D). We had previously reported that the inhibition of mtROS production alleviated HKM apoptosis (36) suggesting tlr22-induced mtROS plays anti-bacterial and pro-apoptotic roles in A. hydrophila pathogenesis.



TLR22-mtROS Axis-Induced Hypoxia Instigates Pro-Apoptotic CHOP in A. hydrophila-Infected Macrophages

Bacterial infection induces hypoxia (17). At the outset, we monitored hif1a expression in A. hydrophila-infected HKM and observed maximum expression at 6 h p.i. (Figure S2A) and selected this time point for subsequent studies. TLR signaling has been implicated in HIF-1α activation (38) and we hypothesized the role of TLR22 in the process. To test this, HKM transfected with tlr22-siRNA was infected with A. hydrophila, and hif1a expression was monitored at 6 h p.i. The significant reduction in hif1a expression in tlr22-knockdown HKM (Figure 3A) suggested the role of TLR22 in inducing hypoxia consequent to A. hydrophila infection. HIF-1α inhibitor (dimethyl-BPA) was used as a negative control which effectively repressed hif1α expression in the infected HKM (Figure 3A). Previous studies have implicated the role of mtROS in hypoxia (39). To study this, HKM pre-incubated with YCG063 were infected with A. hydrophila and the hif1a expression was monitored at 6 h p.i. Significant reduction in hif1a expression confirmed the essential role of mtROS on triggering hypoxia in A. hydrophila-infected HKM (Figure 3A).




Figure 3 | TLR22 induces pro-apoptotic mtROS-dependent HIF-1α activation in A. hydrophila-infected HKM. (A) HKM pre-incubated with YCG063, di-BPA or transfected with sc-siRNA, tlr22-siRNA were infected with A. hydrophila, and the expression of hif1a mRNA studied at 4 h p.i. Vertical bars denote mean ± SEM (n=3). Asterisk (*) signifies significant difference between the indicated group (*p < 0.05). (B) HKM were pre-incubated with YCG063, CsA, di-BPA, Mdivi-1, Z-LEHD-FMK, Ac-DEVD-CHO or transfected with sc-siRNA, tlr22-siRNA, chop-siRNA were infected with A. hydrophila and at 24 h p.i., Hoechst-positive HKM were enumerated at 24 h p.i. Data are presented as box-and-whisker plots (n=5), shows the medians and 25th and 75th percentiles, and the whiskers show 10th and 90th percentiles. HKM, uninfected HKM; HKM+B, HKM infected with A. hydrophila; HKM+YCG063+B, HKM+di-BPA+B; HKM pre-incubated with YCG063 and di-BPA respectively were infected with A. hydrophila; HKM+sc-siRNA, sc-siRNA transfected HKM; HKM+sc-siRNA+B, HKM+tlr22-siRNA+B, sc-siRNA and tlr22-siRNA transfected HKM respectively were infected with A. hydrophila.



The role of hypoxia in containing bacterial growth is well reported (40). Towards this direction, HKM pre-incubated with dimethyl-BPA were infected with A. hydrophila, and bacterial replication was monitored at 24 h p.i. We observed that inhibition of hif1a resulted in the significant increase in intracellular A. hydrophila (Figure 2D). Based on these findings, we suggest that TLR22-induced mtROS triggers hypoxia to counteract intracellular A. hydrophila replication.

Hypoxia triggers apoptosis of macrophages (41). We previously demonstrated the colloquy between CHOP and HKM apoptosis in A. hydrophila infection (36). In this line, we presumed the bactericidal role of HIF-1α in A. hydrophila infection is attributed to the activation of CHOP. At the outset, we monitored chop expression consequent to A. hydrophila infection and observed maximum chop expression at 2 h p.i. (Figure 4A) and thereafter though the levels declined it remained significantly high till 12 h p.i. (Figure 4A). To establish the role of hypoxia on CHOP activation, HKM were pre-treated with di-BPA and chop expression was monitored at indicated time points p.i. Interestingly, di-BPA pre-incubation had little effect on chop expression at early time points (Figure 4A) but repressed its expression at later time points i.e., at 6 h and 12 h p.i. (Figure 4A) suggesting the regulatory role of HIF-1α on prolonged activation of CHOP in A. hydrophila-infected HKM. Also, inhibition of TLR22 signaling attenuated chop expression (Figure 4B). Additionally, silencing of chop by RNAi led to the significant decline in apoptosis of A. hydrophila-infected HKM (Figure 3B) together implicating the intermediary role of CHOP in hypoxia-induced apoptosis of A. hydrophila-infected HKM.




Figure 4 | TLR22-induced HIF-1α sustains activation of CHOP triggering UPRmt-mediated mitochondrial fragmentation in A. hydrophila-infected HKM. (A) HKM pre-incubated with di-BPA were infected with A. hydrophila and the expression of chop mRNA studied at indicated time points. HKM, uninfected HKM; HKM+B, HKM infected with A. hydrophila; HKM+di-BPA+B, HKM pre-incubated with di-BPA infected with A. hydrophila. (B) HKM pre-incubated with di-BPA, Mdivi-1 or transfected with sc-siRNA, tlr22-siRNA, chop-siRNA were infected with A. hydrophila and the expression of (B) chop mRNA studied at 6 h p.i., (C) hspd1 mRNA studied at 6 h p.i., and (D) expression of dnm1l mRNA studied at 24 h p.i. Vertical bars denote mean ± SEM (n=3). Asterisk (*) signifies significant difference between the indicated group (*p < 0.05). HKM, uninfected HKM; HKM+B; HKM infected with A. hydrophila; HKM+di-BPA+B, HKM+Mdivi-1+B, HKM pre-incubated with di-BPA, Mdivi-1 infected with A. hydrophila; HKM+sc-siRNA, HKM+sc-siRNA+B, HKM+tlr22-siRNA+B, HKM+chop-siRNA+B, sc-siRNA, tlr22-siRNA, and chop-siRNA transfected HKM were infected with A. hydrophila.





CHOP Activates UPRmt in A. hydrophila-Infected Macrophages

Excessive mtROS induces proteotoxic stress and in turn, mitochondria trigger mitochondrial-UPR (UPRmt) to maintain proteostasis (42, 43). The supra-normal levels of mtROS encouraged us to study UPRmt in A. hydrophila pathogenesis. hspd1 encodes for the mitochondrial chaperone, HSP60 which is a marker for UPRmt (44). At the onset, HKM were infected with A. hydrophila and hspd1 expression monitored at indicated time point p.i. The RT-qPCR data demonstrated maximum fold change in hspd1 expression at 6 h p.i. and was selected for subsequent studies (Figure S2B).

Besides imparting apoptosis, CHOP also plays a role in initiating UPRmt (45). To study the link between chop and UPRmt in A. hydrophila pathogenesis, HKM were transfected with chop-siRNA and hspd1 expression monitored at 6 h p.i. We noticed a significant reduction in hspd1 expression in chop-knockdown HKM (Figure 4C) implicating the role of CHOP in inducing UPRmt in A. hydrophila infection.



UPRmt Induces Mitochondrial Fragmentation in A. hydrophila-Infected Macrophages

UPRmt impacts the mitochondrial architecture (46). In absence of prior information, we assessed whether A. hydrophila infection alters mitochondrial network, and for that, we monitored the expression of dnm1l gene, that encodes for the cytosolic GTPase protein, DRP1 regulating mitochondrial fission (47). We observed a maximum fold increase in dnm1l expression at 24 h p.i. (Figure S3A) and selected this time point for subsequent studies. Mitochondrial fission was further validated by studying the mitochondrial network architecture. Towards that direction, HKM were infected with A. hydrophila then stained with MitoTracker Green dye and visualized at 24 h p.i. by confocal microscopy. Unlike normal mitochondria which form elongated networks; the fragmented mitochondria appear rod-shaped (Figure S3B). The presence of rod-like mitochondria confirmed that A. hydrophila-induced mitochondrial fission in infected HKM. TLR signaling has been reported in regulating mitochondrial network dynamics (48) and therefore we hypothesized the role of TLR22 in the process. In this line, HKM transfected with tlr22-siRNA was infected with A. hydrophila, and dnm1l mRNA expression was monitored at 24 h p.i. The significant reduction in dnm1l mRNA expression in tlr22-knockdown HKM (Figure 4D) clearly indicates the role of TLR22 as a regulator of mitochondrial network architecture consequent to A. hydrophila infection. Together, these results for the first time suggested the occurrence of mitochondrial fragmentation in A. hydrophila infection.

Having established that A. hydrophila infection induces mitochondrial fragmentation, we asked whether inhibition of UPRmt would reverse the mitochondrial fragmentation. CHOP being a regulator for UPRmt response was selected for the study. Thus, HKM transfected with chop-siRNA, were infected with A. hydrophila and the expression of dnm1l was monitored at 24 h p.i. We observed that the silencing of chop resulted in a significant reduction in dnm1l expression (Figure 4D) which implies that alleviating UPRmt restores mitochondrial network architecture in A. hydrophila-infected HKM.



Mitochondrial Fragmentation Induces Mitochondrial Dysfunction Triggering Caspase-9-Mediated HKM Death

Mitochondrial dynamics is crucial in maintaining mitochondrial functioning (49). Depolarization of ΔΨm and release of pro-apoptotic protein such as Cyt c are clear signals of mitochondrial dysfunction (50). To correlate mitochondrial fragmentation with mitochondrial dysfunctioning, HKM were pre-incubated with mitochondrial fission inhibitor, Mdivi-1, then infected with A. hydrophila and the changes in ΔΨm and Cyt c release studied at 24 h p.i. We observed that Mdivi-1 pre-incubation attenuated dnm1l expression (Figure 4D) and ΔΨm (Figure 5A) of A. hydrophila-infected HKM. Consequently, Mdivi-1 inhibited Cyt c release (Figure 5B), repressed the activation of caspase-9/caspase-3 axis (Figures 5C, D), HKM apoptosis (Figure 3B) and increased the number of intracellular A. hydrophila (Figure 2D). These results portray that mitochondrial fragmentation triggers caspase-9/caspase-3-mediated apoptosis of A. hydrophila-infected HKM thereby aiding the clearance of intracellular bacteria.




Figure 5 | TLR22-induced mitochondrial fragmentation dissipates ψm and triggers Cyt c release actvating caspase-9/caspase-3 axis in A. hydrophila-infected HKM. HKM pre-incubated with CsA, Mdivi-1 or transfected with sc-siRNA, tlr22-siRNA were infected with A. hydrophila and at 24 h p.i., (A) changes in ψm were studied using Rhodamine-123, and (B) changes in Cyt c release was studied. Data are presented as box-and-whisker plots (n=5), shows the median and 25th and 75th percentiles, and the whiskers show 10th and 90th percentiles. Vertical bars denote mean ± SEM (n=5). HKM pre-incubated with CsA, Mdivi-1, Z0LEHD-FMK, Ac-DEVD-CHO or transfected with sc-siRNA, tlr22-siRNA were infected with A. hydrophila and at 24 h p.i., (C) caspase-9 activity and (D) caspase-3 activity were studied. Vertical bars denote mean ± SEM (n=3). Asterisk (*) signifies significant difference between the indicated group (*p < 0.05). HKM, uninfected HKM; HKM+B, HKM infected with A. hydrophila; HKM+CsA+B, HKM+Mdivi-1 +B, HKM+Z-LEHD-FMK, HKM+Ac-DEVD-CHO; HKM pre-incubated with CsA, Mdivi-1, Z-LEHD-FMK, Ac-DEVD-CHO were infected with A. hydrophila; HKM+sc-siRNA, sc-siRNA transfected HKM; HKM+sc-siRNA+B, HKM+tlr22-siRNA+B, HKM+chop-siRNA+B, sc-siRNA, tlr22-siRNA and chop-siRNA transfected HKM were infected with A. hydrophila.



We questioned the role of TLR22 in the activation of caspase-9/caspase-3 axis. To study this, HKM were transfected with tlr22-siRNA and changes in ΔΨm and the translocation of Cyt c were studied in A. hydrophila-infected HKM. We observed that the loss in ΔΨm and Cyt c translocation was repressed in the tlr22-knockdown HKM (Figure 5B). Additionally, RNAi studies also demonstrated that both caspase-9 (Figure 5C) and caspase-3 (Figure 5D) activity to be attenuated in tlr22-knockdown HKM. CsA (mPTP inhibitor) was used as the control which repressed the activation of caspase-9/caspase-3 axis in A. hydrophila-infected HKM (Figures 5C, D). Altogether, our results establish the role of TLR22 in the activation of caspase-9/caspase-3 axis in A. hydrophila-induced HKM apoptosis.




Discussion

During bacterial infection, the host faces a unique set of challenges and relies on efficient TLR signaling to counter the pathogens. However, despite the expanding knowledge of TLR signaling, the innate immune axes regulated by TLRs are not well understood, particularly in fish. TLR22 is an important PRR in non-mammalian aquatic vertebrates, including fish, but its role in immunity remains obscure. Studies have highlighted its contradictory role in fish innate immune system. Some report suggest it triggers inflammatory response (51) whereas other report suggest it acts as an equalizer to suppress excessive inflammation (52). This study highlights the role of TLR22 signaling in mounting mitochondria-mediated innate immune responses in A. hydrophila pathogenesis in fish.

Recent pieces of evidence have highlighted mitochondria as a central hub in the innate immune signaling pathway (53). Nonetheless, reports concerning its involvement in fish innate immunity are lacking. Mitochondria are major sites for ROS production and our previous studies suggested that A. hydrophila induces mtROS production in HKM with pro-apoptotic implications (36). We also reported the pro-apoptotic role of TLR22 in A. hydrophila pathogenesis (16), but the possibility that TLR22 signaling regulates mtROS generation has remained unexplored. Towards that end, we observed a significant reduction in mtROS levels in A. hydrophila-infected HKM in the absence of TLR22 signaling. This finding for the first time established the role of TLR22 in modulating mtROS production thereby impacting bacterial pathogenesis. Previous studies have documented TLR-dependency of mtROS production consequent to microbial infections (5). With the consensus of previous reports, and our own observations we conclude that the ability to trigger mtROS following pathogenic insult is conserved among the members of the TLR superfamily.

The protective role of mtROS in antimicrobial immune defense is well established in mammals (5, 54). We observed an inverse correlation between mtROS levels and intracellular A. hydrophila load and inhibiting mtROS generation increased the bacterial load demonstrating the antimicrobial role of mtROS in fish. To the best of our knowledge, this is the first report on the role of mtROS as a microbicidal factor in fish. Our results are in accord with several previous reports in mammals (5, 54) thereby implicating this event as an evolutionarily conserved innate immune trait. We suggest that TLR22-induced mtROS triggers HKM apoptosis thereby aiding in the removal of infected cells along with pathogens.

The next step was to understand how TLR22 influenced mtROS production in the infected HKM. (Ca2+)mt overload is suggested as one of the major causes for enhancing mtROS production under pathophysiological conditions (55). Mitochondria play a paramount role in regulating the spatiotemporal patterns of Ca2+ signaling thus controlling cell survival and death (56). It can uptake (Ca2+)C through the MCU complex and our previous studies also revealed that A. hydrophila triggers (Ca2+)C influx through MCU (33, 36). To correlate this with TLR22, we used the RNAi approach and measured (Ca2+)mt levels. The marked decline in (Ca2+)mt levels in tlr22-knockdown HKM implicated TLR22 in initiating (Ca2+)C influx inside mitochondria. At present, we do not know how TLR22 influences (Ca2+)mt influx. It has been suggested that TLRs per se do not modulate MCU activity, they rather control Ca2+ mobilization from intracellular stores (57) which subsequently influence MCU activity and prompts (Ca2+)mt influx (58). This highlights the possibility that TLR22 might be playing an indirect role in augmenting (Ca2+)mt levels in A. hydrophila-infected HKM. It has also been observed that following TLR2/4 ligation the mitochondrial adaptor protein ECSIT interacts with TRAF6 to up-regulate mtROS production in macrophages (5). Additionally, the mitochondrial transcription factor A (TFAM) is reported to play a role in triggering mtROS production in response to TLR4 signaling. The conservancy in TLR signaling makes it an interesting proposition to study whether similar cascades of events are initiated following TLR22 activation in A. hydrophila-infected HKM.

The link between (Ca2+)C influx into mitochondria and mtROS production in A. hydrophila pathogenesis has been established (33, 36). RyR and IP3R are Ca2+ channels, accountable for the efflux of (Ca2+)ER to the cytosol (59). Our previous studies suggested that inhibition of IP3R and RyR significantly attenuated (Ca2+)mt uptake and HKM apoptosis (33, 36). The influx of Ca2+ is essential for the normal functioning of mitochondria unless there is an overload that induces structural-functional alterations with pro-apoptotic implications (37). Based on cumulative evidences, we suggest that consequent to A. hydrophila infection TLR22 signaling initiates the influx of (Ca2+)C released by ER into mitochondria to buffer the (Ca2+)C levels and protect the HKM till it reaches a critical threshold whose transgression leads to structural-functional alterations in the organelle. Finding this critical threshold will be important in deciding Ca2+ concentration regulated by TLR22 in different sub-cellular compartments for triggering apoptosis in bacterial infection.

We were intrigued by how mtROS signals HKM apoptosis. Bacterial infections trigger hypoxia-induced host cell apoptosis and HIF-1α plays an important role in the process (17, 40). We hypothesized the role of mtROS in HIF-1α expression. Towards this direction, we recorded significant upregulation in hif1a expression in A. hydrophila-infected HKM. Using pharmacological inhibitors and RNAi studies, we further noted that inhibiting TLR22 signaling or mtROS generation attenuated hif1a expression indicating the role of TLR22/mtROS axis in HIF-1α activation in A. hydrophila-infected HKM. Our results are in consonance with previous reports which suggested mtROS is an essential intermediate in HIF-1α activation and TLR signaling plays a primal role in initiating the chain of events (39, 60).

The next step was to study the role of HIF-1α in regulating A. hydrophila pathogenesis. The significant reduction in HKM apoptosis and concomitant increase in bacterial burden implicated the anti-bacterial role of HIF-1α in A. hydrophila infection. Various reports are in line with our observations which suggested hosts deficient in HIF-1α are susceptible to bacterial infection (18, 40). The mechanism underlying HIF-1α signaling in fish is not well understood. CHOP has been implicated in HIF-1α signaling (61). Previously, we had also reported the role of CHOP in the apoptosis of A. hydrophila-infected HKM (36). At the outset, we questioned whether TLR22 influences CHOP expression, and our RNAi results clearly suggested CHOP activation downstream of TLR22 signaling. Our next step was establishing the link between HIF-1α and CHOP. We observed that inhibition of HIF-1α interfered with prolonged expression of chop implicating the role of HIF-1α in sustaining CHOP activation in A. hydrophila infection. These results suggested that CHOP is an intermediary molecule in the pro-apoptotic TLR22/HIF-1α axis in A. hydrophila pathogenesis.

Exposure to pathogens causes mitochondrial dysfunction and UPRmt activation (28) and to the best of our knowledge, there are no such precedents in A. hydrophila pathogenesis. Importantly, UPRmt has also not been reported in fish. Hence, our first aim was to study UPRmt in A. hydrophila-infected HKM. Hspd1 is considered as a marker for UPRmt (62, 63) and we noticed TLR22-mediated hspd1 expression in A. hydrophila infection. Our findings assume significant importance because a) it is the first report on UPRmt in fish and b) reflects the involvement of TLR22 signaling in UPRmt thereby impacting microbial pathogenesis. Next, we investigated how UPRmt is regulated by TLR22. CHOP playing a key role in UPRmt activation (46) was our prime target. We did observe that CHOP silencing attenuated UPRmt activation in the infected HKM. CHOP binding sites have been reported in UPRmt elements triggering their transcriptional activation (63). To this, we concluded that consequent to A. hydrophila infection TLR22 signaling converges at HIF-1α which in turn induced CHOP-mediated activation of UPRmt in infected HKM. Future studies aimed at identifying other molecules that influence UPRmt activation will help in understanding the role of mitochondrial proteostasis in regulating microbial pathogenesis in fish.

Next, we questioned the implications of the UPRmt activation in A. hydrophila pathogenesis. Activation of UPRmt is a primary retort to defend mitochondrial homeostasis (42) but prolonged UPRmt impacts mitochondrial homeostasis triggering cell death (64). Drp1 plays a critical role in mitochondrial fission (23) and we observed significant upregulation in dnm1l expression and fragmented mitochondrial network in the A. hydrophila-infected HKM. Based on these findings, we suggest that A. hydrophila infection affects mitochondrial homeostasis by favoring mitochondrial fission. This finding is in line with previous reports documenting bacteria-induced mitochondrial fission in mammalian cells (65). Various studies have reported TLR-mediated switching of mitochondrial morphology to fission from fusion (48). We observed that silencing of TLR22 attenuated the expression of dnm1l suggesting TLR22 functions as mitochondrial-fission regulator in A. hydrophila pathogenesis.

Though the biological importance of mitochondrial fission is unclear, reports suggested it is a prerequisite in screening the damaged mitochondria for mitophagic culling (66). Previously, we had reported failure of the autophagic machinery in A. hydrophila infection leading to accretion of damaged mitochondrial fragments (36). This prompted us to investigate the consequences of mitochondrial fragmentation in A. hydrophila-infected HKM. Mitochondrial fission leads to a loss in Δψm and the opening of mPTP thereby releasing pro-apoptotic cyt c (67, 68). We observed that inhibiting TLR22 signaling and mitochondrial fission reinstated Δψm and inhibited cyt c release thereby attenuating HKM apoptosis. These results are in consonance with a previous report documenting mitochondrial fission triggers cyt c release (67). Additionally, the intracellular survival of A. hydrophila was also significantly increased on inhibiting mitochondrial fission, highlighting the relevance of mitochondrial network homeostasis in A. hydrophila pathogenesis. Similar reports support our finding which suggested that mitochondrial fission directs cells towards apoptosis and regulates bacterial pathogenesis (69, 70).

Cyt c is a central molecule in the activation of caspase-9/caspase-3 axis (71). Our earlier reports demonstrated the activation of caspase-9 consequent to A. hydrophila infection (33). Here we aimed to establish the link between TLR22 and caspase-9/caspase-3 axis. We noted that the caspase-9/caspase-3 axis was repressed in tlr22-knockdown HKM suggesting TLR22 signaling culminates in caspase-9/caspase-3-mediated apoptosis of A. hydrophila-infected HKM. Collectively, our findings implicate the pro-apoptotic role of mitochondrial network dynamics in TLR22-mediated apoptosis of A. hydrophila-infected HKM.

To conclude, our findings established the primal role of TLR22 in utilizing mitochondria-derived immune signaling cues integral in controlling the onset and pathogenesis of A. hydrophila infection. We propose that TLR22 serves as a conduit linking A. hydrophila infection with the influx of (Ca2+)C into the mitochondria, entailing mtROS production. Enhanced mtROS induces HIF-1α favoring the sustained activation of CHOP which triggers UPRmt-induced mitochondrial fission and organelle dysfunctioning. Compromised autophagy leads to the accumulation of dysfunctional mitochondria which releases Cyt c triggering downstream caspase-9/caspase-3-mediated HKM apoptosis and the clearance of A. hydrophila (Figure 6). Thus, it will be exciting to extrapolate this current understanding and investigate how innate immune pathways administrated by TLR22 and mitochondria can be translated into active therapeutics to boost the immune system of fish against A. hydrophila and control motile aeromonad septicaemia and ulcerative diseases.




Figure 6 | Overview of the study. TLR22-induced Ca2+ influx into mitochondria triggers mtROS generation leading to downstream activation of HIF-1α/CHOP axis. Activated CHOP instigates UPRmt-mediated fragmentation of the mitochondrial network leading to mitochondrial dysfunction which activates caspase-9/caspase-3 axis-mediated apoptosis of A. hydrophila-infected HKM.
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Supplementary Figure 1 | Transfection of tlr22-siRNA and chop-siRNA attenuates tlr22 and chop gene expression in HKM. HKM transfected with sc-siRNA, tlr22-siRNA or chop-siRNA and tlr22, chop expression was studied using RT-qPCR. Vertical bars represent mean ± S.E (n=3). Asterisk (*) signifies significant difference between indicated groups (*p<0.05). HKM+sc-siRNA, HKM transfected with sc-siRNA; HKM+tlr22-siRNA, HKM transfected with tlr22-siRNA; HKM+chop-siRNA, HKM transfected with chop-siRNA.

Supplementary Figure 2 | A. hydrophila infection triggers hif1a and hspd1 mRNA expression in HKM. HKM were infected with A. hydrophila and at indicated time points (A) hif1a mRNA expression, and (B) hspd1 mRNA expression were studied. Vertical bars denote mean ± SEM (n=3). Asterisk (*) signifies significant difference between the indicated group (*p<0.05). HKM, uninfected HKM; HKM+B, HKM infected with A. hydrophila.

Supplementary Figure 3 | A. hydrophila induces mitochondrial fragmentation in infected HKM. HKM were infected with A. hydrophila and at indicated time points (A) dnm1l mRNA expression was studied. (B) HKM were infected with A. hydrophila and morphology of mitochondrial network studied at 24 h p.i. HKM were washed, stained with MitoTracker green and DAPI, mounted and visualized under microscope (Scale – 2 µm).



References

1. Circu, ML, and Aw, TY. Reactive Oxygen Species, Cellular Redox Systems, and Apoptosis. Free Radic Biol Med (2010) 48(6):749–62. doi: 10.1016/j.freeradbiomed.2009.12.022

2. Dickson, KB, and Zhou, J. Role of Reactive Oxygen Species and Iron in Host Defense Against Infection. Front Biosci (Landmark Ed) (2020) 25:1600–16. doi: 10.2741/4869

3. Dunn, JD, Alvarez, LA, Zhang, X, and Soldati, T. Reactive Oxygen Species and Mitochondria: A Nexus of Cellular Homeostasis. Redox Biol (2015) 6:472–85. doi: 10.1016/j.redox.2015.09.005

4. Scialò, F, Fernández-Ayala, DJ, and Sanz, A. Role of Mitochondrial Reverse Electron Transport in ROS Signaling: Potential Roles in Health and Disease. Front Physiol (2017) 8:428. doi: 10.3389/fphys.2017.00428

5. West, AP, Brodsky, IE, Rahner, C, Woo, DK, Erdjument-Bromage, H, Tempst, P, et al. TLR Signalling Augments Macrophage Bactericidal Activity Through Mitochondrial ROS. Nature (2011) 472(7344):476–80. doi: 10.1038/nature09973

6. Stocks, CJ, Schembri, MA, Sweet, MJ, and Kapetanovic, R. For When Bacterial Infections Persist: Toll-Like Receptor-Inducible Direct Antimicrobial Pathways in Macrophages. J Leukoc Biol (2018) 103(1):35–51. doi: 10.1002/JLB.4RI0917-358R

7. Roca, FJ, and Ramakrishnan, L. TNF Dually Mediates Resistance and Susceptibility to Mycobacteria via Mitochondrial Reactive Oxygen Species. Cell (2013) 153(3):521–34. doi: 10.1016/j.cell.2013.03.022

8. Tang, R, Wang, S, Han, P, Zhang, Q, Zhang, S, Xing, X, et al. Toll-Like Receptor (TLR) 2 and TLR13 From the Endangered Primitive-Ray Finned Fish Dabry’s Sturgeon (Acipenser Dabryanus) and Their Expression Profiling Upon Immune Stimulation. Aquac Rep (2020) 16:100247. doi: 10.1016/j.aqrep.2019.100247

9. Goulopoulou, S, McCarthy, CG, and Webb, RC. Toll-Like Receptors in the Vascular System: Sensing the Dangers Within. Pharmacol Rev (2016) 68(1):142–67. doi: 10.1124/pr.114.010090

10. Roach, JC, Glusman, G, Rowen, L, Kaur, A, Purcell, MK, Smith, KD, et al. The Evolution of Vertebrate Toll-Like Receptors. Proc Natl Acad Sci USA (2005) 102(27):9577–82. doi: 10.1073/pnas.0502272102

11. Gong, Y, Feng, S, Li, S, Zhang, Y, Zhao, Z, Hu, M, et al. Genome-Wide Characterization of Toll-Like Receptor Gene Family in Common Carp (Cyprinus Carpio) and Their Involvement in Host Immune Response to Aeromonas Hydrophila Infection. Comp Biochem Physiol Part D Genomics Proteomics (2017) 24:89–98. doi: 10.1016/j.cbd.2017.08.003

12. Xing, J, Zhou, X, Tang, X, Sheng, X, Zhan, WJF, and Immunology, S. Characterization of Toll-Like Receptor 22 in Turbot (Scophthalmus Maximus). Fish Shellfish Immunol (2017) 66:156–62. doi: 10.1016/j.fsi.2017.05.025

13. Li, H, Yang, G, Ma, F, Li, T, Yang, H, Rombout, JH, et al. Molecular Characterization of a Fish-Specific Toll-Like Receptor 22 (TLR22) Gene From Common Carp (Cyprinus Carpio L.): Evolutionary Relationship and Induced Expression Upon Immune Stimulants. Fish Shellfish Immunol (2017) 63:74–86. doi: 10.1016/j.fsi.2017.02.009

14. Wang, RH, Li, W, Fan, YD, Liu, QL, Zeng, LB, and Xiao, TY. Tlr22 Structure and Expression Characteristic of Barbel Chub, Squaliobarbus Curriculus Provides Insights Into Antiviral Immunity Against Infection With Grass Carp Reovirus. Fish Shellfish Immunol (2017) 66:120–8. doi: 10.1016/j.fsi.2017.04.018

15. Du, X, Wu, J, Li, Y, Xia, P, Li, D, Yang, X, et al. Multiple Subtypes of TLR22 Molecule From Schizothorax Prenanti Present the Functional Diversity in Ligand Recognition and Signal Activation. Fish Shellfish Immunol (2019) 93:986–96. doi: 10.1016/j.fsi.2019.08.042

16. Kumar, M, Kumar, J, Sharma, S, Hussain, MA, Shelly, A, Das, B, et al. TLR22-Mediated Activation of TNF-α-Caspase-1/IL-1β Inflammatory Axis Leads to Apoptosis of Aeromonas Hydrophila-Infected Macrophages. Mol Immunol (2021) 137:114–23. doi: 10.1016/j.molimm.2021.06.25

17. Palazon, A, Goldrath, AW, Nizet, V, and Johnson, RS. HIF Transcription Factors, Inflammation, and Immunity. Immunity (2014) 41(4):518–28. doi: 10.1016/j.immuni.2014.09.008

18. Dengler, VL, Galbraith, MD, and Espinosa, JM. Transcriptional Regulation by Hypoxia Inducible Factors. Crit Rev Biochem Mol Biol (2014) 49(1):1–15. doi: 10.3109/10409238.2013.838205

19. Corrado, C, and Fontana, S. Hypoxia and HIF Signaling: One Axis With Divergent Effects. Int J Mol Sci (2020) 21(16):5611. doi: 10.3390/ijms21165611

20. Klimova, T, and Chandel, NS. Mitochondrial Complex III Regulates Hypoxic Activation of HIF. Cell Death Differ (2008) 15(4):660–6. doi: 10.1038/sj.cdd.4402307

21. Ogryzko, NV, Lewis, A, Wilson, HL, Meijer, AH, Renshaw, SA, and Elks, PM. Hif-1α–Induced Expression of Il-1β Protects Against Mycobacterial Infection in Zebrafish. J Immunol (2019) 202(2):494–502. doi: 10.4049/jimmunol.1801139

22. Mishra, P, and Chan, DC. Mitochondrial Dynamics and Inheritance During Cell Division, Development and Disease. Nat Rev Mol Cell Biol (2014) 15(10):634–46. doi: 10.1038/nrm3877

23. Song, M, Mihara, K, Chen, Y, Scorrano, L, and Dorn, GW II. Mitochondrial Fission and Fusion Factors Reciprocally Orchestrate Mitophagic Culling in Mouse Hearts and Cultured Fibroblasts. Cell Metab (2015) 21(2):273–86. doi: 10.1016/j.cmet.2014.12.011

24. Willems, PH, Rossignol, R, Dieteren, CE, Murphy, MP, and Koopman, WJ. Redox Homeostasis and Mitochondrial Dynamics. Cell Metab (2015) 22(2):207–18. doi: 10.106/j.cmet.2015.06.006

25. Stavru, F, Palmer, AE, Wang, C, Youle, RJ, and Cossart, P. Atypical Mitochondrial Fission Upon Bacterial Infection. Proc Natl Acad Sci USA (2013) 110(40):16003–8. doi: 10.1073/pnas.1315784110

26. Hetz, C, and Papa, FR. The Unfolded Protein Response and Cell Fate Control. Mol Cell (2018) 69(2):169–81. doi: 10.1016/j.molcel.2017.06.017

27. Nargund, AM, Pellegrino, MW, Fiorese, CJ, Baker, BM, and Haynes, CM. Mitochondrial Import Efficiency of ATFS-1 Regulates Mitochondrial UPR Activation. Science (2012) 337(6094):587–90. doi: 10.1126/science.1223560

28. Pellegrino, MW, Nargund, AM, Kirienko, NV, Gillis, R, Fiorese, CJ, and Haynes, CM. Mitochondrial UPR-Regulated Innate Immunity Provides Resistance to Pathogen Infection. Nature (2014) 516(7531):414–7. doi: 10.1038/nture13818

29. Liu, Y, Samuel, BS, Breen, PC, and Ruvkun, G. Caenorhabditis Elegans Pathways That Surveil and Defend Mitochondria. Nature (2014) 508(7496):406–10. doi: 10.1038/nature13204

30. Naresh, NU, and Haynes, CM. Signaling and Regulation of the Mitochondrial Unfolded Protein Response. Cold Spring Harb Perspect Biol (2019) 11(6):a033944. doi: 10.1101/cshperspect.a033944

31. Abdelhamed, H, Ibrahim, I, Baumgartner, W, Lawrence, ML, and Karsi, A. Characterization of Histopathological and Ultrastructural Changes in Channel Catfish Experimentally Infected With Virulent Aeromonas Hydrophila. Front Microbiol (2017) 8:1519. doi: 10.3389/fmicb.2017.01519

32. Galindo, CL, Fadl, AA, Sha, J, Gutierrez, C, Popov, VL, Boldogh, I, et al. Aeromonas Hydrophila Cytotoxic Enterotoxin Activates Mitogen-Activated Protein Kinases and Induces Apoptosis in Murine Macrophages and Human Intestinal Epithelial Cells. J Biol Chem (2004) 279(36):37597–612. doi: 10.1074/jbc.M404641200

33. Banerjee, C, Singh, A, Das, TK, Raman, R, Shrivastava, A, and Mazumder, S. Ameliorating ER-Stress Attenuates Aeromonas Hydrophila-Induced Mitochondrial Dysfunctioning and Caspase Mediated HKM Apoptosis in Clarias Batrachus. Sci Rep (2014) 4(1):1–13. doi: 10.1038/srep05820

34. Sørensen, K, Sveinbjørnsson, B, Dalmo, R, Smedsrød, B, and Bertheussen, K. Isolation, Cultivation and Characterization of Head Kidney Macrophages From Atlantic Cod, Gadus Morhua L. J Fish Dis (1997) 20(2):93–107. doi: 10.1046/j.1365-2761.1997.d01-112.x

35. Barbu, EM, Shirazi, F, McGrath, DM, Albert, N, Sidman, RL, Pasqualini, R, et al. An Antimicrobial Peptidomimetic Induces Mucorales Cell Death Through Mitochondria-Mediated Apoptosis. PloS One (2013) 8(10):e76981. doi: 10.1371/journal.pone.0076981

36. Kumar, M, Shelly, A, Dahiya, P, Ray, A, and Mazumder, S. Aeromonas Hydrophila Inhibits Autophagy Triggering Cytosolic Translocation of mtDNA Which Activates the Pro-Apoptotic Caspase-1/IL-1β-Nitric Oxide Axis in Headkidney Macrophages. Virulence (2022) 13(1):60–76. doi: 10.1080/21505594.2021.2018767

37. Brookes, PS, Yoon, Y, Robotham, JL, Anders, M, and Sheu, SS. Calcium, ATP, and ROS: A Mitochondrial Love-Hate Triangle. Am J Physiol Cell Physiol (2004) 287(4):C817-33. doi: 10.1152/ajpcell.00139.2004

38. Jantsch, J, Wiese, M, Schödel, J, Castiglione, K, Gläsner, J, Kolbe, S, et al. Toll-Like Receptor Activation and Hypoxia Use Distinct Signaling Pathways to Stabilize Hypoxia-Inducible Factor 1α (HIF1A) and Result in Differential HIF1A-Dependent Gene Expression. J Leukoc Biol (2011) 90(3):551–62. doi: 10.1189/jlb.1210683

39. Patten, DA, Lafleur, VN, Robitaille, GA, Chan, DA, Giaccia, AJ, and Richard, DE. Hypoxia-Inducible Factor-1 Activation in Nonhypoxic Conditions: The Essential Role of Mitochondrial-Derived Reactive Oxygen Species. J Mol Cell Biol (2010) 21(18):3247–57. doi: 10.1091/mbc.E10-01-0025

40. Peyssonnaux, C, Datta, V, Cramer, T, Doedens, A, Theodorakis, EA, Gallo, RL, et al. HIF-1α Expression Regulates the Bactericidal Capacity of Phagocytes. J Clin Investig (2005) 115(7):1806–15. doi: 10.1172/JCI23865

41. Díaz-Bulnes, P, Saiz, ML, López-Larrea, C, and Rodríguez, RM. Crosstalk Between Hypoxia and ER Stress Response: A Key Regulator of Macrophage Polarization. Front Immunol (2020) 10:2951. doi: 10.3389/fimmu.2019.02951

42. Fiorese, CJ, and Haynes, CM. Integrating the UPRmt Into the Mitochondrial Maintenance Network. Crit Rev Biochem Mol Biol (2017) 52(3):304–13. doi: 10.1080/10409238.2017.1291577

43. Anderson, NS, and Haynes, CM. Folding the Mitochondrial UPR Into the Integrated Stress Response. Trends Cell Biol (2020) 30(6):428–39. doi: 10.1016/j.tcb.2020.03.001

44. Melber, A, and Haynes, CM. UPRmt Regulation and Output: A Stress Response Mediated by Mitochondrial-Nuclear Communication. Cell Res (2018) 28(3):281–95. doi: 10.1038/cr.2018.16

45. Papa, L, and Germain, D. SirT3 Regulates the Mitochondrial Unfolded Protein Response. Mol Cell Biol (2014) 34(4):699–710. doi: 10.1128/MCB.01337-13

46. Jovaisaite, V, and Auwerx, J. The Mitochondrial Unfolded Protein Response—Synchronizing Genomes. Curr Opin Cell Biol (2015) 33:74–81. doi: 10.1016/j.ceb.2014.12.003

47. Palmer, CS, Elgass, KD, Parton, RG, Osellame, LD, Stojanovski, D, and Ryan, MT. Adaptor Proteins MiD49 and MiD51 can Act Independently of Mff and Fis1 in Drp1 Recruitment and are Specific for Mitochondrial Fission. J Biol Chem (2013) 288(38):27584–93. doi: 10.1074/jbc.M113.479873

48. Gao, Z, Li, Y, Wang, F, Huang, T, Fan, K, Zhang, Y, et al. Mitochondrial Dynamics Controls Anti-Tumour Innate Immunity by Regulating CHIP-IRF1 Axis Stability. Nat Commun (2017) 8(1):1–13. doi: 10.1038/s41467-017-01919-0

49. Detmer, SA, and Chan, DC. Functions and Dysfunctions of Mitochondrial Dynamics. Nat Rev Mol Cell Biol (2007) 8(11):870–9. doi: 10.1038/nrm2275

50. Wang, C, and Youle, RJ. The Role of Mitochondria in Apoptosis. Annu Rev Genet (2009) 43:95–118. doi: 10.5483/bmbrep.2008.41.1.011

51. Xu, D, Cui, K, Li, Q, Zhu, S, Zhang, J, Gao, S, et al. Docosahexaenoic Acid Alleviates Palmitic Acid-Induced Inflammation of Macrophages via TLR22-MAPK-Pparγ/Nrf2 Pathway in Large Yellow Croaker (Larimichthys Crocea). Antioxidants (2022) 11(4):682. doi: 10.3390/antiox11040682

52. Ding, X, Liang, Y, Peng, W, Li, R, Lin, H, Zhang, Y, et al. Intracellular TLR22 Acts as an Inflammation Equalizer via Suppression of NF-κb and Selective Activation of MAPK Pathway in Fish. Fish Shellfish Immunol (2018) 72:646–57. doi: 10.1016/j.fsi.2017.11.042

53. Banoth, B, and Cassel, SL. Mitochondria in Innate Immune Signaling. Transl Res (2018) 202:52–68. doi: 10.1016/j.trsl.2018.07.014

54. Li, B, Wan, Z, Wang, Z, Zuo, J, Xu, Y, Han, X, et al. TLR2 Signaling Pathway Combats Streptococcus Uberis Infection by Inducing Mitochondrial Reactive Oxygen Species Production. Cells (2020) 9(2):494. doi: 10.3390/cells9020494

55. Feno, S, Butera, G, Vecellio Reane, D, Rizzuto, R, and Raffaello, A. Crosstalk Between Calcium and ROS in Pathophysiological Conditions. Oxid Med Cell Longev (2019). 2019:9324018. doi: 10.1155/2019/9324018

56. Cloonan, SM, and Choi, AM. Mitochondria: Sensors and Mediators of Innate Immune Receptor Signaling. Curr Opin Microbiol (2013) 16(3):327–38. doi: 10.1016/j.mib.2013.05.005

57. Shintani, Y, Drexler, HC, Kioka, H, Terracciano, CM, Coppen, SR, Imamura, H, et al. Toll-Like Receptor 9 Protects non-Immune Cells From Stress by Modulating Mitochondrial ATP Synthesis Through the Inhibition of SERCA 2. EMBO Rep (2014) 15(4):438–45. doi: 10.1002/embr.201337945

58. Harrington, JL, and Murphy, E. The Mitochondrial Calcium Uniporter: Mice can Live and Die Without it. J Mol Cell Cardiol (2015) 78:46–53. doi: 10.1016/j.yjmcc.2014.10.013

59. Hajnóczky, G, Davies, E, and Madesh, M. Calcium Signaling and Apoptosis. Biochem Biophys Res Commun (2003) 304(3):445–54. doi: 10.1016/s0006-291x(03)00616-8

60. Peyssonnaux, C, Cejudo-Martin, P, Doedens, A, Zinkernagel, AS, Johnson, RS, and Nizet, V. Cutting Edge: Essential Role of Hypoxia Inducible Factor-1α in Development of Lipopolysaccharide-Induced Sepsis. J Immunol (2007) 178(12):7516–9. doi: 10.4049/jimmunol.178.12.7516

61. Delbrel, E, Soumare, A, Naguez, A, Label, R, Bernard, O, Bruhat, A, et al. HIF-1α Triggers ER Stress and CHOP-Mediated Apoptosis in Alveolar Epithelial Cells, a Key Event in Pulmonary Fibrosis. Sci Rep (2018) 8(1):1–14. doi: 10.1038/s41598-018-36063-2

62. Münch, C, and Harper, JW. Mitochondrial Unfolded Protein Response Controls Matrix Pre-RNA Processing and Translation. Nature (2016) 534(7609):710–3. doi: 10.1038/nature18302

63. Aldridge, JE, Horibe, T, and Hoogenraad, NJ. Discovery of Genes Activated by the Mitochondrial Unfolded Protein Response (mtUPR) and Cognate Promoter Elements. PloS One (2007) 2(9):e874. doi: 10.1371/journal.pone.0000874

64. Deng, J, Wang, P, Chen, X, Cheng, H, Liu, J, Fushimi, K, et al. FUS Interacts With ATP Synthase Beta Subunit and Induces Mitochondrial Unfolded Protein Response in Cellular and Animal Models. Proc Natl Acad Sci USA (2018) 115(41):E9678–86. doi: 10.1073/pnas.1806655115

65. Stavru, F, Bouillaud, F, Sartori, A, Ricquier, D, and Cossart, P. Listeria Monocytogenes Transiently Alters Mitochondrial Dynamics During Infection. Proc Natl Acad Sci USA (2011) 108(9):3612–7. doi: 10.1073/pnas.1100126108

66. Wang, Q, Unwalla, H, and Rahman, I. Dysregulation of Mitochondrial Complexes and Dynamics by Chronic Cigarette Smoke Exposure in MitoQC Reporter Mice. Mitochondrion (2022). 63:43-50. doi: 10.1016/j.mito.2022.01.003

67. Duan, C, Kuang, L, Hong, C, Xiang, X, Liu, J, Li, Q, et al. Mitochondrial Drp1 Recognizes and Induces Excessive mPTP Opening After Hypoxia Through BAX-PiC and LRRK2-Hk2. Cell Death Dis (2021) 12(11):1–10. doi: 10.1038/s41419-021-04343-x

68. Ma, K, Chen, G, Li, W, Kepp, O, Zhu, Y, Chen, Q, et al. Mitophagy, Mitochondrial Homeostasis, and Cell Fate. Front Cell Dev Biol (2020) 8:467. doi: 10.3389/fcell.2020.00467

69. Sheridan, C, and Martin, SJ. Mitochondrial Fission/Fusion Dynamics and Apoptosis. Mitochondrion (2010) 10(6):640–8. doi: 10.1016/j.mito.2010.08.005

70. Gao, F, Reynolds, MB, Passalacqua, KD, Sexton, JZ, Abuaita, BH, and O’Riordan, MX. The Mitochondrial Fission Regulator DRP1 Controls Post-Transcriptional Regulation of TNF-α. Front Cell Infect Microbiol (2021) 10:593805. doi: 10.3389/fcimb.2020.593805

71. Elena-Real, CA, Díaz-Quintana, A, González-Arzola, K, Velázquez-Campoy, A, Orzáez, M, López-Rivas, A, et al. Cytochrome C Speeds Up Caspase Cascade Activation by Blocking 14-3-3ϵ-Dependent Apaf-1 Inhibition. Cell Death Dis (2018) 9(3):1–12. doi: 10.1038/s41419-018-0408-1




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 Kumar, Sharma, Haque, Kumar, Hathi and Mazumder. 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: 22 July 2022

doi: 10.3389/fimmu.2022.931534

[image: image2]


Critical Roles of G3BP1 in Red-Spotted Grouper Nervous Necrosis Virus-Induced Stress Granule Formation and Viral Replication in Orange-Spotted Grouper (Epinephelus coioides)


Mengshi Sun 1, Siting Wu 1, Shaozhu Kang 1, Jiaming Liao 1, Luhao Zhang 1, Zhuqing Xu 1, Hong Chen 1, Linting Xu 1, Xin Zhang 1, Qiwei Qin 1,2,3* and Jingguang Wei 1*


1 College of Marine Sciences, South China Agricultural University, Guangdong Laboratory for Lingnan Modern Agriculture, Guangzhou, China, 2 Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai, China, 3 Laboratory for Marine Biology and Biotechnology, Qingdao National Laboratory for Marine Science and Technology, Qingdao, China




Edited by: 

Qing Wang, Chinese Academy of Fishery Sciences, China

Reviewed by: 

Shuang Zhang, Guangdong Ocean University, China

Junfeng Xie, Sun Yat-sen University, China

Dan Xu, Shanghai Ocean University, China

*Correspondence: 

Jingguang Wei
 weijg@scau.edu.cn 

Qiwei Qin
 qinqw@scau.edu.cn

Specialty section: 
 This article was submitted to Comparative Immunology, a section of the journal Frontiers in Immunology


Received: 29 April 2022

Accepted: 22 June 2022

Published: 22 July 2022

Citation:
Sun M, Wu S, Kang S, Liao J, Zhang L, Xu Z, Chen H, Xu L, Zhang X, Qin Q and Wei J (2022) Critical Roles of G3BP1 in Red-Spotted Grouper Nervous Necrosis Virus-Induced Stress Granule Formation and Viral Replication in Orange-Spotted Grouper (Epinephelus coioides). Front. Immunol. 13:931534. doi: 10.3389/fimmu.2022.931534



Viral infection causes changes in the internal environment of host cells, and a series of stress responses are generated to respond to these changes and help the cell survive. Stress granule (SG) formation is a type of cellular stress response that inhibits viral replication. However, the relationship between red-spotted grouper nervous necrosis virus (RGNNV) infection and SGs, and the roles of the SG marker protein RAS GTPase-activating protein (SH3 domain)-binding protein 1 (G3BP1) in viral infection remain unclear. In this study, RGNNV infection induced grouper spleen (GS) cells to produce SGs. The SGs particles co-located with the classic SG marker protein eIF3η, and some SGs depolymerized under treatment with the translation inhibitor, cycloheximide (CHX). In addition, when the four kinases of the eukaryotic translation initiation factor 2α (eIF2α)-dependent pathway were inhibited, knockdown of HRI and GCN2 with small interfering RNAs and inhibition of PKR with 2-aminopurine had little effect on the formation of SGs, but the PERK inhibitor significantly inhibited the formation of SGs and decreased the phosphorylation of eIF2α. G3BP1 of Epinephelus coioides (named as EcG3BP1) encodes 495 amino acids with a predicted molecular weight of 54.12 kDa and 65.9% homology with humans. Overexpression of EcG3BP1 inhibited the replication of RGNNV in vitro by up-regulating the interferon and inflammatory response, whereas knockdown of EcG3BP1 promoted the replication of RGNNV. These results provide a better understanding of the relationship between SGs and viral infection in fish.
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Introduction

In response to different types of external pressure, such as heat shock (1), lack of nutrition, oxidative stress (2), and virus infection (3), eukaryotic cells alter their protein translation. Translation-restricted granular structures form in the cytoplasm to cope with stress conditions and help cells survive, and these complexes are called stress granules (SGs) (4, 5). SGs are also thought to be involved in intracellular signal transduction (6) and selective recruitment of various proteins that regulate different signaling pathways (7). Therefore, SGs play important roles in cell metabolism, cell survival, and viral infection (8).

SGs can inhibit viral replication during the formation process of SGs (9–11). RNA viruses, such as Newcastle disease virus, infect cells and cause them to form SGs, and strong co-localization between viral RNA and SGs has been reported. Retinoic acid-inducible gene I (RIG-I) is also recruited to SGs. The antiviral SG structure induced by Newcastle disease virus is conducive to the recognition of RIG-I and viral RNA, thereby enhancing innate immunity to interferon (IFN) (12). The generation of SGs depends mainly on eukaryotic translation initiation factor 2α (eIF2α)-dependent and eIF2α-independent phosphorylation. SGs must undergo the core process of self-aggregation of RNA binding proteins, such as RAS GTPase-activating protein (SH3 domain)-binding protein 1 (G3BP1) (13), T-cell intracellular antigen 1 (TIA-1) (14), and TIA1-related protein (15). Therefore, the self-aggregation of G3BP1 can be used as a marker of SG formation (16).

G3BP1 belongs to a family of RNA binding proteins that coordinate signal transduction and post-transcriptional regulation of genes in external cells (17). G3BP1 is involved in a variety of cellular processes, such as mediating cell growth, survival (18), proliferation and apoptosis (19). G3BP1 is also closely related to the occurrence and development of tumors (20), G3BP1 was expressed in embryos and in different mature tissues under normal circumstances, and it also was highly expressed in tumor cells (20). G3BP1 contains an N-terminal nuclear transporter two-like domain (NTF2), acidic and proline rich regions, and a C-terminal RNA recognition mode (RRM). The NTF2-like domain of G3BP1 participates in the formation of SGs, mediates the dimerization of G3BP1 itself, and binds to proliferation-promoting proteins (21). Both acidity and proline rich regions are related to protein interaction, and the RRM domain contains two conserved domains, RNP1 and RNP2, which can form special structures and bind to RNA (17).

G3BP1 is also involved in the innate immunity of cells, especially during the process of viral infection. For DNA viruses, G3BP1 can promote the binding of cyclic GMP-AMP synthase (cGAS) and DNA, and the lack of G3BP1 can reduce the binding ability of cGAS and DNA, and inhibit the expression of IFN to a certain extent. These results indicate that G3BP1 plays an important role in the binding of cGAS and DNA (22). For RNA viruses, Yang et al. reported that G3BP1 inhibited the replication of Sendai virus and vesicular stomatitis virus and positively regulated the RIG-I-mediated cellular antiviral response (23). G3BP1 can also interact with various components of SGs. For example, it interacts with Caprin1 to form a complex to promote the formation of SGs, and it interacts with USP10 to inhibit the formation of SGs. Even the G3BP1 mutant that lacks the interaction region can still bind Caprin1 or USP10 to affect the formation of SGs (24).

Grouper (Epinephelus spp.) are widely distributed in warm tropical and subtropical waters (25). Because they are rich in high polyunsaturated fatty acids, have great nutritional value, and are suitable for live transportation and temporary feeding, grouper have long been the main fish in China’s fishery consumption market. Red-spotted grouper nervous necrosis virus (RGNNV) infection can cause up to 80% mortality of grouper seedlings, which seriously impacts the long-term development of grouper breeding (26, 27). Therefore, understanding the molecular mechanism of pathogenesis and the interaction between virus and host is crucial for the development of grouper culture. To date, numerous studies have focused on RGNNV biology and its infection mechanism, but little is known about the molecular mechanism of action of the immune system of grouper exposed to the virus. In particular, studies of the relationship between virus infection-induced formation of SGs and SG-related genes and viruses are lacking.

In this study, the molecular mechanism of SG formation in orange-spotted grouper (Epinephelus coioides) and the role of related genes during the replication of RGNNV were investigated. The results provide a better understanding of the relationship between SGs and viral infection, as well as a new perspective for developing antiviral strategies to protect cultured fish.



Materials and Methods


Cells, Virus and Reagents

Grouper spleen (GS) (28) cell lines were established and maintained in Leibovitz’s L15 medium containing 10% fetal bovine serum (Gibco, Waltham, MA, USA) at 28°C (29). RGNNV was propagated and purified in grouper brain cells (30). The RGNNV titer was determined to be 105 TCID50/ml by plaque assay. Virus stocks were maintained at -80°C.

Anti-eIF2α and anti-p-eIF2α were purchased from Cell Signaling Technology (CST). Anti-RGNNV CP polyclonal antibody and Anti-G3BP1 antibody were prepared in our laboratory. Anti-TIA-1 antibody was purchased from Santa Cruz Biotechnology. Anti-β-tubulin (ab6046) antibody was purchased from Abcam company. 2-Aminopurine (hydrochloride) were purchased from GlpBio (United States). GSK2606414 were purchased from GlpBio (United States) and were dissolved in DMSO.



Cloning of EcG3BP1 and Bioinformatic Analysis

Based on the expressed sequence tag (EST) sequences of EcG3BP1 from the grouper transcriptome, the open reading frame (ORF) of EcG3BP1 was amplified by polymerase chain reaction (PCR) using the primers listed in the Table 1. The identity analysis between EcG3BP1 and other G3BP1 sequences was conducted using BLAST searches of the NCBI database (http://www.ncbi.nlm.nih.gov/blast), and the conserved domains or motifs were predicted by the SMART program (http://smart.embl-heidelberg.de/). Multiple alignments of amino acid sequences were conducted using ClustalX 2.1 software. A phylogenetic tree was generated using the neighbor-joining method with 1000 bootstrapping tests within MEGA 6.0 software.


Table 1 | Primers used in this study.





RNA Extraction and cDNA Synthesis

Total RNA from tissues or GS cells were extracted using the SV Total RNA Isolation System (Promega, Madison, WI, USA) according to the manufacturer’s instructions. They were then reversibly transcribed into cDNA using the ReverTra Ace kit (Toyobo, Osaka, Japan).



qRT-PCR

Quantitative real-time PCR (qRT-PCR) was performed using the SYBR Green I Reaction Mix (Toyobo) in a Roche 480 Real Time Detection System (Roche, Basel, Switzerland). The primers used in the experiment were listed at Table 1. Each assay was carried out in triplicate under the following conditions: 1 min for activation at 95°C followed by 40 cycles at 95°C for 15 s, 60°C for 15 s, and 72°C for 45 s. The transcription levels of target genes were normalized to β-actin (reference gene) and calculated using the 2−ΔΔCT method. The data are presented as the mean ± standard deviation.



Expression Profiles of EcG3BP1 In Vitro

To assess the tissue distribution of EcG3BP1 in healthy orange-spotted grouper, the relative expression levels of EcG3BP1 were examined by qRT-PCR. Twelve tissue samples (liver, spleen, stomach, head kidney, kidney, heart, gill, brain, intestine, muscle, fin, and skin) were collected from six groupers, immediately frozen in liquid nitrogen, and stored at -80°C. To explore the response of EcG3BP1 against virus infection, the expression levels of EcG3BP1 were examined in GS cells which were infected with RGNNV. At indicated time points, virus infected cells were collected for RNA extraction and further qRT-PCR analysis.



Immunofluorescence Assay

GS cells were grown on coverslips (10 mm × 10 mm) in six-well plates. The cells were pretreated with various reagents, such as the translation inhibitor cycloheximide (CHX), the PKR inhibitor 2-aminopurine (2-AP), or the PERK inhibitor GSK2606414) and then the cells were infected with RGNNV. Treated or untreated GS cells were washed with phosphate buffered saline (PBS) and fixed with 4% paraformaldehyde for 1 h at room temperature. After washing with PBS, the cells were permeabilized with 0.2% triton X-100 for 15 min, blocked with 2% bovine serum albumin, and incubated with rabbit anti-G3BP1, mouse anti-CP, mouse anti-TIA-1, or mouse anti-eIF3η serum (1:200) for 2 h at 37°C. The cells were incubated with secondary antibody (Alexa Fluor 555-labeled goat anti-rabbit IgG or Alexa Fluor 488-labeled goat anti-mouse IgG (1:200; Molecular Probe) for 1 h, then cells were stained with 4, 6-diamidino-2-phenylindole (DAPI) for 5 min. The samples were observed under an inverted fluorescence microscope (Zeiss, Oberkochen, Germany).



Plasmids Construction

In order to investigate the potential function of EcG3BP1 in vitro, the subcellular localization of EcG3BP1 was analyzed. The ORF of EcG3BP1 was subcloned into pEGFP-C1 using primers (Table 1), and the reconstructed plasmids were confirmed by DNA sequencing.



Cell Transfection

Cell transfection was performed using transfection reagent (TA) Lipofectamine 2000 (Invitrogen) as described previously (28). In brief, GS cells were grown up to 60-70% confluence in 24-well cell culture plates, and then incubated with the mixture of Lipofectamine 2000 and plasmids according to the manufacturer’s instructions. After 6 h, the fresh normal medium was added and cells were cultured at 28°C for further study.



Subcellular Localization

To analyze the subcellular localization of EcG3BP1, plasmids including pEGFP-C1 and pEGFP-EcG3BP1 were transiently transfected into GS cells. At 48 h post transfection, cells were fixed with polyformaldehyde, and then stained with 4,6- diamidino-2-phenylindole (DAPI). Finally, samples were imaged under fluorescence microscopy.



siRNA Knockout of EcG3BP1

To knockdown the expression levels of G3BP1 in GS cells, three siRNAs targeting different sequences of EcG3BP1 mRNA were commercially synthesized by Invitrogen. GS cells were transfected with one of three siRNAs (Table 1) or the same volume of the negative control, and then infected with RGNNV or left untreated. At the end of the corresponding incubation period, the total RNA of the extracted cells was detected by qRT-PCR.



Dual-Luciferase Reporter Assays

GS cells were transiently transfected with the luciferase plasmids (IFN3-Luc or ISRE-Luc) along with the corresponding expression vectors using Lipofectamine 2000 reagent. A total of 50 ng of SV40 was included to normalize the luciferase activities. Cells were harvested to measure the luciferase activities using the Dual-Luciferase® Reporter Assay System kit according to the manufacturer’s instructions.



Western Blotting

Cells were collected and lysed in radio-immuno-protein assay buffer containing 100 mM NaCl, 0.5% NP-40, 1 mM EDTA, and 20 mM Tris (pH 8.0). Proteins were separated by 10% SDS-PAGE and transferred onto Immobilon-P polyvinylidene difluoride membranes (Millipore, Temecula, CA, USA). The membranes reacted with the indicated primary antibodies: anti-eIF2α, anti-p-eIF2α, anti-RGNNV coat protein (CP) (1:1000 dilution) or anti-β-tubulin (1:1000 dilution). The membranes were washed three times with PBST, and incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies (1:5000 dilution) for 1 h. Immunoreactive bands were visualized using an enhanced HRP-DAB Substrate Chromogenic Kit (Tiangen).



Data Analysis

All Statistical analysis were performed by GraphPad Prism 6.0 software. Differences were considered to be statistically significant at *p < 0.05, **p < 0.01.




Results


RGNNV Infection Induced SG Formation and Depended on Viral Replication

To investigate whether RGNNV infection induced the formation of SGs in GS cells, indirect immunofluorescence was used to assess the formation of SGs after virus infection. The SG marker proteins G3BP1 and TIA-1 were used to indicate the location of SGs, and the virus was tagged with the antibody to RGNNV CP. To explore whether the formation of SGs depends on the normal replication of the virus, RGNNV was inactivated at 254 nm under aseptic conditions. Four groups were set up in the experiment, and they were negative control group, positive (arsenite treatment, ARS), RGNNV infection group, and UV-RGNNV infection group. The formation of SGs were detected at 24 h after RGNNV infection. As shown in Figures 1A, B, both the positive and RGNNV infection groups could induce SGs, whereas the negative control and UV-RGNNV groups could not. These results suggested that RGNNV infection induced SG production in GS cells and the generation of SGs induced by RGNNV infection depended on normal replication of the virus.




Figure 1 | RGNNV infection induced SG production in GS cells. GS cells were fixed at different times post-RGNNV infection (MOI = 2), and the formation of SGs was observed under a fluorescence microscope. G3BP1 (red) indicates the presence of SGs, and CP (green) indicates viral infection. The nuclei were stained with DAPI (blue). Scale bars are 10 µm. (A) GS cells were infected with RGNNV or UV-inactivated RGNNV (MOI = 2). The cells were fixed and stained with anti-G3BP1 antibodies and anti-CP antibodies. (B) GS cells were infected with RGNNV or UV-inactivated RGNNV (MOI = 2). The cells were fixed and stained with anti-TIA-1 antibodies and anti-CP antibodies.





RGNNV Infection Induced the Formation of Classical SGs

To further investigate the main components and the type of SGs induced by RGNNV infection, G3BP1 was overexpressed in GS cells, and inoculated with RGNNV, and examined after 24 h. Classical SGs were labeled with the eIF3η, and co-localization of eIF3η with EcG3BP1 was detected by indirect immunofluorescence. The ARS treatment group was used as the positive control to detect the formation of typical SGs. In the ARS positive control group and the RGNNV infected group, G3BP1 and eIF3η aggregated to form SGs and were completely co-located, suggesting that RGNNV infection induced the formation of classic SGs (Figure 2A). However, the mechanism by which eIF3η was recruited into the SGs is unknown.




Figure 2 | RGNNV infection induced the formation of classic types of SGs. (A) GS cells were transfected with pEGFP-EcG3BP1 then treated or not treated with ARS (positive control) for 1 h or RGNNV for 24 h. eIF3η was used to indicate the formation of classical SGs. (B) pEGFP-EcG3BP1 was transfected into GS cells. After 24 h, the cells were treated with DMSO or CHX for 1 h. (C) GS cells were transfected with pEGFP-EcG3BP1 plasmids. After 24 h, the cells were treated with ARS for 1 h and then CHX for 1.5 h. TIA-1 was used to indicate the formation of SGs. (D) pEGFP-EcG3BP1 was transfected into GS cells, which then were incubated with RGNNV at 24 h post-transfection. The cells were treated with CHX for 1.5 h and then analyzed after staining with anti-CP antibodies.



It was reported that classic SGs can be depolymerized with CHX (31). To verify the results described above, EcG3BP1 was overexpressed in GS cells, and negative control, ARS positive control, and RGNNV infection groups were set up. After ARS treatment for 1 h or RGNNV infection for 24 h, cells were treated with CHX for 1.5 h. The production of SGs was detected using indirect immunofluorescence, and the co-localization was labeled with TIA-1 or virus RGNNV CP antibody. Overexpression of EcG3BP1 induced cells to form SGs, and it co-located with TIA-1 of the SGs and the CP protein of the virus in all three groups. However, the number of SGs was reduced in CHX-treated cells (Figures 2B-D). The result further verified that the formation of classical SGs was induced by RGNNV infection.



RGNNV Infection Produced SGs Through the PERK Pathway

To determine whether RGNNV induces SG production via the eIF2α-dependent classical pathway, GS cells were treated with four eIF2α-related kinase-specific inhibitors or siRNAs, and then detected the formation of SGs using indirect immunofluorescence. The nucleotide analogue 2-AP is an active inhibitor of PKR, and GSK2606414 is the PERK inhibitor. Because HRI and GCN2 have no specific inhibitors, siRNAs of two genes (siHRI and siGCN2) were designed and synthesized, respectively.

The interference efficiencies of siHRI and siGCN2 were 70% and 80%, respectively (Figures 3A, B). siGCN2 and siHRI were transfected into GS cells, and then the cells were infected with RGNNV. At last, the formation of SGs was detected by indirect immunofluorescence. Compared with the negative control, siHRI and siGCN2 transfection induced the formation of SGs, indicating that the loss of HRI and GCN2 did not affect the RGNNV infection-induced formation of SGs (Figure 3C). The cell activity of cells treated with different concentrations of inhibitors were measured. The results showed that the optimal concentration of 2-AP was 0.5 mM and that of PERK-1 was 8.0 mM. PBS and DMSO control groups were set up, respectively. The experimental groups were treated with 2-AP or PERK-1 for 1 h, followed by infection with RGNNV for 4 h, and treated with 2-AP or PERK-1 again for 36 h, and the formation of SGs was detected using indirect immunofluorescence. Both the 2-AP-treated and PBS control groups contained SGs, and the number of SGs did not differ significantly between the two groups. However, compared with the DMSO control, the PERK-1-treated group did not produce SGs. These results indicated that the formation of SGs induced by RGNNV was not related to the effect of the PKR inhibitor, but might be related to the PERK inhibitor (Figure 3D). To validate the results, phosphorylation of eIF2α induced by RGNNV under the same conditions was detected by western blot. There was no significant difference in phosphorylation of eIF2α after RGNNV infection in the PRK inhibitor group and in cells transfected siGCN2 and siHRI. However, the phosphorylation of eIF2α was significantly inhibited in the PERK-1 group, which demonstrated that RGNNV induced the formation of SGs through the PERK pathway (Figure 3E).




Figure 3 | RGNNV infection produced SGs through the PERK pathway. (A, B) The knockdown efficiency of siHRI or siGCN2 in GS cells. siHRI and siGCN2 or si-control were transfected into GS cells. After 36 h, the mRNA levels of siHRI and siGCN2 were determined by qRT-PCR. β- tubulin was the internal reference. (C) GS cells were transfected with si-control and siHRI or siGCN2 and then infected with RGNNV at 36 h post-transfection. The cells were fixed and stained with anti-G3BP1 antibodies and anti-CP antibodies. (D) The cells were treated with DMSO, 2-AP, GSK, or PBS for 1 h, and the medium was changed, and the cells were inoculated with RGNNV for 4 h, and the medium containing DMSO, 2-AP, GSK, or PBS was changed again. (E) The phosphorylation level of eIF2α was detected at the protein level. After GS cells were treated with 2-AP or GSK inhibitors or transfected with siHRI and siGCN2, RGNNV-infected cells were phosphorylated. The phosphorylation expression of eIF2α was detected by western blot. *p < 0.05, **p < 0.01.





Sequence Analysis of EcG3BP1

The ORF of EcG3BP1 was amplified from the EST sequence of the spleen transcriptome of Epinephelus coioides. Sequence analysis showed that the ORF of EcG3BP1(ON021720) was 1488 bp, encoded 495 amino acids, and the predicted molecular weight was 54.12 kDa. It shared 93.5% and 65.9% identity with gilthead bream (Sparus aurata) and human (Homo sapiens), respectively. The conserved domains search results showed that EcG3BP1 has a NTF2-like domain and a RRM conserved domain (Figure 4A). Phylogenetic tree analysis showed that EcG3BP1 was clustered with the Osteichthyes (Figure 4B).




Figure 4 | Molecular cloning of grouper EcG3BP1. (A) Nucleotide sequence and inferred amino acid sequence of EcG3BP1. Multiple sequence alignments of EcG3BP1 amino acid sequences with other G3BP1 proteins. The conserved domains NTF2 (at positions 7–135) and RRM (at positions 353–432) are boxed with solid lines and dotted lines, respectively. The genetic sequence numbers of these species are as follows: Danio rerio, XP_005173159.1; Mus musculus, NP_038744.1; Lonchura striata domestica, XP_021407809.1; Dromaius novaehollandiae, XP_025974409.1; Homo sapiens, CAG38772.1; Rattus norvegicus, NP_598249.1; Seriola lalandi dorsalis, XP_023262185.1; Seriola dumerili, XP_022616053.1; Sparus aurata, XP_030252966.1; Archocentrus centrarchus, XP_030594960.1; Monopterus albus, XP_020449773.1; Perca flavescens, XP_028445851.1; Larimichthys crocea, XP_019116517.2; Xenopus laevis, NP_001085483.1; Xenopus tropicalis, NP_001017046.1. (B) The phylogenetic tree of EcG3BP1 based on amino acid sequences. The data at each node represent the approval rate repeated 1000 times; the scale represents the number of substitutions per kilobase (same below). The GenBank entry number for each species is listed to the right of the species name.





Tissue Distribution and Subcellular Localization of EcG3BP1

The expression levels of EcG3BP1 in different tissues of healthy grouper were detected by qRT-PCR. EcG3BP1 was distributed and differentially expressed in all examined tissues. EcG3BP1 was mainly expressed in spleen, heart and kidney (Figure 5A). To investigate the expression in EcG3BP1 after RGNNV infection, the transcript levels of EcG3BP1 in RGNNV-infected cells were measured using qRT-PCR. The expression of EcG3BP1 gradually increased with the time of RGNNV infection, reaching the highest expression at 30 h, and the expression level was about four times higher than that of uninfected cells (Figure 5B).




Figure 5 | Expression patterns of EcG3BP1. (A) Distribution of EcG3BP1 in tissues of healthy grouper. (B) Changes of EcG3BP1 expression in GS cells infected by RGNNV. (C) The plasmids of pEGFP-C1 and pEGFP-EcG3BP1 were transfected into GS cells and then stained with DAPI. *p < 0.05.



To investigate the function of EcG3BP1, pEGFP-EcG3BP1 was transfected into GS cells and the localization pattern was observed. Fluorescence microscopy showed that pEGFP-C1 was distributed in both the cytoplasm and nucleus, whereas EcG3BP1 showed cytoplasmic distribution (Figure 5C).



Antiviral Effect of EcG3BP1 on RGNNV Infection In Vitro

To clarify the role of EcG3BP1 in RGNNV replication, pEGFP-EcG3BP1 was transfected into GS cells, and then the cells were infected with RGNNV for 24 h and 36h. The transcriptional levels of RGNNV genes (CP and RdRp) were significantly repressed when EcG3BP1 was overexpressed (Figure 6A). When the same treatment was used to detect the protein levels of RGNNV CP at 24 h and 36 h, EcG3BP1 inhibited the protein levels of CP (Figure 6B).




Figure 6 | Effect of EcG3BP1 on replication of RGNNV virus. (A) EcG3BP1 overexpressing cells were infected with RGNNV. GS cells were collected at 24 and 36 h post-infection, and the relative expression of RGNNV viral genes was examined using qRT-PCR. (B) EcG3BP1 was overexpressed in GS cells and infected with RGNNV 24h later. GS cells were collected and the expression level of CP protein was detected by western blot. (C) The NC siRNA or three siRNAs targeting EcG3BP1 were transfected into GS cells. The transcription levels of EcG3BP1 were determined at 48 h post-transfection by qRT-PCR. (D) GS cells were transfected with NC or siRNAs targeting EcG3BP1. At 48 h post-transfection, GS cells were infected with RGNNV and then collected to measure expression of CP and RdRp of RGNNV. (E) The CP protein of RGNNV was detected in transfected cells by western blot. β-tubulin was used as the internal reference. *p < 0.05, **p < 0.01.



Three siRNAs targeting G3BP1 were used to verify the influence of EcG3BP1 knockdown on RGNNV infection. Compared with the NC siRNA, siRNA3 significantly reduced the expression of EcG3BP1 after 48 h, with knockdown efficiency of 84.2% (Figure 6C). Next, si-EcG3BP1 and NC siRNA were transfected into GS cells, and the cells were infected with RGNNV after 48 h. At 36 h and 48 h after virus infection, qRT-PCR indicated that knockdown of EcG3BP1 up-regulated the transcription level of RGNNV CP and RdRp (Figure 6D). At the same time, GS cells were collected to examine the expression of viral genes by western blotting. Compared to cells transfected with NC siRNA, knockdown of EcG3BP1 promoted RGNNV replication (Figure 6E). Together, EcG3BP1 was speculated to inhibit RGNNV replication in GS cells.



Overexpression of EcG3BP1 Differently Regulated Interferon Immune Response and Pro-Inflammatory Cytokines

When EcG3BP1 was co-transfected into GS cells with ISRE-Luc and IFN-Luc reporter genes, EcG3BP1 significantly increased IFN-3 and ISRE promoter activity compared with the transfected empty (Figure 7A). To further elucidate the potential mechanism of EcG3BP1 in viral infection, the roles of EcG3BP1 in host interferon immunity and inflammatory response were evaluated by qRT-PCR. After pEGFP-EcG3BP1 was transfected into GS cells for 36 h, the expression levels of IFN and interferon related genes such as IRF3, ISG15, and ISG56 were significantly up-regulated compared with controls (Figure 7B). In addition, transcription levels of pro-inflammatory factors such as interleukin-1β (IL-1 β), IL-8, and tumor necrosis factor alpha (TNF-α) were also increased in cells overexpressing EcG3BP1 (Figure 7C).




Figure 7 | Overexpression of G3BP1 up-regulated interferon immune response and pro-inflammatory cytokines. (A) Effects of overexpression of EcG3BP1 on IFN-3 and ISRE promoter activities. (B) and (C) Overexpression of G3BP1 increased the expression of interferon related cytokines and pro-inflammatory factors. pEGFP-EcG3BP1 was transfected into GS cells, which were collected at 36 h to detect the expression of interferon related cytokines (IRF3, ISG15, and ISG56) and pro-inflammatory factors (IL-1β, IL-8, and TNF-α) by qRT-PCR (*p < 0.05, **p < 0.01).






Discussion

When eukaryotes are stimulated by external pressures such as oxidative stress and virus infection, translation of some proteins is suspended in the cytoplasm, resulting in the formation of dense dynamic granular structures. Most viruses can use host cell resources to complete their own viral protein synthesis, which restricts host cell protein translation and causes SGs to form, which in turn helps cells survive by resisting viral infection (4). We found that when GS cells were infected with RGNNV for 6 h, SGs began to form. The number of SGs increased and persisted during RGNNV infection, indicating that RGNNV infection induced the formation of stable SGs. The formation of SGs caused by different types of viruses can follow four different patterns: infection induces stable SG formation, infection induces and then inhibits SGs formation, SG generation and depolymerization appear alternately, and inhibition of SGs formation. For example, SGs induced by respiratory syncytial virus can remain stable during infection. When cells were infected with inactivated RGNNV, the ability to induce SG formation was almost lost, suggesting that only RGNNV with normal replication function could induce SG formation.

SG markers include G3BP1, TIA-1, eIF3η, eIF4A, and other components, and eIF3η and eIF4A are classic SG markers (32). The type of SG induced by RGNNV can be identified based on the classical SG marker protein eIF3η. Our results showed that overexpression of EcG3BP1 and eIF3η resulted in punctiform aggregations of these proteins in virus-infected cells. The co-localization of the proteins in the aggregations indicated that RGNNV-induced SGs belonged to the classical type. Classic SGs can be depolymerized by CHX, which inhibits the formation of SGs. We found that overexpression of EcG3BP1 in GS cells induced SG formation and co-localization with the endogenous stress granule marker protein TIA-1 and the viral CP protein under all three test conditions. In CHX-treated cells, however, the number of observable SGs was significantly lower than that of the control group, further indicating that the SGs belonged to the classical type.

Viral infection of host cells leads to translation termination, phosphorylation of eIF2α, and formation of SGs. SGs have an antiviral effect, thus, most viruses do not induce the production of SGs to avoid their antiviral function (33). Some viruses, such as herpes simplex virus 1 (34), inhibit the phosphorylation of eIF2α, and some are even eIF2α-independent. Previous studies reported that the phosphorylation of eIF2α was up-regulated during RGNNV infection. In our study, we did not detect significant differences in the number of SGs in the HRI, GCN2, and PRK groups compared with the control group, whereas PERK-1 significantly inhibited the production of SGs. The western blot results confirmed this conclusion. Studies have shown that PRRSV infection of MARC-14-5 cells induces the endoplasmic reticulum stress response and phosphorylation of eIF2α by activation of PERK (35, 36). In summary, determining whether formation of SGs induced by RGNNV infection is related to endoplasmic reticulum stress needs further study.

G3BP1 is a prerequisite for the formation of SGs, as the dimerization of its RRM domain is important during the assembly process. The RRM domain contains two conserved sequences, RNP1 and RNP2, which can bind to RNA to form special structures. The interaction between RRM and RNA is affected by the binding of RRM to other proteins (37). Our results suggested that overexpression of G3BP1 alone can lead to the aggregation of SGs, irrespective of the stress treatment and with or without external stress. As in humans, the conserved domain NTF2 is also necessary for the formation of SGs (21). In chickens, however, overexpression of the NTF2 structural domain played a negative regulatory role. We found that SGs were not produced when the two conserved structural domains of G3BP1 were overexpressed in GS cells, indicating that the independent expression of RRM and NTF2-like domains affected the induction ability of G3BP1. Additionally, only full-length G3BP1 could induce SG formation. In our current study, the important roles of G3BP1 in SG formation were initially analyzed and the conditions under which G3BP1 mediates SG formation were also identified.

G3BP1 connects the regulation of gene expression inside cells with external cell signals by changing the transcript. For example, in some cancers, overexpression of G3BP1 can regulate Ras, p53 (38), and transforming growth factor β signaling pathways (39), promote tumor cell proliferation, and inhibit apoptosis. During flavivirus infection, G3BP1 intrinsically regulates IFITM2 (40), ISG15, and PKR (41), thereby affecting the expression of type I IFNs. In addition, G3BP1 can not only regulate viral transcription, but it also interacts with viral RNA. However, few studies have focused on the mechanism responsible for the antiviral role of G3BP1 in lower vertebrates. BLAST analysis showed that EcG3BP1 contains the NTF2 domain and an RRM domain. The NTF2-like domain mediated the dimerization of G3BP1 to produce SGs and was related to nuclear transport and localization. In other studies, the NTF2-like domain of G3BP1 was found to interact with the NSP3 proteins of herpes simplex virus and Sindbis virus (42, 43).

EcG3BP1 encodes 495 amino acids and shares 93.5% and 65.9% homology with S. aurata and H. sapiens, respectively. EcG3BP1 was expressed in various tissues of grouper, but there were differences in expression in different tissues, with the highest expression in the spleen. The subcellular localization analysis revealed cytoplasmic distribution of EcG3BP1 in GS cells, including dot-like aggregations. Overexpression of G3BP1 in chickens also produced dot-like aggregation, which was related to the formation of SGs and indicated that G3BP1 is closely associated with SGs. In RGNNV-infected cells, the expression of EcG3BP1 increased during viral infection and peaked at 30 h post-infection. Scholte et al. reported that G3BP1 promoted the infection of Chikungunya virus, while knockdown significantly affected viral replication; these results suggested that G3BP1 may be associated with innate immunity after virus infection (44).

EcG3BP1 was overexpressed into GS cells and infected with RGNNV, and the effect of EcG3BP1 on viral replication was examined at the transcriptional and translational levels, respectively. Overexpression of EcG3BP1 inhibited RGNNV infection-induced replication in vitro. Hepatitis C virus (HCV) NS_5B protein and RNA of HCV interact with G3BP1 to regulate HCV transcription in a certain way, which suggests that G3BP1 is involved in the composition of the HCV replicase complex (44–46). In those studies, researchers found that HCV replication was significantly inhibited after G3BP1 knockdown, suggesting that G3BP1 can promote HCV proliferation. In contrast, studies of mammalian orthorectic virus and porcine epidemic diarrhoea virus (PEDV) showed that interfering with G3BP1 enhanced PEDV replication in Vero cells and that overexpression of G3BP1 reduced PEDV replication (47, 48). These results suggest that fish G3BP1 and mammal G3BP1 may have similar roles in virus replication.

To further elucidate the potential roles of EcG3BP1 in viral infection, host IFN immunity and the inflammatory response were evaluated in EcG3BP1 overexpressed cells infected with RGNNV. Expression of IFN-stimulating genes such as IRF3, ISG15, and ISG56 as well as pro-inflammatory cytokines including interleukin-1 β, IL-8, and TNF-α was up-regulated. The results indicated that EcG3BP1 inhibits RGNNV infection through positive regulation of IFN immunity and the pro-inflammatory response. Further analysis of the reporter genes showed that EcG3BP1 up-regulated IFN-3 and ISRE promoter activities. However, the regulatory mechanisms responsible for the IFN and inflammatory response related to EcG3BP1 in viral infection require further exploration.

In conclusion, RGNNV infection induced grouper spleen (GS) cells to produce SGs. The SGs particles co-located with the classic SG marker protein eIF3η. In addition, a SG marker protein RAS GTPase-activating protein (SH3 domain)-binding protein 1 (G3BP1) from orange-spotted grouper (E. coioides) (EcG3BP1) was cloned, and the roles of EcG3BP1 in innate immunity were investigated. The results showed that EcG3BP1 plays crucial roles in virus replication by up-regulating the interferon and inflammatory response.
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Vibrio parahaemolyticus, as one of the main pathogens of marine vibriosis, has brought huge losses to aquaculture. However, the interaction mechanism between V. parahaemolyticus and Epinephelus coioides remains unclear. Moreover, there is a lack of comprehensive multi-omics analysis of the immune response of grouper spleen to V. parahaemolyticus. Herein, E. coioides was artificially injected with V. parahaemolyticus, and it was found that the mortality was 16.7% in the early stage of infection, and accompanied by obvious histopathological lesions in the spleen. Furthermore, 1586 differentially expressed genes were screened by mRNA-seq. KEGG analysis showed that genes were significantly enriched in immune-related pathways, Acute-phase immune response, Apoptosis, Complement system and Cytokine-cytokine receptor interaction. As for miRNA-seq analysis, a total of 55 significantly different miRNAs were identified. Further functional annotation analysis indicated that the target genes of differentially expressed miRNAs were enriched in three important pathways (Phosphatidylinositol signaling system, Lysosome and Focal adhesions). Through mRNA-miRNA integrated analysis, 1427 significant miRNA–mRNA pairs were obtained and “p53 signaling pathway”, “Intestinal immune network for IgA production” were considered as two crucial pathways. Finally, miR-144-y, miR-497-x, novel-m0459-5p, miR-7133-y, miR-378-y, novel-m0440-5p and novel-m0084-3p may be as key miRNAs to regulate immune signaling pathways via the miRNA-mRNA interaction network. The above results suggest that the mRNA-miRNA integrated analysis not only sheds new light on the molecular mechanisms underlying the interaction between host and V. parahaemolyticus but also provides valuable and new insights into resistance to vibrio infection.
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Introduction

According to the statistics of China Fisheries Yearbook, the farming output of grouper in 2020 has reached 192000 tons, ranking third in China’s mariculture fish, creating huge economic and social benefits. With the rapid development of intensive large-scale aquaculture in recent years, bacterial infections continue to break out and spread (1). Vibrio parahaemolyticus, a Gram-negative, halophilic bacterium, inhabits marine and estuarine environment (2). As the main pathogenic microorganism of marine fish, shrimp and shellfish, it not only brings huge economic losses to aquaculture, but also poses a great threat to human health (3). Previously, V. parahaemolyticus has been confirmed to cause acute effects in fish, such as severe bleeding, disintegration of the organs, and even death (4, 5). It is also reported that V. parahaemolyticus disrupts the actin cytoskeleton, promotes the release of pro-inflammatory factors and hijacks the nutrient of host cells to ensure its survival in the environment (6, 7). However, the interaction mechanism between V. parahaemolyticus and host has not yet been elucidated.

The innate immune system provides the first line of defense against microbial invasion (1). Thus, many fish could respond to pathogens and then eliminated pathogens (8–10). We authenticated that Epinephelus coioides is a susceptible host to V. parahaemolyticus and the spleen is of great significance in antibacterial innate immunity (11, 12). The spleen, as a crucial lymphatic tissue in the body, which plays a key role in innate and adaptive immunity (13). Therefore, the multi-omics analysis of spleen will be helpful to deeply understand the immune mechanism of E. coioides in response to V. parahaemolyticus. The mRNA sequencing (mRNA-seq) could reveal changes of differentially expressed genes, help discovering different metabolic processes and provide precise signaling pathways (14). The application of RNA-seq in fish has increased evidently, which can further determine the function of related immune genes. Transcriptome analysis of Chinese amphioxus (Branchiostoma belcheri) infected with V. parahaemolyticus indicated that there were many pathways involved in the immune response, such as bacterial infection, immune signal, apoptosis (15). It has been speculated that Complement pathway of innate immunity and hepcidin antimicrobial peptide may play important roles in the defense of E. coioides larvae against Vibrio alginolyticusthe by RNA-seq (16). MicroRNAs (miRNAs) are noncoding RNAs of 22-24 nt which could inhibit mRNA translation or degrade mRNA to regulate many physiological processes, such as metabolism, apoptosis, nervous system development, immuno-protection and cancer pathogenesis (17, 18). For example, it is reported that teleost miRNAs can promote the antibacterial resistance by regulating several immune-related pathways, including FoxO signaling pathway (19), Complement and coagulation cascades (20), and Intestinal immune network for IgA production (21). Nevertheless, there are a few studies on the mechanism of interactions between non-coding RNAs and coding RNAs in bony fishes (21–25). Compared with the analysis of single miRNAs or mRNAs, integrated analysis of mRNA-seq and miRNA-seq would more accurately determine the key genes regulating immunity and the miRNAs targeting these genes, which has become a trend and method to study the mechanism of anti-pathogen immune response.

In this study, V. parahaemolyticus and E. coioides were served as research objects to explore the interaction mechanism between pathogen and host. The mRNA-miRNA integrated analysis of the spleen of E. coioides infected with V. parahaemolyticus was performed, and several crucial pathways were screened, which may contribute to treatment of V. parahaemolyticus infection. The candidate miRNAs and target genes would be helpful to deserve more attention in more in-depth research underlying the antibacterial immune response in future.



Results


The clinical symptoms and cumulative survival of E. coioides after infection of V. parahaemolyticus

Generally, healthy E. coioides tended to gather at the bottom of the water tanks, with smooth body surface and vigorous swimming. During feeding, most fish swam to the upper water to compete for food. However, the fish showed isolation, slow movement and reaction, and reduced food intake on Day 1 after infection with V. parahaemolyticus. During infection, three distinct phenotypes were observed (Figure 1A), respectively the body color of many dying or dead fish turning black, the swelling bleeding symptoms near abdominal cloaca, white patches near the dorsal fin. As shown in Figure 1B, the survival rate of grouper was about up to 80% for 2 weeks. The death of groupers was mainly occurred on the first 3 days of infection. However, from 3 days to 7 days, the number of groupers deaths was significantly decreased. Finally, we found that there were no dead individuals from 8 days to 14 days. This result suggested that V. parahaemolyticus infected with grouper may be an acute infection.




Figure 1 | Clinical symptoms and cumulative survival of E. coioides challenged with V. parahaemolyticus. (A) The clinical symptoms of E. coioides challenged with V. parahaemolyticus. Infected Type 1: fish body color turned black; Infected Type 2: the swelling bleeding symptom was found near abdominal cloaca (white arrow notation); Infected Type 3: there was white patches near the dorsal fin (white arrow notation). (B) The cumulative survival of E. coioides infected with V. parahaemolyticus throughout two weeks. n = 60 biologically independent animals per group.





The histopathological lesions of spleen after V. parahaemolyticus challenge

In order to explore the histopathological changes in infected spleen, the morphological structures in different infection time point (1 d, 2 d, 3 d, 1 w, 2 w) were observed. As shown in Figure 2A, in control group, the splenic parenchyma was rich in blood sinuses, with a capsule on the surface, which is composed of white pulp, red pulp and marginal zone. The splenic cord could be obviously observed. Compared with control group, spleen pathologic changes were noted after infection, showing dilation of blood sinus, deformed white pulp and red pulp, formation of brownish nodes (These may be senescent erythrocytes, or the destruction of spleen structure and bleeding) on 1 d (Figure 2B). There are more brownish nodes distributed in the spleen, and it’s tough to distinguish between red pulp and white pulp on 2 d and 3 d (Figures 2C, D). However, compared with the early stage of infection, the lesion of spleen was significantly reduced on 1 w and 2 w (Figures 2E, F). This result suggested that the obvious lesions in spleen were observed in the early stages of V. parahaemolyticus infection.




Figure 2 | Spleen histopathology analyses of V. Parahaemolyticus artificially infected with E. coioides. (A–F) The spleen slice of E. coioides artificially infected with V. parahaemolyticus for 0 d (Control), 1 d, 2 d, 3 d, 1 w, 2 w. Representative images from at least three biological replicates of each time point of two groups.





Quality control and expression pattern analysis of mRNA

To study the acute effects of V. parahaemolyticus challenge on E. coioides at the mRNA level, RNA sequencing was performed. By analyzing the quality of bases sequenced, it could be found that the ratio of Q20 or Q30 in all samples are greater than 90%, and the GC content ratio is within the reasonable range (Table 1). Meanwhile, the gene expression abundance of several samples was quantified by FPKM value, and showed basically similar. These results indicated that the gene expression obtained by sequencing was reliable. A total of 26934 unigenes were identified and subsequent differential expression analysis was determined by using edgeR, with parameters as the difference multiple | log2FC | > 1 and the false discovery rate (FDR) < 0.05. As shown in Figures 3A, B, a total of 1589 differential expressed genes were identified in 6 libraries, of which 604 were significantly up-regulated and 985 were significantly down-regulated.


Table 1 | The reads information after filtering in RNA-seq.






Figure 3 | Identification and functional annotation of differentially expressed genes. (A) Histogram shows differentially expressed genes. Blue and red indicate decreased and increased expression, respectively. (B) Volcano map shows differentially expressed genes. The abscissa represents the fold change values of samples in control group/samples infected by V. parahaemolyticus, the vertical coordinate represents statistical test value [-lg (FDR)], the lower represent the more significant differences. Red dots represent up-regulated genes and blue dots represent down-regulated genes (FDR <0.05, |log2FC|>1), and black dots represent no significant difference genes. (C) GO enrichment analysis of DEGs. The abscissa indicates 3 GO categories with 39 GO terms, and the vertical coordinate indicates the number of unigenes. (D) KEGG pathway analysis of DEGs. The abscissa represents the ratio of DEGs to all genes annotated to the pathway and the vertical coordinate represents the pathways. The redder bubble indicates more obvious enrichment, with smaller Q-value. The larger bubble contains more differentially expressed genes. DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.



In order to deeply explain the biological function of differentially expressed genes, an enrichment analysis of GO terms containing three ontologies (molecular function, cellular component and biological process) was carried out. As shown in Figure 3C, differential expressed genes in infected group were enriched to 26 subcategories with 39 GO terms: biological progress (16 subcategories), cellular component (8 subcategories), and molecular function (2 subcategories). In the biological process category, the DEGs were mainly enriched in “cellular process”, “metabolic process”, “biological regulation” and “response to stimulus”. In the molecular function category, the DEGs were mainly enriched in “binding” and “catalytic activity”. In the cellular component category, the DEGs were mainly enriched in “cell”, “cell part”, “membrane”, “membrane part”. Since the biological progress category contains more differential expressed genes, of which the top 20 GO terms were listed in Figure S1. It is worth noting that the highly significant GO terms “immune system process”, “pyruvate metabolic process”, “monocarboxylic acid metabolic process”, “hematopoietic or lymphoid organ development”, “hemopoiesis” and “immune system development” (FDR < 0.05), which will provide a basis for further study on the pathogenic mechanism of V. parahaemolyticus to E. coioides.

Furthermore, a KEGG pathway enrichment analysis of differential expressed genes were performed with a Q-value < 0.05 and the top 20 KEGG pathways were shown in Figure 3D. Cytokine-cytokine receptor interaction, as an immune-related pathway, was significantly enriched. Besides, most of the DEGs were enriched in pathways associated with metabolism, i.e., Biosynthesis of secondary metabolites, Microbial metabolism in diverse environments, Butirosin and neomycin biosynthesis, Biosynthesis of antibiotics, Carbon metabolism. Interestingly, three pathways related to the Warburg effect in vertebrates were also significantly enriched, such as Starch and sucrose metabolism, Fructose and mannose metabolism, Glycolysis or gluconeogenesis.



Quality control and expression pattern analysis of miRNA

To study the acute effects of V. parahaemolyticus challenge on E. coioides at the miRNA level, miRNA-seq was performed. After removing dirty reads, the number of clean tags of each sample in the treatment group and the control group is shown in Table 2. The length distribution of clean tags was shown in Figure S2, it could be found that the length was mainly distributed in the range of 20-23 nt and small RNAs of 22 nt in length were the most common. The tag sequences after removing other classes of small RNAs (rRNA, tRNA, snRNA, snoRNA, etc.) were aligned to the reference genome and the ratio of matched tags from six samples ranged from 74-79%. Finally, 618 known miRNAs and 550 novel miRNAs in total were identified using MIREAP_v0.2 software.


Table 2 | The tags information after filtering in miRNA-seq.



Differential expression analysis of the obtained miRNAs was performed using edgeR software and the screening criteria of DEMs were fold change ≥ 2 and P-value < 0.05. In this case, a total of 55 significantly different miRNAs were screened, including 29 significantly up-regulated DEMs and 26 significantly down-regulated DEMs (Figure 4A). The predicted target genes of DEMs were processed for further functional characterization.




Figure 4 | Identification and functional annotation of differentially expressed miRNAs. (A) Histogram shows differentially expressed miRNAs. Blue and pink indicate decreased and increased expression, respectively. (B) GO enrichment analysis of predicted target genes of DEMs. The abscissa indicates 3 ontologies (molecular function, cellular component and biological process) with 48 GO terms, the vertical coordinate indicates the genes count. (C) KEGG pathway analysis of target genes of DEMs. The redder bubble indicates more obvious enrichment, with smaller Q-value. Size of the point refers to the number of genes within each pathway. DEMs, differentially expressed miRNAs; DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.



As shown in Figure 4B, the GO enrichment analysis indicated that the predicted target genes of DEMs were clustered into three GO ontologies (molecular function, cellular component and biological process) with 48 GO terms. In the molecular function category, the target genes were mainly enriched in “binding” and “catalytic activity”. In the cellular component category, the target genes were mainly enriched in “cell”, “cell part”, “membrane”, “membrane part”. In the biological process category, the target genes were mainly enriched in “metabolic process”, “cellular process”, “biological regulation” and “single-organism process”.

Furthermore, the top 20 KEGG pathways of the predicted target genes were identified with a Q-value < 0.05 according to KEGG database (Figure 4C). Phosphatidylinositol signaling system was significant, and the pathway Inositol phosphate metabolism was also enriched. Biosynthesis of secondary metabolites, a pathway containing the largest number of target genes, was also significantly enriched in the KEGG pathway analyses of DEGs. Furthermore, Focal adhesion, a pathway associating with cytoskeleton stabilization was enriched. Meanwhile, Lysosome, a significantly enriched pathway, was concerned. Other enriched pathways were: Biosynthesis of antibiotics, Glycerophospholipid biosynthesis, Citrate cycle (TCA cycle), Basal transcription factors, GnRH signaling pathway and Peroxisome.



Integrated analysis of mRNA-seq and miRNA-seq data

The effect of miRNA on target gene is mainly to regulate its post transcriptional level by inhibiting or silencing the expression of target gene. It has been reported that miRNA can promote protein translation through complex mechanisms, however, it is uncertain whether these are individual cases (26–28). Hence, the screening criteria of miRNA-mRNA pairs was Pearson’s correlation coefficient < -0.7 and p < 0.05 and a total of 1427 pairs were obtained. To further determine the function of miRNAs in the immune response of E. coioides against V. parahaemolyticus infection, the enrichment analysis of GO terms and KEGG pathways were performed on the target DEGs of DEMs.

As for the GO enrichment analysis, the target DEGs were enriched in three GO ontologies with 23 GO terms (Figure 5A). In the molecular function category, most of target DEGs were enriched in “binding activity” and “catalytic activity”. In the cellular component category, the target DEGs were mainly enriched in “cell”, “cell part”, “membrane”, “membrane part”. In the biological process category, the target genes were mainly enriched in “cellular process”, “metabolic process”, “biological regulation” and “single-organism process”. Moreover, the KEGG pathway enrichment analysis of target DEGs of DEMs was shown in Figure 5B. In the top 20 KEGG pathways, several immune-related pathways were mainly enriched, i.e., p53 signaling pathway, Intestinal immune network for IgA production, Cytokine-cytokine receptor interaction. In addition, there are several pathways associated with metabolism, including the Biosynthesis of secondary metabolites, Neomycin, kanamycin and gentamicin biosynthesis, Glycerolipid metabolism, Riboflavin metabolism. The Starch and sucrose metabolism, and Glycolysis or gluconeogenesis were also significantly enriched in the KEGG pathway enrichment analysis. Meanwhile, two pathways related to bacterial invasion should not be ignored, i.e., ECM-receptor interaction and Regulation of actin cytoskeleton.




Figure 5 | Functional annotation analysis of target DEGs of DEMs and network for miRNA-mRNA-Pathway interaction. (A) GO enrichment analysis of target DEGs of DEMs. The abscissa indicates 3 ontologies (molecular function, cellular component and biological process) with 39 GO terms, the vertical coordinate indicates the genes count. (B) KEGG pathway analysis of target DEGs of DEMs. The abscissa represents the ratio of the number of genes in the DEGs and the vertical coordinate represents the pathways. The redder bubble indicates more obvious enrichment, with smaller P-value. The larger bubble contains more target genes. (C) Network diagram for miRNA-mRNA-Pathway interaction. Ellipse represents miRNA, Round Rectangle represents mRNA, Triangle represents signaling pathway; Red color indicates up-regulated, blue color indicates down-regulated, gray color indicates no difference. DEGs, differentially expressed genes; DEMs, differentially expressed miRNAs; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.



In order to further explore the role of miRNA-target pairs in the resistance of V. parahaemolyticus infection, a miRNA-mRNA-Pathway network was constructed by 80 significant pairs and four selected pathways (p53 signaling pathway, Intestinal immune network for IgA production, Cytokine-cytokine receptor interaction and ECM-receptor interaction), showing that one miRNA could regulate multiple mRNAs, and multiple target genes were associated with several signal pathways (Figure 5C). Further, miR-144-y, miR-497-x, novel-m0459-5p, miR-7133-y, miR-378-y, novel-m0440-5p and novel-m0084-3p may be key miRNAs that play an important role in regulating immune signaling pathways. It is worth noting that scavenger receptor class F member 2 (srec2), as one of the key target genes, could also participate in the interaction pathway.



The validation of sequencing results by qRT-PCR

To verify the accuracy of mRNA-seq results, 25 differentially expressed genes were selected, such as pattern recognition receptors, signal molecules and cytokines, etc. The expression variations of DEGs were calculated by FPKM value (Figure 6A). Then the selected DEGs were verified by qRT-PCR, which showed a high degree of concordance between qRT-PCR verification and RNA-seq analysis, but there were inconsistencies in individual genes, such as complement component C3 (c3), toll-like receptor 7 (tlr7) (Figure 6B).




Figure 6 | Verification of the sequencing results using qRT-PCR analysis. (A) Relevant pattern recognition receptors, signal molecules and cytokines in mRNA-seq. The abscissa indicates the names of the DEGs, and the vertical coordinate represents the FPKM value. (B) Relevant pattern recognition receptors, signal molecules and cytokines were verified by qRT-PCR verification. The abscissa indicates the names of the DEGs, and the vertical coordinate represents the fold change. (C) Selected differential expressed miRNAs were detected in miRNA-seq. The abscissa indicates the names of the DEMs, and the vertical coordinate represents the TPM value. (D) Selected differential expressed miRNA were verified by qRT-PCR. The abscissa indicates the names of the DEMs, and the vertical coordinate represents the fold change.



Similarly, 13 differentially expressed miRNAs were selected to verify the accuracy of miRNA-seq results by qRT-PCR. The results showed that the verification of DEMs by qRT-PCR was highly consistent with the results of miRNA-seq, except for a few miRNAs including miR-419-x, novel-m0459-5p and miR-499-x (Figures 6C, D).




Discussion

In this study, the immune mechanism of E. coioides infected with V. parahaemolyticus was explored. Consistent with previous studies of V. parahaemolyticus infection in bony fish (5, 29), we found that death principally occurred in the early stage of infection with obvious tissue lesions. Furthermore, DEGs and DEMs from spleen transcriptomics of E. coioides were identified, and a miRNA-target-Pathway network was constructed. Basing on these results, several crucial pathways and miRNA-mRNA pairs were explored, which sheds new insights into resistance to vibrio infection.

Through the mRNA-seq analysis, 604 upregulated and 985 downregulated DEGs were screened in six libraries. In the GO enrichment analysis, the DEGs were annotated to 39 GO terms and the GO terms “metabolic process”, “immune system process” and “response to stimulus” indicated that the infection may affect host metabolism, and the host may resist the stimuli by initiating immune response. As for KEGG pathway analysis, the four pathways of “Cytokine-cytokine receptor interaction”, “Starch and sucrose metabolism”, “Fructose and mannose metabolism” and “Glycolysis or gluconeogenesis” were focused on. It is believed that Cytokine-cytokine receptor interaction pathway contributes to neutrophil mediated phagocytosis and extracellular trap formation, and the immune response is dominated by infiltrating neutrophils (30, 31). Cytokines are produced by immune-related cells, which can regulate the immune response of the body, including interleukins, lymphokines, monokines, interferons, and chemokines (32). After infected with Yersinia pseudotuberculosis, the highest infection-induced immunomodulatory genes were those of the major proinflammatory cytokines: interleukin-1 alpha (il1a), interleukin-1 beta (il1b), interleukin-6 (il6), interleukin-17F (il17f) and interferon gamma (ifng) (31). A study in E. coioides showed that the Cytokine-cytokine receptor interaction pathway was participated in the immune process and il6, il1b and il1r2 were found to play key roles during the defense against Pseudomonas plecoglossicida (33). In the Cytokine-cytokine receptor interaction pathway, several genes of chemokines, interleukins and cytokine receptors were enriched. They are C-C motif chemokine ligand 1 (ccl1), C-C motif chemokine ligand 2 (ccl2), C-C motif chemokine ligand 3 (ccl3), C-C motif chemokine ligand 4 (ccl4), C-C motif chemokine ligand 28 (ccl28), C-C motif chemokine ligand 14 (ccl14), il6, il1b, interleukin-11 beta (il11b), interleukin-2 (il2), interleukin-16 (il16), interleukin-6 receptor (il6r), interleukin-7 receptor (il7r), interleukin-18 receptor accessory protein (il18rap), interleukin 10 receptor subunit beta (il10rb), C-X-C motif chemokine receptor 3 (cxcr3), C-C motif chemokine receptor 3 (ccr3) and C-X-C motif chemokine receptor 4 (cxcr4). Therefore, we propose that numbers of cytokines and cytokine receptors were involved in the immune process to resist V. parahaemolyticus infection.

Several pathways related to the Warburg effect cannot be ignored, including Starch and sucrose metabolism, Fructose and mannose metabolism, Glycolysis or gluconeogenesis. The Warburg effect was first proposed in tumor cells (34) and it was later determined that the effect plays an key role in replication of many virus, such as human papillomavirus (HPV) (35) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (36). Briefly, the Warburg effect can help cancer cells or viruses escape apoptosis and host immune response by enhancing anaerobic respiration under aerobic conditions, and also perform efficient glycolysis to produce abundant energy and nutrition to promote cancer cell proliferation or virus replication (37, 38). And that, V. parahaemolyticus could use T3SS1 to utilize the nutrient of host cells and avoid phagocytosis by immune cells responding to proinflammatory signals at the site of infection (6). Although there are few studies on this effect in bacteria, combined with the pyruvate metabolic process GO term and the related pathways enriched by KEGG enrichment analysis, we boldly speculate that V. parahaemolyticus may actualize its proliferation and escape immune response by affecting the metabolism of the host.

Because our genome annotation work is still in progress, many poorly annotated DEGs do not appear in the enrichment pathways of annotated genes. Interestingly, through sequence alignment and subsequent sorting of these genes, it was found that they were enriched in three immune-related pathways, i.e., Acute-phase immune response, Apoptosis and Complement system. Therefore, we speculate that the immune response against V. parahaemolyticus was concentrated in the early stage of infection and belonged to acute infection. In Acute-phase immune response pathway, genes, serum amyloid A3 (saa3), hepcidin 3 (hepc3), pentraxin 3 (ptx3), which encode SAA3, HEPC, PTX3, respectively, were up-regulated. SAA3, a major acute-phase protein, which released in response to inflammation (39) and produced more ubiquitously by intestine and lung (40). LPS, a component of Gram-negative bacteria, significantly enhanced the expression of SAA3 in mouse colonic epithelial cells, rather than the expression of SAA1 or SAA2 (41). HEPC, as an acute-phase protein, is expressed immediately after tissue injury or bacterial infection. In teleost, hepcidin regulates ion balance and innate immune response. When stimulated by poly I:C, iron dextran, bacteria, or LPS, the expression of hepcidin is up-regulated (42). Hepcidin3, a cysteine-rich hepcidin isoform gene, was identified in E. coioides, which could respond to the immune response caused by Staphylococcus aureus and Pseudomonas stutzeri (43). PTX3 is a pattern-recognition protein that is rapidly produced by a variety of cells under the stimulation of inflammatory factors and exogenous microorganism (44). Many studies have found that the expression of PTX3 increased after infection with Pseudomonas aeruginosa (45) or Neisseria meningitidis (46). Based on the above results, we deduced that SAA3, HEPC and PTX3, these acute-phase proteins, participated in the Acute-phase immune response pathway and contributed to the defense against V. parahaemolyticus infection.

The complement system plays an important role in innate immunity, containing three initiation pathways in vertebrates: classical pathway, alternative pathway and lectin pathway. The complement system enhances the ability of phagocytosis of pathogens by promoting inflammation and attacking the plasma membrane of pathogens (47). C1 complex is composed of three subunits: Clq, C1r and Cls3, which can activate the classical pathway (48). Although no change of the gene complement component C1q (c1q) was detected in transcriptome sequencing, we found that the expression of complement component C1q receptor (cd93) was down-regulated, suggesting that C1q may be involved in the innate immune response of V. parahaemolyticus infection. Moreover, the impression of several genes related to the complement system increased, including c3, complement component C5 (c5), complement component C6 (c6), complement component C7 (c7), complement component C8 alpha chain (c8a), complement component C9 (c9), complement factor H related protein 3 (cfhr3) and complement factor H (cfh). Previous data showed that membrane attack complex (MAC), formed by complement components (C7, C8b, C9), destroyed the cell membrane of the pathogen and eliminated the pathogen by activating the alternative pathway after pathogen infection (49). C8a, was cloned from E. coioides, and was reported to be effective against Cryptocaryon irritans and Aeromonas hydrophila (50). As a direct down regulator of the complement classical pathway, CFH is likely to be involved in fine-tuning and balancing the C1q-driven inflammatory processes in autoimmunity and infection (51). Concurrently, the stimulation of LPS (52) and the challenge by V. alginolyticus (16) and P. plecoglossicida (33, 53) led to activation of the Complement pathway in teleost, which effectively protect the host by promoting the destruction of pathogens. Accordingly, we deduced that after V. parahaemolyticus infection, it principally activated the alternative pathway to promote the production of C3, and formed the MAC through the activation of C5, C6, C7, C8 and C9, so as to resist infection (Figure 7A).




Figure 7 | Simplified overview of several pathways. (A) Simplified overview of Complement system pathway. (B) Simplified overview of Apoptosis pathway. (C) Simplified overview of Phosphatidylinositol signaling system pathway. The red box represents significantly enriched target genes. (D) Simplified overview of Lysosome pathway. The red box represents significantly enriched target genes. (E) Simplified overview of p53 signaling pathway. (F) Simplified overview of Intestinal immune network for IgA production pathway.



In order to maintain the normal physiological function of tissue, damaged and dysfunctional cells will be cleared through apoptosis. If the normal cell death process goes wrong, it will bring dramatic effects to the organism. It can be seen that apoptosis is crucial to maintain tissue homeostasis and development. Apoptosis is mainly regulated by external death receptors and internal mitochondria, while the crux to the regulation of mitochondrial intrinsic apoptosis pathway lies in B cell leukemia/lymphoma 2 (BCL-2) family proteins, including pro-apoptotic and anti-apoptotic factors. The down-regulated expression of antiapoptotic protein BCL-2 led to disruption of mitochondrial membrane outer membrane permeability so that proteins normally confined in the intermembrane space spread into the cytosol (54). A pro-apoptotic factor, cytochrome C (Cytc), which binds to apoptotic protease activating factor-1 (APAF1) and triggers the formation of apoptosome. The complex recruits caspase family proteins and induces proteolysis, leading to apoptotic cell death (55, 56). In this study, we found that the expression of bcl2 was significantly down-regulated, while the expression of cytc and apoptosis-related cysteine peptidase 14 (caspase14) were significantly up-regulated. These differential genes were mainly enriched in the intrinsic apoptotic pathway, indicating that the intrinsic apoptotic pathway may be efficient to participate in antibacterial immune response (Figure 7B).

For miRNA sequencing, a total of 55 significantly different miRNAs were screened, of which 29 up-regulated and 26 down-regulated miRNAs were identified. To further determine the role of miRNAs in the grouper spleen response to V. parahaemolyticus infection, the potential target genes of DEMs were predicted and processed for functional annotation. In the KEGG pathway enrichment analysis of target genes of DEMs, the three pathways of “Phosphatidylinositol signaling system”, “Lysosome” and “Focal adhesions” were focused on. Phosphatidylinositol (PI) is widely distributed in eukaryotic cells and modulate many cellular functions, including proliferation, differentiation, apoptosis, metabolism and membrane trafficking. An array of kinases, phosphatases, and lipases acts on PI, resulting in the production of second messengers involved in different cellular processes (57). Many proteins interact with PI to regulate TLR4 signaling pathway (58), which can promote LPS-mediated inflammation. In microglia cell, LPS stimulation can activate PIP5K, which promotes the generation of phosphatidylinositol (PI) 4,5-bisphosphate (PIP2) on the plasma membrane (59). In the present study, 74 target genes of DEMs were significantly enriched in phosphatidylinositol signaling system, such as calmodulin (calm), protein kinase C beta type (prkcb), inositol monophosphatase 3 (impa3), phosphatidylinositol 3-kinase regulatory subunit (pik3r), phosphatidylinositol-4-phosphate 5-kinase (pip5k), phosphatidylinositol-4-phosphate 3-kinase catalytic subunit (pik3c), phosphatidylinositol 4-kinase alpha type (pi4ka), myotube related protein 14 (mtmr14), etc. (Figure 7C). Although toll-like receptor 4 (tlr4) has not been identified in grouper until now, it is likely to activate a variety of kinases and proteins to participate in phosphatidylinositol signaling system pathway after recognizing LPS through other receptors, which provides an important reference for grouper against V. parahaemolyticus infection.

Lysosomes degrade endocytic extracellular material and intracellular components via autophagy (60). Once the lysosomes turn dysfunctional, which will lead to the accumulation of various undigested substances, and eventually bring about serious disease (61). The pathway was believed to be closely related to immune response regulation in E. coioides (33). In this study, the Lysosome pathway was also significantly enriched, involving 75 target genes: lysosome-associated membrane protein 1 (lamp1), lamp2, scavenger receptor class B member 2 (scarb2), cathepsin C/F/H/Z (ctsc, ctsf, ctsh, ctsz), lipopolysaccharide induced TNF factor (litaf) and so on (Figure 7D). This result demonstrates that spleen miRNAs in E. coioides may regulate the Lysosome pathway to resist the invasion, and even eliminate the pathogen.

The Focal adhesion pathway also deserves our attention. Focal adhesion (FA) is a junction located below the tight junction of epithelial cells, which connect cells with extracellular matrix by the interaction between integrin and actin. Indeed, pathogenic microbes ensure their uptake, survival and dissemination through the exploitation of FAs (62). A previous study showed that the Focal adhesion pathway was found to be significantly enriched in the omics analysis of infected spleen of E. coioides and served as the target of bacterial pathogen (63). V. parahaemolyticus was proved to secrete type III effector VopL to disrupt actin homeostasis during infection (7). Meanwhile, the GO term “cell junction” was significantly enriched, indicating that focal adhesion complexes as important cellular structures modified by V. parahaemolyticus to help drive infection to the host through the spleen. miRNAs might be of great significance in maintaining the stability of focal adhesions, which serve as momentous signaling hubs within the splenic epithelial cells. In addition, the TCA cycle pathway connected with the Warburg effect was significantly enriched in the KEGG pathway analysis of the target genes of DEMs, which is similar to the KEGG pathway analysis of DEGs. In this case, miRNAs may involve in the immune response against V. parahaemolyticus infection by regulating carbohydrate metabolism.

Compared with the analysis of single miRNAs or mRNAs, integrated analysis of mRNA-seq and miRNA-seq contributes to clarify the regulatory role of miRNA-mRNA pairs under the infection. A total of 1427 miRNA-mRNA pairs were screened and then the functional annotation analysis was performed on target DEGs of DEMs. In the KEGG pathways enrichment analysis of miRNA-target pairs, p53 signaling pathway and Intestinal immune network for IgA production were considered as two crucial immune-related pathways. P53, an activator of apoptosis, can promote the expression of pro-apoptotic genes at the transcriptional level, such as BCL2-associated X (bax), p53 upregulated modulator of apoptosis (puma), and inhibit the expression of antiapoptotic ones, such as bcl2 (17). In the enriched p53 signaling pathway (Figure 7E), miR-144-y, miR-378-y, novel-m0459-5p and novel-m0440-5p may be the key miRNAs that regulate multiple target genes. The target genes of miR-144-y were cytc and TP53 apoptosis effector (perp), while miR-378-y regulated bcl2 and thrombospondin 1 (thbs1), and the target genes of novel-m0459-5p were protein phosphatase 1D (ppm1d) and thbs1. Growth arrest and DNA damage-inducible 45 (gadd45) and caspase14 were targeted by novel-m0440-5p. In the existing research, miRNA-144 regulates NF-κB signaling pathway in miiuy croaker via targeting il1b (64). The overexpression of miR-378 has been shown to control systemic energy homeostasis and suppress apoptosis initiation (65, 66). These means that miR-144 and miR-378 play an important role in innate immune response. For two newly identified miRNAs involved in apoptosis pathway (novel-m0459-5p and novel-m0440-5p), we can pay more attention to their functions in future research. Notably, SRECI mediated the clearance of apoptotic cells via the C1q, and loss of SRECI weakened the uptake of apoptotic cells (67). In current study, the up-regulated expression of scavenger receptor class F member 1 (srec1) and srec2 were found after V. parahaemolyticus infection, suggesting that the scavenger receptor F family members play an important role in clearance of apoptotic cells. Herein, we deduced that the miRNAs participate in immune response by regulating the p53 signaling pathway and cell apoptosis.

Non−inflammatory immunoglobulin A antibodies (IgA), generated in intestinal immunity network, act as the first line to defense the invasion of microorganisms, and promote immune exclusion through microorganisms in mucus (21, 68). The Intestinal immune network for IgA production pathway was identified from the RNA-Seq of infected spleen of E. coioides and was one of the major immune response pathways during the defense against bacteria (33). In the Intestinal immune network for IgA production pathway enriched in this study (Figure 7F), miRNAs, miR-378-y, miR-7133-y, and miR-497-x regulated tgfb1, mhc1, mhc2 and cxcr4, respectively. This indicates that miR-378-y, miR-7133-y, and miR-497-x are involved in the Intestinal immune network for IgA production pathway, and the miRNA-mRNA pairs may help E. coioides resist V. parahaemolyticus infection.

The Cytokine-cytokine receptor interaction, Starch and sucrose metabolism, Glycolysis or gluconeogenesis, ECM-receptor interaction and Regulation of actin cytoskeleton were also significantly enriched, illustrating that differentially expressed miRNA-target pairs regulate these pathways to resist V. parahaemolyticus challenge. In short, the results indicate that the interaction between host and V. parahaemolyticus is a complex mode and requires in-depth study.

Taken together, the infection of E. coioides with V. parahaemolyticus led to acute effect. Compared with the control group, the infection could modulate several crucial pathways associating with the Warburg effect and cytoskeleton stabilization, which indicated that the vibrio may exploit the energy of host and disrupt actin homeostasis to promote its proliferation and release of virulence factor. Above all, the infection resulted in innate immune response of host, including activation of a series of immune-related pathways. Understanding the complex interaction pattern will be helpful in resistance of vibrio infection in teleost.



Conclusion

In conclusion, the study explored the interaction mechanism between V. parahaemolyticus and E. coioides and indicated that innate immunity plays important roles in response to pathogen infection through mRNA-seq and miRNA-seq analyses as well as the mRNA-miRNA integrated analysis. Vibrio may actualize its proliferation and escape immune response by regulating carbohydrate metabolism and actin homeostasis. Moreover, numbers of miRNAs and genes were involved in immune-related pathways including Complement system, Cytokine-cytokine receptor interaction, p53 signaling pathway to help host resist infection. This research provides theoretical guidance for V. parahaemolyticus disease prevention and control.



Materials and methods


Animals and infection of V. parahaemolyticus

Healthy E. coioides (body length:18.0-22.0 cm, weight: 130 ± 20 g), were purchased from Marine Fishery Development Center of Guangdong Province (Huizhou, China). Then, these fish were acclimatized in a flow-through water system (200 L) for two weeks before the experiment. The seawater was maintained at temperature 28 ± 1 °C and seawater salinity 25–31 during the experiment. The E. coioides were fed daily with commercial diet containing 47.0% crude protein (YUQUN OCEAN, China). After anesthesia with MS-222, sixty fish were anesthetized and injected intraperitoneally sub-lethal dose of suspension with 200 μL of 1 × 109 CFU/ml V. parahaemolyticus (cumulative survival was counted according to the same steps) while another sixty fish were injected with PBS as a control group. The preparation of V. parahaemolyticus was conducted as previously described (12, 69). Briefly, a fish pathogenic strain of V. parahaemolyticus previously isolated from a diseased orange-spotted grouper (E. coioides) was used, which was confirmed by mass spectrographic analysis and kept in the laboratory. Before challenge experiments, V. parahaemolyticus was cultured overnight in marine 2216E broth supplemented with 3.3% NaCl at 28°C with shaking at 200 rpm. After centrifugation, V. parahaemolyticus cells were washed and re-suspended three times in phosphate-buffered saline (PBS; pH 7.4) in order to use as an inoculum, and the appropriate bacterial challenge concentration was determined through some pre-experiments (data not shown). Subsequently, samples were taken at different time points of infection (day0, day1, day2, day3, week1, week2), and the spleen collected in each group was used for the preparation of histopathological sections (n=7).



Preparation of paraffin section

The paraffin sections were prepared according to our previously research (29). Briefly, all spleen samples for examination by light microscopy were dehydrated before paraffin embedding. Five-micrometer slices were cut and then performed with standard hematoxylin-eosin staining. Sealing with neutral balsam (Solarbio, China) and drying overnight at 37 °C, the slices were performed on pathological observation.



RNA extraction, library preparation and sequencing

Twenty-four hours after V. parahaemolyticus challenge, six fish were taken from each group respectively. Then, the spleens of every two fish were mixed into one sample in the infected group and the control. Finally, there were 3 mixed tissue samples in each group. The samples in the infected group were named QS_1, QS_2, QS_3, while the control group was divided into QC_1, QC_2, QC_ 3.

Total RNA was extracted from the samples with a Trizol reagent kit (Invitrogen, USA), after which the integrity was assessed with an Agilent 2100 BioAnalyzer (Agilent Technologies, USA), and the purity and concentration were determined using a Nanodrop 2000C (Thermo Fisher Scientific, USA). The RNA samples with an RNA integrity number (RIN-value) ≥ 7 and a 260/280 ratio > 1.8, total concentration > 4 μg were used. After total RNA was extracted, eukaryotic mRNA was enriched by Oligo (dT). Fragmentation was carried out and reversely transcribed into cDNA. Then the purified double-stranded cDNA fragments were end repaired, A base added, after which the fragments were amplified by PCR. The resulting cDNA libraries was sequenced by Gene Denovo Biotechnology Co. (Guangzhou, China) using Illumina HiSeq™ 2500.

MicroRNA-seq libraries were constructed by obtaining small RNA (molecules in a size range of 18–30nt) from total RNA via polyacrylamide gel electrophoresis (PAGE). Then the 3’ adapters were added and the 36-44nt RNAs were enriched, after which the 5’ adapters were connected as well. The ligation products were reverse transcribed by PCR amplification and the 140-160bp size PCR products were enriched to generate a cDNA library, which were subjected to Illumina HiSeq™ 2500 by Gene Denovo Biotechnology Co. (Guangzhou, China).



Total RNA expression analysis

Firstly, the raw sequencing data were filtered by fastp (version 0.18.0) (70) to get high quality clean reads. Then short reads alignment tool Bowtie2 (version 2.2.8) (71) was used for mapping reads to ribosome RNA (rRNA) database and the rRNA mapped reads were removed. The HISAT2. 2.4 (72) was used to align paired-end clean reads to the reference genome of E. coioides (the data is not published). For each sample, the mapped reads were assembled by using StringTie v1.3.1 (73, 74) in a reference-based approach. A FPKM (fragment per kilobase of transcript per million mapped reads) value was calculated to quantify the expression abundance and variations of each transcription region, using RSEM software (75).

Differential expression analysis was performed by edgeR (76). Basing on the R package, differentially expressed genes (DEGs) were selected as those with false discovery rate (FDR, adjusted P value) < 0.05 and absolute fold change ≥ 2. To further determine the biological function of the differentially expressed genes, enrichment analyses were conducted using the Gene Ontology (GO) database (http://www.geneontology.org/) (77) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.ad.jp/kegg/) (78).



miRNA expression analysis

Raw small RNA sequencing reads were filtered to get clean tags. In order to identify and remove rRNA, snoRNA, snRNA and tRNA, all of the clean tags were aligned with small RNAs in GeneBank database (Release 209.0) and Rfam database (Release 11.0). The clean tags were also mapped to reference genome to remove exon, intron, repeat sequences. Then the remaining sequences were searched against miRBase database to identify known (Species studied) miRNAs. But for unannotated tags, they were aligned with reference genome to identify novel miRNA candidates according to their genome positions and hairpin structures predicting by software MIREAP_v0.2. Ultimately, the novel miRNAs were named miR-x (processed from the 5 ‘-region of pre-miRNA) or miR-y (processed from the 3 ‘-region of pre-miRNA), which distinguished from miR-5p and miR-3p in known miRNAs.

Total miRNA consists of known miRNA and novel miRNA, based on their expression in each sample, a TPM (transcripts per million) value was used to calculate and normalize the miRNA expression level. Differential miRNA expression analysis was performed by edgeR software between two different groups or samples. The screening criteria were fold change ≥ 2 and P < 0.05. Three sorts of software RNAhybrid (v2.1.2), Miranda (v3.3a) and TargetScan (Version:7.0) were used to predict potential target genes of miRNAs with default parameters, and the intersection of the results were more reliable. To further determine the role of miRNAs in the grouper spleen response to V. parahaemolyticus infection, the enrichment analysis of GO terms and KEGG pathways of the predicted target genes were conducted.



Association analysis and construction of miRNA-mRNA-Pathway network

The integration analysis of total RNA and miRNA was based on the negative correlation between the expression of target gene and specific miRNA, and a software SAS8.1 was used to determine the correlation between miRNA and mRNA expression levels by calculating the Pearson correlation coefficients. The strong correlation was defined with a Pearson’s correlation coefficient > 0.7 and p < 0.05. Then the enrichment analysis of GO terms and KEGG pathways were performed on co-expressed negatively miRNA-target pairs (all RNAs were differentially expressed), and a miRNA-mRNA-pathway network was constructed and visualized using Cytoscape software (v3.6.0).



Validation of the reliability of the sequencing results by qRT-PCR analysis

To validate the reliability of gene expression profiles obtained from RNA-seq results, 25 differentially expressed genes associated with immunity and 13 miRNAs were randomly selected for qRT-PCR verification. The corresponding primer sequences used for validation were listed in Table 3. Elongation Factor 1-alpha (EF-1α) of E. coioides was used as an internal control for the qRT-PCR analysis of DEGs and U6 for DEMs. For DEGs validation, cDNA was synthesized with an appropriate amount of RNA (1 μg) by ReverTra Ace qPCR RT Master with gDNA Remover kit (TOYOBO, Japan), and the qRT-PCR reaction was performed by SYBR® Green Realtime I Master Kit (Roche, Switzerland). According to the manufacturer’s instructions, the reaction mixture was incubated for 10 minutes at 95 °C, followed by 40 amplification cycles of 10 s at 95 °C, 30 s at 60 °C, and 20 s at 72 °C, on a Roche LightCycler 480 Realtime PCR system (Roche, Switzerland). For DEMs validation, cDNA was synthesized by Poly(A) polymerase tailing using a Mir-X™ miRNA First-Strand Synthesis Kit (Takara, Japan). The preparation of reaction mixture and reaction parameters of further qRT-PCR were as above. All assays were amplified in triplicate wells. The expression of mRNAs and miRNAs was calculated using 2−ΔΔCt method.


Table 3 | The primer sequences used for qPCR validation.





Statistical analysis

The qRT-PCR results were analyzed by SAS8.1 and represented as the mean ± SD. The expression level of mRNA and miRNA were compared between PBS treated group and V. parahaemolyticus challenged group. When the P-value < 0.05, the groups were considered to be statistically significant.
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Supplementary Figure 2 | Length distribution and abundance of small RNAs of the 6 libraries. (A–F) Length distribution and abundance of small RNAs from spleen of QC_1, QC_2, QC_3, QS_1, QS_2, QS_3, respectively. The abscissa represents the length of small RNAs, and the vertical coordinate represents the tag counts.
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Vibrio alginolyticus (V. alginolyticus) is one of the major pathogens causing mass mortality of shrimps worldwide, affecting energy metabolism, immune response and development of shrimps. In the context of the prohibition of antibiotics, it is necessary to develop a drug that can protect shrimp from V. alginolyticus. Andrographolide (hereinafter called Andr), a traditional drug used in Chinese medicine, which possesses diverse biological effects including anti-bacteria, antioxidant, immune regulation. In this study, we investigated the effect of Andr on growth, immunity, and resistance to V. alginolyticus infection of Litopenaeus vannamei (L. vannamei) and elucidate the underlying molecular mechanisms. Four diets were formulated by adding Andr at the dosage of 0 g/kg (Control), 0.5 g/kg, 1 g/kg, and 2 g/kg in the basal diet, respectively. Each diet was randomly fed to one group with three replicates of shrimps in a 4-week feeding trial. The results showed that dietary Andr improved the growth performance and non-specific immune function of shrimps. L. vannamei fed with Andr diets showed lower mortality after being challenged by V. alginolyticus. After 6 h of V. alginolyticus infection, reactive oxygen species (ROS) production, tissue injury, apoptosis, expression of inflammatory factors (IL-1 β and TNFα) and apoptosis-related genes (Bax, caspase3 and p53) were increased in hemocytes and hepatopancreas, while feeding diet with 0.5 g/kg Andr could inhibit the increase. Considering that JNK are important mediators of apoptosis, we examined the influence of Andr on JNK activity during V. alginolyticus infection. We found that Andr inhibited JNK activation induced by V. alginolyticus infection on L. vannamei. The ROS scavenger N-acetyl-l-cysteine (NAC) suppressed V. alginolyticus-induced inflammation and apoptosis, suggesting that ROS play an important role in V. alginolyticus-induced inflammation and apoptosis. Treated cells with JNK specific activator anisomycin, the inflammation and apoptosis inhibited by Andr were counteracted. Collectively, Andr promote the growth and immunity of L. vannamei, and protects shrimps against V. alginolyticus by regulating inflammation and apoptosis via a ROS-JNK dependent pathway. These results improve the understanding of the pathogenesis of V. alginolyticus infection and provide clues to the development of effective drugs against V. alginolyticus.
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Introduction

Vibrio alginolyticus (V. alginolyticus), a Gram-negative marine Vibrio, is ubiquitously found in the ocean and offshore coastal and estuarine areas. According to an increasing number of studies, V. alginolyticus is not only limited to infecting marine species such as oysters (1), groupers (2), and shrimps (3), but also gradually become an opportunistic pathogen of human infection (4–6). Over the last decade, aquatic animal diseases caused by V. alginolyticus occur frequently with the expansion of aquaculture scale and the deterioration of water environment, leading to enormous economic losses to the aquaculture industry (7–10). In recent years, research on the pathogenic mechanisms of V. alginolyticus has gained momentum. A number of key virulence factors including the iron uptake system, lipopolysaccharide (LPS), haemolysin, extracellular proteases and type III secretion system (T3SS), likely play a role in its pathogenesis (11–17).

Invertebrates such as shrimp and crab, due to lack of adaptive immunity unique to vertebrates, mainly rely on innate immune system to resist the invasion of bacteria and viruses (18). The innate immune system possesses many arsenals to fight off pathogens, include antimicrobial peptides at mucosal surfaces, activation of the complement system in the blood. Chemoattraction of immune cells to the infection site and pattern recognition receptors that evolved to sense pathogen-associated molecular patterns and to consequently activate inflammatory pathways required for pathogen elimination (19). In addition, phagocytic immune cells, such as neutrophils and macrophages, are important effector cells mediating inflammatory response and reactive oxygen species (ROS) production for host defense, and play an important role in nonspecific immune defense. Under normal physiological conditions, neutrophils proliferation and apoptosis maintain a dynamic balance, which is conducive to both the body’s defense response and the dissipation of inflammatory response. However, apoptosis can be accelerated under the action of many factors such as LPS and TNFα. Within the host, physiological clearance systems such as superoxide dismutase (SOD) and catalase mediate ROS levels and prevent damage to host molecules. If homeostasis is disrupted, uncontrolled ROS production will result in oxidative stress, excessive inflammatory responses, tissue damage, apoptosis (20) and necrosis, thus detrimental to host defense (21). Our previous study found that the ROS production and DNA damage accumulation in hemocytes increased after V. alginolyticus infected L. vannamei for 6 h, leading to a decrease in THC (22). In addition, studies have found that ROS formation was accelerated during V. alginolyticusWT infection, promoting hemocyte apoptosis in the oyster and fish (14, 23). VscC, VopS and VopQ in V. alginolyticus T3SS is involved in the induction of apoptosis (14, 23). Therefore, controlling ROS production, inflammation and inhibiting apoptosis can effectively reduce the damage caused by bacterial infection (24). In aquaculture, many studies reported that adding natural substances with anti-inflammatory effect to feed could improve the survival rate of aquatic animals under bacterial infection stress (25, 26). On the one hand, adding natural substances in the feed can improve the non-specific immune function of aquatic animals (27); on the other hand, natural substances can control the inflammatory response of the body and avoid excessive inflammatory response to the body damage in the process of bacterial infection (28). In recent years, Chinese herbal feed additives are more and more favored by people with the implementation of the policy of banning antibiotics in China.

Andrographolide (Andr), a labdane diterpenoid and the major constituent of A. paniculata, has been widely used in Asia as herbal medicine (29, 30). Andr possesses diverse biological effects including anti-viral (31), anti-bacteria (32), antioxidant, immune regulation, gastrointestinal protective effects, hepatoprotective (33), anti-cancer (34) and anti-inflammatory (35) properties. Clinical studies have demonstrated that Andr could be useful in therapy for a wide range of diseases such as osteoarthritis, upper respiratory diseases, multiple sclerosis, fever, hepatic and neural toxicity, cancer, etc. (36, 37). As a natural anti-inflammatory drug, Andr reduces the expression of several proinflammatory genes, including cyclooxygenase-2 (COX-2), IL-6, IL-8, IL-1β, TNFα and inducible nitric oxide synthase (iNOS) (38, 39). The proinflammatory and hemodynamic effects of lipopolysaccharide (LPS) were decreased by intragastric or intraperitoneal injection of 1 mg/kg Andr (40, 41). In addition, Andr also protects cells from oxidative stress (42) and can inhibit TNF-α-induced ROS generation, Src phosphorylation, NADPH oxidase activation, and ICAM-1 expression (43, 44). Previous study have shown that Andr can target multiple inflammatory cytokines related pathways, such as NF- κB, AP-1, HIF-1, PI3K/Akt, MAPK, JNK, JAK/STAT and so on (45). Furthermore, Andr mainly initiates immune responses by regulating complementary systems of the body, granulocytes and macrophages, which play a very important role in overcoming various diseases and infections in immunodeficient patients (46, 47). The purified diterpene Andr has been reported to stimulate non-specific immune responses in mice (48) and Labeo rohita (49). Although Andr has been reported as a feed additive in aquatic animals (49, 50), few studies have explored the specific mechanisms of Andr on bacteria-induced inflammation and apoptosis. In the present study, different levels of Andr were supplemented into basal diets to investigate the effects of Andr on growth performance, immunity, resistance to V. alginolyticus and its mechanism of L. vannamei. The results could contribute to the healthy cultivation of L. vannamei.



Materials and methods


Preparation of experimental diet

The Andr (HPLC≥98%) was procured from Yuanye Biotechnology Co., Ltd. (Shanghai, China). Four experimental diets were basal diet (Control), basal diet supplemented with 0.5, 1 and 2 g/kg Andr. Basal diet was purchased from Shuyuan Aquatic Science and Technology Co., LTD (Guangdong, China). Pulverize the basal diet with a grinder and sieve it using a nylon sieve (300 mesh size). The experimental diets were prepared by mixing the basal diet pulverized powder and different concentrate of Andr, then adding 40% water until a stiff dough was obtained. The dough was pelletized by double-screwextruders (F-26 [III], China) with diameters of 1.0 mm. The difference of Andr supplemental amount in each group was replaced by the same amount of basal feed pulverized powder.



Experimental design

Healthy shrimps (L. vannamei) free of bacterial and viral infections were collected from an aquaculture farm in Panyu, Guangdong Province, China. They were acclimatized in fiberglass tanks with 10 ± 1 ppt seawater in an aeration system for 7 days. During acclimatization, the shrimps were fed 3 times (08:00, 14:00 and 20:00) per day with commercial feed (Shuyuan Aquatic Science and Technology Co., LTD, Guangdong, China). Shrimps in the intermolt stage (stage C) were selected for the experiments. A total of 240 tails L. vannamei shrimps (weight of 2.311 ± 0.105 g) were randomly distributed into twelve 100 L glass aquaria containing 50 L of sea water (3 replicates of 4 treatments, randomly assigned 20 tails/aquarium). Experimental diets were fed to shrimp in each group 3 times (08:00, 14:00 and 20:00) daily for 4 weeks. The daily feeding quantity was 5%–8% of body weight and adjusted according to previous feeding response. During the experiment, the water temperature was maintained at 28 ± 2°C, salinity at 10 ± 1 ppt, and pH at 8.2 ± 0.2.



Investigation of growth performance

After the 4-week feeding trial, all shrimps were fasted for 24 h and then weighed to calculate weight gain rate (WG), specific growth rate (SGR), feed conversion ratio (FCR) and survival rate (SR) according to the following equations (51):

	

	

	

	



Challenge test

The V. alginolyticus was cultured overnight at 37°C using Luria-Bertani (LB) medium. Then, bacteria solution was harvested and washed three times with sterilized phosphate-buffered saline (PBS) by centrifugation at 3000 rpm for 10 min. After the 4-week feeding regime, the bacterial challenge test was carried out. Shrimps were fasted 24 h before trial to avoid interference of diet. Forty shrimps from each treatment were challenged with V. alginolyticus by injecting 10 μL of bacterial suspension into the ventral sinus of the shrimp at a dose of 107 colony forming units (CFU) ml-1. While, the shrimps that received no Andr and received V. alginolyticus suspension (10 μL) or only PBS (10 μL) performed as the challenged control and unchallenged control, respectively. Experimental shrimps were kept into ten plastic aquariums (50 × 38 × 30 cm, randomly assigned 20 tails/aquarium). Each aquarium was provided with continuous aeration during the challenge test. The mortality in each replicate tank was recorded for 7 days. The SR was calculated using the following formula:

	



Primary hemocyte culture of shrimp

Shrimp hemocytes were filtered out with a 70 mm filter membrane. Then the hemocytes were washed with PBS twice. Leibovitz’s−15 (L-15) (ThermoFisher, MA, US) medium containing 0.1% penicillin-streptomycin solution and 10% fetal bovine serum (FBS) (ThermoFisher, MA, US) was used to resuspend the hemocytes. The hemocyte seeded into 24 well plates at the density of 1 × 106/well and cultured in a CO2 free incubator at 28°C. Trypan blue staining was used to determine the cell viability of primary hemocytes. If the positive rate of trypan blue staining of primary hemocyte was less than 5%, cells isolated from that shrimp could be used for further experiments. The treatment experiment can be carried out after the hemocytes were cultured to semi-adherent. Except the control group, the other groups were treated with inactivated V. alginolyticus for 3 h. Then, the corresponding concentration of Andr, N-acetyl-L-cysteine (NAC) or anisomycin was added to inhibit the ROS generation or activate the JNK signaling of hemocytes respectively.



Phagocytic activity assay

Three shrimps of each group were used to investigate the phagocytic activity of hemocyte in L. vannamei. Hemocytes were adjusted to 1 × 107 cells/mL using Leibovitz’s L-15 medium supplemented with 10% FBS. Hemocytes were incubated with 0.5 µm microspheres (Red beads) (Huge biotechnology, Shanghai, China) at a 1:20 (cells: beads) ratio for 4 h at 28°C, respectively. After incubation, the cells were collected and centrifuged at 100 × g for 10 min at 4°C to remove excess beads. Then the cells were resuspended in 1 mL PBS. After three times washes with PBS, the phagocytic activities of hemocyte from each group were independently analyzed by using BD Arial III flowcytometer (BD, USA). Hemocytes incubated without microspheres were also included as blank controls. Data analyses were performed using FlowJo X. Phagocytic activities of hemocytes were expressed as phagocytic rate and phagocytic index, were calculated as:

	

	



Total RNA isolation and quantitative real-time PCR

The total RNA in each sample was extracted using Trizol (Vazyme Biotech, Nanjing, China) following the manufacturer’s instructions. The RNA concentration and quality were assessed with NanoDrop ND-2000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA). The integrity of extracted RNA was determined by electrophoresis on a 1.2%(w/v) agarose gel. After that, 1 μg total RNA was reversely transcribed to cDNA in 20 μl reactions using HiScript III 1st Strand cDNA Synthesis Kit (+gDNA wiper) (R312-01, Vazyme, Nanjing, China) according to the manufacturer’s instructions.

Then, qRT-PCR was performed in a total 20 μl volume: 2 μl of cDNA template; 0.5 μl of Forward primer (10 mM); 0.5 μl of Reverse primer (10 mM); 6.6 μl of Nuclease-free treated water (TransGen Biotech, Beijing, China); 0.4 μl of Passive Reference Dye II (TransGen Biotech, Beijing, China) and 10 μl of TransStart® Top Green qPCR SuperMix (AQ131-01, TransGen Biotech, Beijing, China). A two-step real-time qPCR was carried out in an ABI 7500 Thermal Cycler (Applied Biosystems, Foster City, CA) with amplification program as follows: 95°C for 10 min and then 40 cycles of 95°C for 15 s and 60°C for 60 s. All primers used in RT-qPCR are shown in Table S1. The relative values of gene expression levels were expressed as 2−ΔΔCt. All experiments were repeated three times.



Antioxidant enzyme detection

Collect the blood with an anticoagulant tube and mix it upside down. Centrifuge at 600 g at 4°C for 10 min, remove the supernatant into a new 1 mL centrifuge tube. After being diluted twice with PBS, it can be used as a plasma sample for testing. The hepatopancreas tissues of shrimps were accurately weighed, and 9 times the volume of PBS was added according to 1:9. Mechanical homogenization was performed under ice water bath, and centrifugation was conducted for 10 min at 2500 rpm. Supernatant was taken for testing. Superoxide dismutase (SOD), catalase (CAT), total antioxidant capacity (T-AOC) and malondialdehyde (MDA) were detected using relevant assay kits (Beyotime Biotechnology, Shanghai, China) following the manufacturer’s instructions.



Histopathology

The hepatopancreas tissue of L. vannamei were immobilized in 10% formalin for 24 h and then dehydrated in increments of alcohol (50%–95%). The dehydrated tissues were embedded in paraffin and cut into 4 μm thick slices. Tissues sections were stained with hematoxylin and eosin (H&E), then examined using a light microscope (DM6, Leica, Germany).



Determination of intracellular ROS generation

To measure the production of ROS by hemocytes, the cell-permeant probe 2’,7’-dichlorofluorescein diacetate (DCFH-DA) kit (Beyotime, Shanghai, China) was used according to the manufacturer’s instructions. The hemolymph and anticoagulant mixture were incubated in the dark for 30 min with 10 μM DCFH-DA. The cell suspension was prepared after washing with PBS for 3 times. Then, the fluorescence of the cell suspensions was recorded using flow cytometry. ROS production is represented by the mean DCF fluorescence. For each sample, 10,000 events were collected.



Apoptosis assay

Hemocytes of shrimp were collected and resuspended with PBS. Subsequently, cells were mixed with binding buffer 100 μL. The apoptosis levels of cells were detected with Annexin V-FITC/PI apoptosis detection Kit (Yeasen Biotechnology, Shanghai, China) according to manufacturer’s protocol. Annexin V-FITC 5 L and PI 10 μL were added into the mixture and incubated for 10 min at room temperature in the dark. The apoptosis levels were analyzed under flowjo_V10 software.



TUNEL assay

Apoptosis was determined by the TUNEL detection apoptosis kit (Elabscience, Wuhan, China). The sections of hepatopancreas tissue were deparaffinized in 1X Dewaxing solution for 50 min at 60°C and then incubated with 1X proteinase K for 20 min at 37°C. After washing three times with PBS buffer, the sections were incubated in TdT equilibration buffer for 30 min, then incubated with 50 μL TUNEL reaction mixture containing 35 μL of TdT equilibration buffer, 10 μL of AF488-labeling solution and 5 μL of TdT Enzyme for 60 min at 37°C in the dark. Then, the slides were rinsed in PBS three times and nuclei were counterstained with 4, 6-diamidino-2-phenylindole dihydrochloride (DAPI) for 5 min at room temperature in the dark. The specimen was covered in streptavidin‐HRP for 30 min and washed in PBS three times. The slides were rinsed in PBS four times and observed by microscope (DM6, Leica, Germany).

Hemocytes were treated with V. alginolyticus or Andr or NAC or Anisomycin and then cultured 24 h. After rinsing three times with PBS, the cells were fixed with 4% paraformaldehyde for 20 min and permeabilized in 0.2% Triton-X 100 for 30 min at room temperature. The labeling process of cell slides were the same as hepatopancreas tissue sections. The results of cell slide were photographed using the laser confocal scanning microscopy (Carl Zeiss LSM 800). TUNEL‐positive cells were counted, and the apoptotic index was calculated as a ratio of (apoptotic cell number)/(total cell number) in each field. All experiments were conducted in triplicate.



Western blotting analysis

After extracting the proteins from the hepatopancreas samples collected from shrimps of each group were lysed in the RIPA lysis buffer (Beyotime, China) for 30 min on the ice. The sample lysates were centrifuged (12,000 g, 10 min) at 4°C, and the supernatant was transferred to a new sterile tube and store to -20°C. Total protein was quantified using BCA Protein Quantification Kit (Yeasen, Shanghai, China). The protein samples were isolated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to polyvinylidene difluoride (PVDF) membranes (GE healthcare, Uppsala, Sweden). The membranes were blocked with 5% nonfat dried milk in TBST (containing 0.05% Tween-20) and incubated with primary antibodies (JNK1/2/3 rabbit monoclonal antibody, Phospho-JNK1/2/3 rabbit monoclonal antibody, β-Actin mouse monoclonal antibody) overnight at 4°C. Bound antibodies were visualized with AP-labeled goat anti-rabbit IgG (H+L) or AP-labeled goat anti- mouse IgG (H+L) and immunoreactivity assessed by chemiluminescence reaction, using the NBT/BCIP western detection system. Densitometric scanning analysis was performed using NIH ImageJ 7 software.



Statistical analysis

All analyses were implemented in GraphPad Prism V8.0.2 (GraphPad, San Diego, CA, USA). And the differences between the different groups were analyzed by one-way analysis of variance (ANOVA) using SPSS software version 18.0 (IBM, Armonk, NY, USA). All of the experiments described in this study were conducted in triplicates, and data was presented as the mean ± standard error. p< 0.05 was considered statistically significant.




Results


The effect of Andr supplementation on growth performance of L. vannamei

L. vannamei fed diets with 0.5 g/kg Andr showed significantly higher WG and SGR than the shrimps fed diet with 0 g/kg, 1 g/kg and 2 g/kg Andr (p< 0.05). Meanwhile, the FCR of 0.5 g/kg Andr group was 2.292 ± 0.064, which is significantly lower than the other group (p< 0.05). The SR of 0.5 g/kg and 1 g/kg Andr group were 85.000 ± 1.667%, 88.333 ± 0.076%, have no significantly difference with control group (p< 0.05). However, the SR of 2 g/kg Andr group was significantly lower than control group (Table 1, p > 0.05). The relationship between WG, SGR, FCR and Andr levels (Figure 1) was best expressed by the second-order polynomial regression equations as follows:


Table 1 | Growth performance of L. vannamei fed diets supplemented with different levels of Andr for 4 weeks.






Figure 1 | The relationship between WG (%) (A), SGR (%) (B), FCR (C) of L. vannamei and different levels of Andr. WG, weight gain rate; SGR, specific growth rate; FCR, Feed conversion ratio.



	

	

	

This figure showed that the optimum Andr level for L. vannamei is 0.5 g/kg diet.



Effect of Andr on hemocytes phagocytic function of L. vannamei

The results of phagocytic function in hemocytes detected by flow cytometry were shown in Figure 2A. After fed shrimps with diet containing different concentration of Andr, the phagocytic rate and phagocytic index of hemocytes were significantly higher than the control group (Figures 2B–D, p< 0.05). The expression of phagocytic genes in hemocytes was consistent with flow cytometry (Figure 2E). Diet Andr significantly upregulated the expression of phagocytic associated gene Integrin, Mas, Proxinectin (p< 0.05). The gene expression of Integrin, Mas, Proxinectin were highest in the 0.5 g/kg Andr group, and then gradually decreased. In addition, the THC was significantly higher in shrimps fed 0.5 g/kg and 1 g/kg Andr compared with control group (Figure 2F, p< 0.05).




Figure 2 | Effect of Andr on hemocytes phagocytic function of L. vannamei. (A) Scatter plot of phagocytic hemocytes ingested 0.5 µm microspheres. (B–D) The phagocytic rate, phagocytic index and phagocytic cells MFI in hemocytes. (E) The expression of phagocytic related genes in hemocytes detected by qPCR. (F) Total hemocytes count (THC) of L. vannamei fed a diet containing Andr for 28 days. Values are means ± SD. a,b,c Value bars not sharing the same superscript letter are significantly different as evaluated by Duncan ‘s test (p< 0.05).





Effect of Andr on immune-related gene of L. vannamei

To further explore the role of Andr on immunity of L. vannamei, expression of a series of immune related genes after fed the Andr for 4-week in vivo was investigated using RT-qPCR method, shown in Figure 3. Feeding diets supplemented with 0.5 g/kg Andr expression of almost all the examined immune effector genes involved in humoral immunity, including immune functional proteins (LSZ, PO and SOD), antimicrobial peptides (ALF1, PEN3 and crustin) and antioxidant protein (GST, GPX and CAT) significantly increased whether in hemocytes or hepatopancreas (Figures 3A–F, p< 0.05).




Figure 3 | Effect of Andr on Immune-related gene in hemocyte and hepatopancreas of L. vannamei. (A, D) antimicrobial peptides; (B, E) immune functional proteins; (C, F) antioxidant protein. ALF1, Anti-lipopolysaccharide factor 1; PEN3, Penaeidin-3; LSZ, lysozyme; pro-PO, phenol oxidase; SOD, superoxide dismutase; CAT, catalase; GPX, glutathione peroxidase; GST, Glutathione S-transferase. Values are means ± SD. a,b,c,d Value bars not sharing the same superscript letter are significantly different as evaluated by Duncan ‘s test (p< 0.05).





Antioxidative parameters

Dietary Andr significantly enhanced the SOD activity in plasma and hepatopancreas of L. vannamei (Figures 4A, E, p< 0.05). However, there was no significant difference in SOD activity between 0.5 g/kg and 1 g/kg Andr groups and the control group (p > 0.05). The capacity of T-AOC and the activity of CAT increased initially and decreased afterwards with increasing dietary Andr levels, which was significantly higher in shrimps fed 0.5 g/kg Andr group compared with control group (Figures 4B, C, F, G, p< 0.05). The MDA content in hepatopancreas was progressively decreased with the increase of dietary Andr, which had significantly lower values in 0.5 g/kg, 1 g/kg, and 2 g/kg Andr group compared with control group (Figure 4D, p< 0.05). The content of MDA in plasma of shrimps fed Andr group was significantly lower than that of control group (Figure 4H, p< 0.05), but the content of MDA was the lowest in 1 g/kg Andr group and slightly increased in 2 g/kg group.




Figure 4 | Effects of dietary Andr on antioxidative indices in plasma and hepatopancreas of L.vannamei. (A, E) SOD, total superoxide dismutase; (B, F) CAT, catalase; (C, G) T-AOC, total anti-oxidation capacity; (D, H) MDA, malondialdehyde. Values are means ± SD. a,b,c,d Value bars not sharing the same superscript letter are significantly different as evaluated by Duncan ‘s test (p< 0.05).





Andr alleviates oxidative damage and inflammatory response induced by V. alginolyticus infection on L. vannamei

In order to study the effect of Andr on V. alginolyticus infection of L.vannamei, V. alginolyticus challenge test was carried out on shrimps fed with Andr for 28 days (Figure 5). The results showed that the survival rate of shrimps fed contain Andr was significantly higher than that of control group after V. alginolyticus infection (p< 0.05). The survival rates of the control, 0.5 g/kg, 1 g/kg, 2g/kg Andr group were 0%, 77.7%, 22.2% and 0% at 7 days after V. alginolyticus infection, respectively (Figure 5A). The ROS levels of hemocytes in L. vannamei was detected by flow cytometry to investigate the effects of Andr on the oxidative damage of L. vannamei induced by V. alginolyticus infection. The result indicated that the generation of ROS in hemocytes of shrimps fed with Andr group were lower than that in control group (p< 0.05) (Figures 5B, C). Then, the damage of the hepatopancreas of shrimps was observed by histomorphology after V. alginolyticus infection. The results showed that the hepatopancreas of shrimps appeared fragmentation and hepatic tubular cavitation after V. alginolyticus infection. Feeding a diet containing Andr can alleviate hepatopancreas injury caused by V. alginolyticus infection (Figure 5D). Concurrently, the gene expression of TNFα and IL-1β in hemocytes and hepatopancreas were measured. The expression of inflammatory factors TNFα and IL-1β in hemocytes and hepatopancreas of shrimps were significantly up-regulated after V. alginolyticus infection. Feeding 0.5 g/kg Andr significantly inhibited the up-regulation of inflammatory factors induced by V. alginolyticus (Figures 5E, F, p< 0.05). However, the addition of 1 g/kg and 2 g/kg Andr showed no anti-inflammatory effect in hemocytes (p< 0.05).




Figure 5 | Andr alleviates oxidative damage and inflammatory response induced by V. alginolyticus infection on L. vannamei. (A) Percent survival of L. vannamei fed diet with Andr challenged with V. alginolyticus. (B, C) The ROS level in hemocytes was evaluated by analyzing DCF fluorescence intensity by flow cytometry. (D) Histopathological examination of the L. vannamei hepatopancreas under V. alginolyticus infection 6 h. Black arrows represent lumen of hepatic tubule of hepatopancreas, green arrows represent secretory cells of hepatopancreas, and red arrows represent absorptive cells of hepatopancreas. Scale bar, 50 mm. (E, F) The expression of TNFα and IL-1β detected by qPCR. Values are means ± SD. a,b,c,d,e Value bars not sharing the same superscript letter are significantly different as evaluated by Duncan ‘s test (p< 0.05).





Andr inhibits cell apoptosis induced by V. alginolyticus infection on L. vannamei

The expression of apoptosis-related gene in hemocytes and hepatopancreas was detected by qRT-PCR (Figures 6A, B). The expression of pro-apoptotic genes (Bax, caspase3 and p53) was significantly up-regulated in hemocytes and hepatopancreas of shrimps infected with V. alginolyticus (p< 0.05). Compare with control group, the expression of pro-apoptotic genes (Bax, caspase3 and p53) in shrimps fed with 0.5 g/kg and 1 g/kg Andr was significantly decreased (p< 0.05). The anti-apoptotic gene Bcl-2 showed an opposite trend to the pro-apoptotic gene, and the difference was significant (p< 0.05). To further verify the effect of Andr on the apoptosis of shrimp induced by V. alginolyticus, flow cytometry was used to detect the apoptosis of hemocytes in shrimp (Figure 6C). After V. alginolyticus infection, the apoptosis rate of shrimps fed with Andr (0.5 g/kg, 1 g/kg and 2 g/kg) was significantly decreased than that in control group (Figure 6D, both p< 0.05). Similarly, TUNEL positive cell rate in shrimp hepatopancreas revealed that apoptotic cells increased after V. alginolyticus infection. Compare with control group, the rate of TUNEL-positive cells in hepatopancreas of shrimps fed with Andr was significantly reduced (Figures 6E, F, p< 0.05).




Figure 6 | Andr inhibits cell apoptosis induced by V. alginolyticus infection on L. vannamei. (A, B) The expression of apoptosis-related gene in hemocytes and hepatopancreas of L. vannamei under V. alginolyticus infection 6 h. (C, D) Detection of apoptosis in hemocytes of L. vannamei by flow cytometry after V. alginolyticus infection 6 h. (E, F) Detection of apoptosis in hepatopancreas of L. vannamei by TUNEL stain after V. alginolyticus infection 6 h. Values are means ± SD. a,b,c,d Value bars not sharing the same superscript letter are significantly different as evaluated by Duncan ‘s test (p< 0.05).





Andr inhibited JNK activation induced by V. alginolyticus infection on L. vannamei

Considering that JNK is important mediators of apoptosis, we examined the influence of Andr on JNK activity during V. alginolyticus infection. qRT-PCR analysis revealed an increase in the expressions of JNK whether in hemocytes or in hepatopancreas of shrimp after V. alginolyticus infection, indicating that JNK was activated by V. alginolyticus infection (Figures 7A, B, both p< 0.05). Fed shrimps with Andr mitigated this increase induced by V. alginolyticus (Figures 7A, B, both p< 0.05). Further study by western blot analysis found that V. alginolyticus infection could induce phosphorylation of JNK, while Andr could inhibit such phosphorylation (Figures 7C, D, both p< 0.05).




Figure 7 | Andr inhibited JNK activation induced by V. alginolyticus infection on L. vannamei. (A, B) The gene expression of JNK in hemocytes and hepatopancreas detected by qPCR. (C, D) The expressions of JNK, p-JNK in hepatopancreas were analyzed by Western blot. Values are means ± SD. a,b,c,d Value bars not sharing the same superscript letter are significantly different as evaluated by Duncan ‘s test (p< 0.05).





Andr reduces V. alginolyticus-induced apoptosis by inhibiting ROS generation and JNK activation

To further clarify the mechanism of Andr alleviating V. alginolyticus-induced apoptosis from the perspective of JNK and ROS, we treated hemocytes in vitro with the JNK specific inhibitor anisomycin and the ROS scavenger NAC, respectively. Then, the generation of ROS, the rate of apoptosis, the expressions of apoptosis-related genes and inflammatory factor was analyzed. The generation of ROS induced by V. alginolyticus was detected by DCFH-DA staining and flow cytometry analysis. Compared with the control group, DCFH-DA fluorescence intensity in vitro was dramatically stimulated by V. alginolyticus. The Andr obviously weakened the production of ROS in hemocytes treated with V. alginolyticus, with the same effect observed in the group treated with NAC (Figures 8A, B, p< 0.05). Treat with anisomycin, the attenuating effect of Andr and NAC on the ROS production of hemocytes under V. alginolyticus infection disappeared (p< 0.05). Meanwhile, the gene expression of JNK was significantly suppressed by Andr and NAC, and activated by anisomycin (Figure 8C, p< 0.05). Furthermore, changes in cell apoptosis were detected by TUNEL-stain assay to investigate the mechanism of Andr on the apoptosis induced by V. alginolyticus. The TUNEL-positive rate was significantly elevated in response to V. alginolyticus treatment, which could be reversed by treatment with NAC. The addition of Andr also substantially decreased the TUNEL-positive rate, similar to NAC treatment (Figures 8H, I, p< 0.05). Consistent with the result of TUNEL stain, the up-regulation of pro-apoptosis genes (Bax, caspase 3 and p53) and the down-regulation of anti-apoptosis genes (Bcl-2) induced by V. alginolyticus was suppressed by Andr and NAC (Figures 8C–G, p< 0.05). Moreover, we further verified whether Andr could inhibit the V. alginolyticus -induced activation of inflammation through ROS. As illustrated in Figures 8J, K, Andr and NAC both clearly reversed the over expression of TNFα and IL-1β induced by V. alginolyticus stimulation (p< 0.05). These results indicated that V. alginolyticus could activate JNK and the apoptosis signaling pathways by inducing ROS overproduction. Meanwhile, Andr could inhibit the above inflammatory response through ROS-JNK signaling.




Figure 8 | Andr reduces V. alginolyticus-induced apoptosis by inhibiting ROS generation and JNK activation. Uninfected or V. alginolyticus-infected cells were treated with Andr, NAC or anisomycin. At 24 h, the cells were detected for the related indices. (A, B) The ROS level were detected by flow cytometry. (C-G) The expression of JNK and apoptosis-related gene detected by qPCR. (H, I) The apoptosis detected by TUNEL stain. (J, K) The expression of TNFα and IL-1β detected by qPCR. Values are means ± SD. a,b,c,d,e,f Value bars not sharing the same superscript letter are significantly different as evaluated by Duncan ‘s test (p< 0.05).






Discussion

Bacterial infection is an important biological factor restricting the development of shrimp culture. V. alginolyticus is one of the major pathogens causing mass mortality of shrimps worldwide, affecting energy metabolism, immune response and development of shrimps (52–54). Our previous studies have shown that the infection of V. alginolyticus can affect the survival, growth and metabolism of shrimp, induce the production of ROS, apoptosis and autophagy, reduce immune function, and cause DNA damage (22, 55–57). Therefore, it is necessary to find a drug that can protect shrimp from V. alginolyticus. Andr has been reported to be a promising therapeutic for treatment of multiple types of infectious diseases, with anti-inflammatory, antioxidant, and immunomodulatory functions (58). However, little is known about the effects and biochemical mechanisms of action of Andr in the infection of V. alginolyticus on L. vannamei. In the present study, the results demonstrated that Andr promote the growth and immunity of L. vannamei, and protects shrimp against V. alginolyticus by regulating inflammation and apoptosis via a ROS-JNK dependent pathway.

Andr being used as a dietary supplement to improve immunity in patients has a long history (48, 59, 60). In recent years, Andr has also been used as feed additive in animal husbandry (61) and aquaculture (49, 50). In the present study, L. vannamei fed diets with 0.5 g/kg Andr showed significantly higher WG and SGR than shrimps fed the diet with 0 g/kg, 1 g/kg and 2 g/kg Andr. Consistent with many plants extract additive studies, the weight gain of shrimps first increased and then decreased with increasing amounts of additive (25). In addition, the addition amount of Andr varies greatly among different species. In L. rohita, a higher weight gain (BWG) and protein efficiency ratio (PER) was found when fed a diet supplemented with Andr (1 -16 g/kg feed) (49). In M.albus, the optimal supplemental level of Andr was 75-150 mg/kg (50), which was far lower than that of L. rohita and shrimp in the present study. Several studies showed strong effects of plants in boosting the shrimp immune system against pathogens in aquaculture (25, 62). In Crustaceans, THC, phenoloxidase activity, antioxidant enzyme activity, antimicrobial peptide and phagocytic activity are commonly considered as useful indicators of immunosurveillance status in animals (24). It has been shown that the addition of Andr to fish diets can increase phagocytic activity of hemocyte (49). In line with the previous findings, dietary Andr enhanced the THC and phagocytosis of shrimps hemocytes. Like hemocytes, hepatopancreas are also important immune organs in crustaceans, which play a very important role in the immune response against pathogen invasion (22). Results obtained in the present study showed that dietary Andr significantly upregulated the expression of immune-related genes, antimicrobial peptide genes, antioxidant genes and enzyme activity in both hemocytes and hepatopancreas. A similar result was found that Andr increased the activities of SOD, CAT, GPx, GST, GSH and GR in the liver (50). Considering these indicators together, we concluded that Andr promoted the immunity of shrimp organism. In this study, dietary Andr also significantly enhanced the resistance of shrimp to V. alginolyticus, which directly reflected the improvement of immune function by Andr.

ROS can function as key indicators that serve a prominent role in the mediation of both cell survival and death following exposure to various stimuli (63). Increased ROS can induce oxidative stress when the balance between oxidation and reduction-regulated cellular processes is disrupted and cells are unable to repair the resulting oxidative damage (64). Our previous studies demonstrated that the increased ROS production and DNA damage coexisted in hemocytes at 6 h after V. alginolyticus infection (55, 65). Thus, controlling the cellular ROS levels is conducive to the survival of cells in adverse environment (66, 67). Andr has been reported to ameliorate damage caused by disease by reducing oxidative stress and inflammation (35, 68). Herein, Andr treatment significantly reduce the increase of ROS production and inflammation in shrimp hemocytes induced by V. alginolyticus infection, indicating that Andr ameliorates oxidative stress and inflammation in shrimp hemocytes induced by V. alginolyticus infection. Excessive amounts of ROS can affect multiple signaling pathways, such as MAPKs, JNK, NF-KB, result in oxidative stress, excessive inflammatory responses, tissue damage and apoptosis (20, 69). For extracellular bacteria such as V, alginolyticus, apoptosis induction in host cells is not necessarily associated with direct bacterial contact. Rather, various cytokines produced by the immune system plays major roles in apoptosis-induction and sensitivity (70). V. alginolyticus regulates proinflammatory cytokines IL-1β, IL-6, IL-12 and TNFα production in macrophages (5) accompanied by the activation of JNK pathways (71). Both endogenous and endogenous ROS induce JNK activation (72), which plays a key role in inducing apoptosis (73). The JNK pathway represents one sub-group of MAP kinases that activated by a series of phosphorylation in response to various stress stimuli like environmental stresses and inflammatory cytokines (74–76). The inhibitors of JNK (SP600125) significantly reduced the production of IL-1β, IL-6, IL-12 and TNFα induced by V. alginolyticus (71). Therefore, inhibition of JNK signaling may be a perfect adjuvant therapy for V. alginolyticus infections. Several studies have demonstrated that the phosphorylation of MAPKs is mediated by Andr (77–79). Treatment with Andr significantly increased the expression levels of phosphorylated JNK in osteosarcoma cells (80). In this study, we also observed that V. alginolyticus infection could lead to increased JNK activation and apoptosis in hepatopancreas of L. vannamei, while Andr could inhibit this increase.

Considering the role of ROS production and JNK activation in triggering apoptosis and inflammation, we hypothesized that Andr inhibits the activation of JNK pathway by excessive ROS, which may be one of the reasons that Andr protects L. vannamei from V. alginolyticus infection. Thereafter, we investigated the mechanism of Andr alleviates V. alginolyticus-induced inflammation and apoptosis from the perspective of ROS and JNK activation. The ROS scavenger NAC was used to inhibit ROS production in vitro. The results showed that the ROS scavenger NAC decreased the expression of apoptotic and inflammation genes (Bax, caspase3, p53 and IL-1β, TNFα) and the TUNEL-positive cell rate induced by V. alginolyticus infection, ascertaining that ROS acts as an upstream signal in V. alginolyticus induced apoptosis. Andr can mitigate ROS generation and thus reduce the inflammation and apoptosis caused by V. alginolyticus. Intriguingly, the inhibitory effect of Andr on ROS generation was similar to that of NAC. Furthermore, we activated the JNK signaling pathway through anisomycin on the basis of Andr or NAC treatment of cells. Anisomycin counteracts the inhibitory effect of Andr or NAC on V. alginolyticus induced inflammation and apoptosis, implicating that Andr inhibits V. alginolyticus-induced inflammation and apoptosis by inhibiting the activation of JNK pathway.

In conclusion, the present study showed that the supplementation of Andr in diets significantly enhanced the growth and promoted the non-specific immunity and the resistance to V. alginolyticus in L. vannamei. Furthermore, a mechanism of Andr protects L. vannamei against V. alginolyticus was certified in the present study. Andr inhibited the inflammation and apoptosis induced by V. alginolyticus via a ROS-JNK dependent pathway (Figure 9). These results improve the understanding of the pathogenesis of V. alginolyticus infection and provide clues to the development of effective drugs against V. alginolyticus.




Figure 9 | Schematic representation of the inhibitory mechanism of Andr on V. alginolyticus-induced inflammation and apoptosis.
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TRIM (tripartite motif) proteins have been demonstrated to exert critical roles in host defense against different microbial pathogens. Among them, TRIM23 acts as an important regulatory factor in antiviral immune and inflammatory responses, but the roles of fish TRIM23 against virus infection still remain largely unknown. Here, we investigated the characteristics of TRIM23 homolog from orange spotted grouper (Epinephelus coioides) (EcTRIM23). EcTRIM23 encoded a 580 amino acid peptide, which shared 93.1%, 89.73% and 86.36% identity with golden perch (Perca flavescens), zebrafish (Danio rerio) and human (Homo sapiens), respectively. The transcription levels of EcTRIM23 were significantly up-regulated in response to Singapore grouper iridovirus (SGIV) and red-spotted grouper nervous necrosis virus (RGNNV) infection. EcTRIM23 overexpression in vitro significantly inhibited RGNNV and SGIV replication, evidenced by the delayed cytopathic effect (CPE) progression and the decreased expression of viral core genes. EcTRIM23 significantly increased the expression levels of interferon (IFN) related signaling molecules and pro-inflammatory cytokines, as well as the promoter activities of IFN and NF-κB, suggesting that EcTRIM23 exerted antiviral function by positively regulating host IFN response. Exogenous EcTRIM23 exhibited either diffuse or aggregated localization in grouper cells. After co-transfection, TANK binding kinase 1 (TBK1), TNF receptor associated factor (TRAF) 3 and TRAF4, TRAF5 and TRAF6 were found to interact with EcTRIM23 in grouper cells. Moreover, these proteins could be recruited and co-localized with EcTRIM23 in vitro. Together, our results demonstrated that fish TRIM23 exerted antiviral activity against fish viruses by interacting with multiple host proteins to regulate immune responses.
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Introduction

Tripartite motif-containing (TRIM) proteins are a versatile family of E3 ligases which are involved in a multitude of cellular processes, including cell proliferation, differentiation, growth, apoptosis and cancer, signal transduction and innate immune responses (1–4). Notably, recent studies have demonstrated that many TRIM proteins play important roles in the host defense against viral infection, and most of them have emerged as key components of the innate immune system (1, 3). For instance, TRIM25 E3 ubiquitin ligase induced the Lys 63-linked ubiquitination of retinoic acid-inducible gene I (RIG-I) to elicit host antiviral innate immunity (5), and TRIM21 overexpression resulted in the secretion of tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) by activating the proinflammatory response (6). TRIM65-catalized ubiquitination was essential for melanoma differentiation associated gene 5 (MDA5)-mediated antiviral innate immunity (7). In addition, TRIM5α also interacted with the intact HIV-1 capsid lattice and formed a complementary lattice that induced premature virion disassembly and blocked viral infection (8). Interestingly, the great diversity and considerable variation in the number of TRIM genes were detected in the genomes of teleost fish (9, 10). Moreover, zebrafish finTRIM83 induced IFN and IFN-stimulated gene expression and afforded protection against viral hemorrhagic septicemia virus (VHSV) and infectious hematopoietic necrosis virus (IHNV) infection (11, 12).

TRIM23, also named ADP ribosylation factor domain protein 1 (ARD1), has been reported to exhibit two enzymatic functions: E3 ubiquitin ligase activity in the RING domain and GTPase activity in the C-terminal ARF domain (13, 14). Subcellular localization showed that TRIM23 was associated with the Golgi complex and lysosomal structures (15). TRIM23 interacted with TBK1, which was well known to regulate the IFN response and recently had been related to autophagy (16). In addition, ubiquitin conjugation mediated by TRIM23 to the NF-κB essential modulator was important to antiviral innate and inflammatory responses mediated by toll-like receptors 3 (TLR3) and RIG-I/MDA5 (17, 18). In addition to interacting with host proteins, TRIM23 also affected the host interferon immune response by interacting with viral proteins. Herpes simplex virus 1 (HSV-1) Us11 protein targeted TRIM23 and disrupted the TRIM23-TBK1 complex, which impaired autophagy and autophagy-mediated virus restriction (19). Although great efforts have been made on the roles of mammalian TRIM23 in response to virus infection, few reports focused on the function of TRIM23 from lower vertebrates, especially from fish (20).

Groupers (Epinephelus spp.) are widely cultured in China and south-east Asian countries. However, the emergence of iridoviral and nodaviral diseases caused heavy economic losses in grouper aquaculture in recent years (21, 22). Singapore grouper iridovirus (SGIV), a large DNA virus which belongs to family Iridoviridae, induced the mortality rates from 30% (adult fish) to 100% (fry). Red-spotted grouper nervous necrosis virus (RGNNV), a non-enveloped RNA virus which belongs to family Nodaviridae induced up to 100% mortality rates at the larval and juvenile stages in grouper aquaculture (23). To date, multiple host immune regulatory molecules involved in TLR signaling pathway have been characterized in grouper defense against iridovirus and nodavirus pathogens, including stimulator of interferon genes (STING) (24), TBK1 (25), mitochondrial antiviral signaling protein (MAVS) (26), MDA5 (27), laboratory of genetics and physiology 2 (LGP2) (28), and tumor necrosis factor receptor-associated factors (TRAFs) (29, 30). In addition, several TRIMs were cloned from grouper and their roles in fish viruses replication were characterized. For example, grouper TRIM13, TRIM62 and TRIM35 were found to negatively regulate the antiviral immune response against nodavirus (31–33), whereas grouper TRIM32 and TRIM82 acted as an antiviral factor against both iridovirus and nodavirus infection, respectively (34, 35). Recently a study showed that TRIM23 from grass carp not only colocalized and interacted with TRAF6 and myeloid differentiation factor 88 (MyD88), but also induced autophagy (20). Whether grouper TRIM23 was involved in different fish viruses infection, and the potential mechanism still remained uncertain.

In the present study, we cloned and characterized a novel TRIM23 gene from orange spotted grouper (Epinephelus coioides) (EcTRIM23). The expression profiles of EcTRIM23 upon grouper virus infection were examined, and its roles in virus replication was investigated in vitro. Furthermore, the regulatory effects of EcTRIM23 on host immune genes were evaluated and its interacted proteins were identified. Our results will provide new insights into understanding the mechanism of fish TRIM23 against viral infection.



Materials and methods


Cells and viruses

Grouper spleen (GS) cells were maintained in Leibovitz’s L15 medium supplemented with 10% fetal bovine serum (FBS, Gibco) at 28°C (36). The viruses including SGIV and RGNNV were infected with GS cells, collected and lysed by three freeze-thaw cycles. The virus stocks were titered by the 50% tissue culture infective dose (TCID50) assay as described previously (36).



EcTRIM23 cloning, sequence analysis and plasmid construction

Based on the EST sequences from the transcriptome data (36, 37), the ORF of EcTRIM23 was cloned by PCR amplification using primers EcTRIM23-ORF-F/EcTRIM23-ORF-R, and then verified using DNA sequencing. The conserved functional domains were predicted using SMART program. Multiple sequence alignment was performed using ClustalX1.83 software, and edited with GENEDOC program. A Neighbor-joining phylogenetic tree was constructed using Mega 6.0 software.

To clarify the potential function of EcTRIM23 in vitro, EcTRIM23 was cloned into pEGFP-C1 vector using the specific primers EcTRIM23-C1-HindIII-F/EcTRIM23-C1-BamHI-R. The recombinant plasmid (pEGFP-EcTRIM23) was subsequently confirmed by DNA sequencing.



Expression profiles of EcTRIM23 in response to viral infection

To determine the expression patterns of EcTRIM23 against fish virus infection, GS cells were infected with SGIV or RGNNV at a multiplicity of infection (MOI) of 2. Then cells were collected at 6 h, 12 h, 24 h, 48 h post-infection (p.i.), and subjected to further quantitative PCR (qPCR) analysis.



Cell transfection and immune fluorescence assay

To detect the localization of EcTRIM23 in vitro, GS cells were seeded into 24-well plates overnight, and then transfected with pEGFP-C1 or pEGFP-EcTRIM23 using the transfection reagent Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions (31). At 48 h post-transfection (p.t.), cells were fixed with 4% paraformaldehyde (PFA) and stained with 4, 6-diamidino-2-phenylindole (DAPI) for 5 min. The cells were observed under fluorescence microscopy (Zeiss, Germany).

To determine the levels of co-localization between EcTRIM23 and its interacted partners, GS cells were co-transfected pEGFP-EcTRIM23 with HA-EcTBK1, HA-EcTRAF3, HA-EcTRAF4, HA-EcTRAF5 or HA-EcTRAF6, respectively. The intracellular localization of HA-tagged proteins were processed using immunofluorescence assay (IFA) as described previously (38). At 48 h p.t., cells were fixed and incubated with anti-HA (1:200), followed by goat anti-mouse IgG Fab2 Alexa Fluor 555 (Invitrogen, USA; 1:200). Finally, cells were stained with DAPI and observed under a fluorescence microscope (Zeiss, Germany).



RNA extraction and qPCR analysis

To determine the effects of EcTRIM23 on viral or host gene transcriptions, the transfected or infected cells were harvested at indicated time points for RNA isolation. The total RNA of cells was extracted using an SV Total RNA Isolation System (Promega) and reverse-transcribed with a ReverTra Ace qPCR RT kit (Toyobo) as described previously (31). The transcription levels of viral or host genes were determined by qPCR using the SYBR Green real-time PCR Kit (Toyobo) according to the manufacturers’ instructions. The viral genes included RGNNV coat protein (CP), RNA-dependent RNA polymerase (RdRp) and SGIV major capsid protein (MCP), and viral protein VP19. The host immune genes included interferon regulator factor (IRF) 3, IRF7, interferon stimulated gene (ISG) 15, ISG56, interferon-induced 35 (IFP35), and myxovirus resistance gene (MXI), interleukin (IL)-1β, IL-8, and tumor necrosis factor α (TNFα). The primers used in this study were listed in Table 1. Each qPCR analysis was performed at least in triplicate using the following cycling conditions: 94°C for 5 min, followed by 45 cycles at 94°C for 5 s, 60°C for 10 s, and 72°C for 15 s. The levels of target gene expression were normalized to that of β-actin and calculated using the 2−ΔΔCT method. The data were represented as the mean ± standard deviation (SD).


Table 1 | Primers used in this study.





Dual-luciferase reporter assay

To detect the interferon promoter activity induced by EcTRIM23, the reporter plasmids (IFN-Luc, ISRE-Luc or NF-κB-Luc) or Renilla luciferase (internal control) were co-transfected with pEGFP-EcTRIM23 or pEGFP-C1 in grouper cells, respectively. At 48 h p.t., cells were lysed, and the luciferase assay was determined using the Dual-Luciferase Reporter Assay system (Promega) as described previously (31).



Co-Immunoprecipitation (Co-IP) assay and immunoblotting analysis

For the Co-IP assay, GS cells were seeded into 10-cm dishes overnight and co-transfected with target gene plasmids, including 3HA-EcTBK1, 3HA-EcTRAF3, 3HA-EcTRAF4, 3HA-EcTRAF5 or 3HA-EcTRAF6, and pEGFP-EcTRIM23 or pEGFP-C1. At 48 h p.t., cells were washed twice with ice-cold PBS, and then lysed by IP lysis buffer. After centrifugation at 12,000 g for 3 min at 4°C, the supernatants were collected for immunoprecipitation using the Dynabeads™ Protein G Immunoprecipitation Kit (Thermofisher, USA) according to the instructions. In brief, the Dynabeads™ Protein G were incubated with anti-GFP (1:200; Abcam, USA) for 10 min at room temperature and incubated with the supernatants containing the antigen (Ag) for 90 min. After washing with washing buffer, the Dynabeads-Ab-Ag complex was gently resuspended in 20 µl elution buffer for immunoblotting assay with indicated Abs (37).

The complex mentioned above was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to 0.22-μm polyvinylidene difluoride (PVDF) membranes (Millipore, USA). After blocking with 5% skim milk, the membranes were incubated with the anti-GFP (1:1,000; Abcam, USA), anti-HA (1:1,000; Sigma, USA) or anti-β-tubulin (1:2,000; Abcam, USA) for 2 h. Subsequently, the membranes were incubated with horseradish peroxidase (HRP)-conjugated sheep anti-rabbit IgG or sheep anti-mouse IgG (1:3,000; Abcam, USA) for further 2 h. After washing with PBST, the specific binds were visualized using Pierce™ ECL Western Blotting Substrate (Thermofisher, USA). The results were representative of three independent experiments.



Statistical analysis

The statistical analysis was performed using SPSS version 20. Statistical significance was determined using a student’s t-test and established at p < 0.05(*).




Results


Sequence characteristics of EcTRIM23

After PCR amplification and DNA sequencing, we confirmed that EcTRIM23 encoded a 580 amino acid peptide which shared 93.1%, 89.73% and 86.36% identity with golden perch (Perca flavescens), zebrafish (Danio rerio) and humans (Homo sapiens), respectively. Amino acid alignment indicated that EcTRIM23 contained several conserved domains, including a RING domain, B-BOX domain, coiled-coil domain, and an ADP-ribosylation factor (ARF) domain (Figure 1A). Phylogenetic analysis indicated that EcTRIM23 showed the closest phylogenetic relationship to golden perch, followed by other fishes, amphibians and mammals (Figure 1B).




Figure 1 | Sequence characteristics of EcTRIM23. (A) Amino acid alignment of EcTRIM23 and other TRIM23 homologs from different species. The conserved domains, including RING domain, B-BOX domain, coiled-coil domain and ARF domain are underlined. (B) Phylogenetic analysis of EcTRIM23. A phylogenetic tree was constructed using MEGA 4.0 with the neighbor-joining (NJ) method. The bootstrap values are indicated at the branch points. The sequences of TRIM23 genes used in this study were obtained from GenBank, and their accession numbers are listed as follows: Perca flavescens, XP_028457727; Lates calcarifer, XP_018517789; Seriola dumerili, XP_022595517; Larimichthys crocea, XP_019134261; Takifugu flavidus, TWW66274; Carassius auratus, XP_026129098; Ctenopharyngodon idella, QBQ04133; Danio rerio, XP_005155659; Salmo salar, XP_013982389; Oncorhynchus mykiss, XP_021458645; Xenopus laevis, XP_018121234; Gallus gallus, XP_424752; Bos taurus, XP_010815025; Homo sapiens, NP_001647; Rattus norvegicus, NP_001094107; Mus musculus, AAH56390.





Expression patterns of EcTRIM23 in response to fish viruses in vitro

To detect the changes in mRNA expression of EcTRIM23 in response to viral infection in vitro, GS cells were infected with SGIV or RGNNV, respectively, and the mock- and infected-cells were harvested at the indicated time points for qPCR analysis. As shown in Figure 2, the transcription levels of SGIV MCP and RGNNV CP increased gradually with time after infection (Figures 2A, C), suggested that SGIV and RGNNV replicated well in GS cells. During SGIV infection, the transcription of EcTRIM23 significantly increased from 12 h p.i., and reached a peak of 30.77-fold at 48 h p.i. compared to mock-infected cells (Figure 2B). Similarly, in RGNNV-infected cells, the transcription of EcTRIM23 also gradually increased up to the peak of 12.70-fold at 48 h p.i. compared to that in mock-infected cells (Figure 2D). Thus, we speculated that either SGIV or RGNNV infection induced significant increase of EcTRIM23 transcription in vitro.




Figure 2 | Expression profiles of EcTRIM23 during virus infection. In SGIV or RGNNV infected cells, SGIV MCP (A), RGNNV CP (B) and EcTRIM23 (C, D) were detected by qPCR. GS cells were infected with SGIV or RGNNV, and then collected at the indicated time points for qPCR examination. *p < 0.05.





EcTRIM23 acted as an antiviral factor during SGIV and RGNNV infection

To clarify the role of EcTRIM23 during virus replication in vitro, we evaluated its effects on CPE progression and viral gene transcriptions in EcTRIM23-overexpressing cells upon virus infection. As shown in Figure 3A, the severity of SGIV-induced CPE was obviously weakened in EcTRIM23-overexpressing cells compared with the empty vector transfected cells. Consistently, the transcription levels of viral genes, including SGIV MCP and VP19, were significantly decreased in SGIV-infected EcTRIM23-overexpressing cells compared to those in the empty vector transfected cells (Figure 3B). Similarly, EcTRIM23 overexpression obviously decreased the number of vacuoles induced by RGNNV, and significantly reduced the expression levels of RGNNV CP and RdRp compared to the empty vector transfected cells (Figures 3A, C). Together, EcTRIM23 exerted antiviral action against SGIV and RGNNV in vitro.




Figure 3 | The effects of EcTRIM23 on SGIV and RGNNV replication. (A) EcTRIM23 overexpression weakened the severity of virus-induced CPE in GS cells. The white arrows indicated the vacuoles induced by RGNNV infection and the arrowheads showed the rounding and aggregated cells induced by SGIV infection. (B) The transcription of SGIV MCP and VP19 in infected EcTRIM23-overexpressing cells. (C) The transcription of RGNNV CP and RdRp in infected EcTRIM23-overexpressing cells. The transfected cells were infected with SGIV or RGNNV, and harvested at 12 h.p.i. and 24 h.p.i. to determine the mRNA expression levels of viral genes by qPCR. *p < 0.05.





EcTRIM23 overexpression enhanced the interferon and inflammatory responses

To probe the potential mechanism underlying the antiviral action of EcTRIM23, we firstly detected the effects of EcTRIM23 overexpression on host interferon and inflammatory responses. Using dual-luciferase reporter assay, we found that the promoter activities of ISRE, IFN, and NF-κB in EcTRIM23 transfected cells were all significantly increased compared to those in the cells transfected with the empty vector (Figure 4A). Meanwhile, the expression levels of immune-related genes in EcTRIM23-overexpressing cells were examined using qPCR. As shown in Figure 4B, the transcripts of interferon related signaling molecules, such as IRF3, IRF7, ISG15, ISG56, IFP35, and MXI were all significantly up-regulated in EcTRIM23-overexpressing cells compared to the control vector transfected cells. In particular, the expression levels of IRF3 and IRF7 in EcTRIM23-overexpressing cells were increased up to 13.87 and 13.53 folds compared to the control vector transfected cells, respectively. In addition, EcTRIM23 overexpression also significantly increased the transcription of pro-inflammatory factors, including TNFα, IL-1β, and IL-8 (Figure 4C). The data indicated that EcTRIM23 positively regulated the host interferon and inflammatory responses.




Figure 4 | The effects of EcTRIM23 overexpression on host immune response. (A) The effects of EcTRIM23 on the promoter activities of IFN, ISRE and NF-κB. GS cells were co-transfected with pEGFP-EcTRIM23 and ISRE-Luc, IFN-Luc, or NF-κB-Luc for 48 h, respectively. Cell were lysed, and the luciferase activities were measured using the dual-luciferase reporter assay. (B, C) The effects of EcTRIM23 overexpression on the transcription levels of interferon-related genes (B) and pro-inflammatory factors (C). GS cells were transfected with pEGFP-EcTRIM23 or pEGFP-C1, and then the cells were collected at 48 h for qPCR analysis. The expression levels of IRF3, IRF7, ISG15, IFP35, MXI, ISG56, TNF-α, IL-1β, and IL-8 were determined by qPCR, respectively. *p < 0.05.





EcTRIM23 encoded a cytoplasmic protein and interacted with EcTBK1

Next, we detected the subcellular localization of EcTRIM23 in vitro under fluorescence microscopy. As shown in Figure 5A, the green fluorescence was distributed throughout the cytoplasm and nucleus in the pEGFP-C1 transfected cells. In contrast, the diffuse or aggregated green fluorescence was only observed in the cytoplasm in EcTRIM23-transfected cells, but not in the nucleus. Thus, EcTRIM23 was proposed to encode a cytoplasmic protein.




Figure 5 | EcTRIM23 recruited and interacted with EcTBK1. (A) Subcellular localization of EcTRIM23 in grouper cells. GS cells were transfected with pEGFP-C1 or pEGFP-EcTRIM23 for 48 h After fixation, the cells were stained with DAPI. The fluorescence was observed under fluorescence microscopy. (B) EcTRIM23 interacted with EcTBK1. GS cells were co-transfected with pEGFP-EcTRIM23 or pEGFP-C1 and HA-EcTBK1 for 48 h The cells were lysed and immunoprecipitation using the Dynabeads™ Protein G incubation with anti-GFP. Then the Dynabeads-Ab-Ag complex was prepared for immunoblotting assay with anti-GFP and anti-HA antibodies (Abs), respectively. (C) EcTRIM23 recruited and colocalized with EcTBK1. GS cells were co-transfected with pEGFP-EcTRIM23 or pEGFP-C1 and HA-EcTBK1 for 48 h, and then fixed for IFA assay.



It has been reported that TRIM23 could interact with TBK1 during its antiviral action (16). Our previous report also showed that EcTBK1 exerted antiviral activity against iridovirus infection (25), thus we probed the potential interaction between EcTRIM23 and EcTBK1 in vitro. As shown in Figure 5B, Co-IP assay showed that EcTBK1 could only be immunoprecipitated in EcTRIM23-EcTBK1 co-transfected cells, but not in vector-EcTBK1 co-transfected cells, indicating that EcTRIM23 interacted with EcTBK1. Under fluorescence microscope, we observed that the red fluorescence from EcTBK1 evenly distributed in the cytoplasm in pEGFP-C1 and HA-EcTBK1 co-transfected cells, that was consistent with our previous study. Strikingly, EcTRIM23 induced the formation of aggregates of EcTBK1 in some co-transfected cells. Moreover, the diffuse and aggregated fluorescence distribution of EcTRIM23 almost overlapped with that of EcTBK1 (Figure 5C), suggesting that EcTRIM23 could recruit and co-localize with EcTBK1.



EcTRIM23 also interacted with grouper TRAFs

TRIM23 has been demonstrated to interact with TRAF6 and TRAF3 during its antiviral action (19, 20). As important cytoplasmic adaptor proteins, TRAFs exert pivotal roles in many biological processes, including immune regulation, inflammatory responses, and apoptosis (39). To ascertain whether EcTRIM23 was associated with EcTRAFs, the interaction between EcTRIM23 and EcTRAFs was also assessed by Co-IP assay and subcellular localization analysis. As shown in Figure 6A, in HA-tagged EcTRAFs and pEGFP-EcTRIM23 co-transfected grouper cells, EcTRAF3, EcTRAF4, EcTRAF5 and EcTRAF6 could all be immunoprecipitated with EcTRIM23, but not in vector co-transfected cells. Interestingly, in co-transfected cells, we observed that both the diffuse and aggregated green fluorescence from pEGFP-EcTRIM23 almost overlapped with the red fluorescence recognized HA-tagged EcTRAF3, EcTRAF4, EcTRAF5 and EcTRAF6 (Figures 6B–E). These results demonstrated that EcTRIM23 could interact with TRAF3, TRAF4, TRAF5 or TRAF6, respectively.




Figure 6 | EcTRIM23 interacted with EcTRAFs in grouper cells. (A) EcTRIM23 interacted with EcTRAFs, including EcTRAF3, EcTRAF4, EcTRAF5 and EcTRAF6. GS cells were co-transfected with pEGFP-EcTRIM23 or pEGFP-C1 and HA-EcTRAFs for 48 h. After immunoprecipitation with GFP antibody, immunoblotting was carried out using anti-GFP and anti-HA antibodies (Abs), respectively. EcTRIM23 colocalized with different TRAFs, including EcTRAF3 (B), EcTRAF4 (C), EcTRAF5 (D) and EcTRAF6 (E). GS cells were co-transfected with pEGFP-EcTRIM23 and HA-EcTRAFs (HA-EcTRAF3, HA-EcTRAF4, HA-EcTRAF5 and HA-EcTRAF6) for 48 h, and then fixed for IFA assay.






Discussion

Increased studies demonstrated that multiple TRIM proteins participated in the distinct steps in the viral life cycle and employed distinct mechanisms to inhibit viral entry, replication or dissemination. Some TRIM proteins modulated signal transduction pathways induced by innate immune sensors, while others were involved in virus-induced autophagy and autophagy-mediated viral clearance (4, 16). Recently, several fish TRIM genes have been shown to be involved in antiviral innate immune response against fish viruses (32–35). Here, the roles of EcTRIM23 in grouper viruses infection were characterized. EcTRIM23 contained the conserved domains from fish to mammals, including RING domain, B-BOX domain, coiled-coil domain, and ARF domain, but showed sequence variations at N-terminal 32 amino acid residues. Upon SGIV or RGNNV infection in vitro, the transcription levels of EcTRIM23 were significantly up-regulated, suggested that EcTRIM23 might be involved in SGIV or RGNNV infection. Differently, upon GCRV infection, the expression levels of grass carp TRIM23 were differently regulated in head kidney and spleen (20). Thus, we speculated that fish TRIM23 exhibited different expression profiles against different viruses infection.

Subcellular localization of proteins can provide important information about its physiological function within the cells (40). Members of the TRIM family have different subcellular localization, including filiform, scattered or punctate distributions in the cytoplasm or nucleus (41, 42). In our study, EcTRIM23 showed diffuse and aggregated distribution in cytoplasm which is consistent with the localization of grass crap TRIM23 in CIK cells (20). It has been reported that human TRIM23 was initially associated with the Golgi complex and subsequently localized with lysosome (15). However, we found that EcTRIM23 was not co-localized with ER, Golgi and lysosome (data now shown). Whether the different localizations affects differential functions needed further investigation.

In view of the different roles of TRIM proteins in antiviral immune responses, such as finTRIM82, TRIM62, TRIM35 and TRIM32 (32–35), we firstly evaluated the potential effect of EcTRIM23 on fish virus replication. Our results showed that the overexpression of EcTRIM23 significantly inhibited SGIV and RGNNV replication. Thus, we proposed that EcTRIM23 functioned as an antiviral factor in response to fish RNA virus and DNA infection like EcTRIM8 and EcTRIM25 (27, 33). Further analysis indicated that EcTRIM23 overexpression positively regulated host interferon and inflammatory responses, demonstrated by the up-regulation the transcription of the interferon-related genes and inflammatory-related cytokines. Moreover, the promoter activities of IFN and NFκB were also induced by TRIM23. Our previous studies demonstrated that interferon signaling related molecules, such as IRF3, IRF7 and ISG15 showed antiviral actions against RGNNV or SGIV replication (43–47). Therefore, we speculated that the antiviral function of TRIM23 against grouper viruses might be due to its regulatory roles on these molecules or cytokines. In mammals, TRIM23 was found to act as an antiviral factor by mediating TLR3- and RIG-I/MDA5-mediated antiviral innate and inflammatory responses (17).

Increasing evidences indicate that TRIM23 could exert a potent antiviral state upon virus infection due to its interaction with various proteins, such as TBK1, TRAF3, TRAF6 and MyD88 (18, 20). Here, we evaluated whether that EcTRIM23 interacted with TBK1 and TRAF family members in grouper cells. Our data from Co-IP assay indicated that EcTRIM23 interacted with grouper TBK1, TRAF3, TRAF4, TRAF5 and TRAF6 in grouper cells. Moreover, the ectopic expression of EcTRIM23 induced the aggregates formation of TBK1 and TRAFs in co-transfected cells, and mostly overlapped with them. Our previous studies demonstrated that grouper TBK1 and TRAFs exerted antiviral activity against SGIV or RGNNV infection. Moreover, TBK1 and TRAF3 induced the antiviral and inflammatory responses, evidenced by the significant up-regulation of the antiviral factors, such as IRF3, IRF7 and TNFα (29, 30, 48, 49). Thus, we speculated that the EcTRIM23 might modulate the host interferon and inflammatory responses via its interaction with TBK1 or TRAF proteins. In addition, TRIM23 was also found to interact with HSV-1 Us11 protein, and manipulate virus replication (19). Whether EcTRIM23 could regulate fish virus replication through interacting with viral proteins should be clarified in the future study.

In summary, we cloned and investigated the characteristics of EcTRIM23 in the present study. The expression of EcTRIM23 was significantly up-regulated in response to SGIV and RGNNV infection. EcTRIM23 encoded a cytoplasmic protein and served as a crucial antiviral factor against RGNNV and SGIV infection. Furthermore, EcTRIM23 could interact with TBK1, TRAF3, TRAF4, TRAF5 and TRAF6, and finally positively regulated the interferon and inflammatory responses. Our results demonstrated for the first time that fish TRIM23 interacted with multiple TRAF genes, which shed new insights into understanding the function of TRIMs from teleost fish.
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The gallbladder (GB) microbiota plays critical roles in mammalian metabolism and immune homeostasis, and its relationship with human disease has been extensively studied over the past decade. However, very little is known about the interplay between GB microbiota and the immune functions of teleost fish, the earliest bony vertebrate with a GB. Therefore, this study sought to investigate the composition of the teleost GB microbiota and the potential mechanisms through which it affects mucosal immunity. In our results, we found that the GB mucosa (GM) and bile bacterial community shared a similar microbiological composition with that of the gut mucosa in naïve individuals. IHNV infection induced a profound GB inflammation and disrupted their microbial homeostasis followed by a strong anti-bacterial response. Interestingly, beneficial bacteria from the Lactobacillales order showed a significant increase in the abundance of the bile microbial community, whereas the structure of the Mycoplasmatales order in the gut microbial community was markedly changed. All in all, our study characterized the structure of the GB microbial ecosystem in teleost fish, and the fish GB microbiome shared a high similarity with the gut microbiota. More importantly, our findings offer solid evidence that the teleost GB evolved immune functions to preserve its mucosal microbial homeostasis, suggesting that both the microbiota and mucosal immunity of the GB might have co-evolved in early vertebrates.
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Introduction

The gallbladder (GB) is a bladder-shaped internal mucosal organ of the digestive system of most vertebrates that consists of a surface epithelium, lamina propria, muscularis externa, and serosal layer (1). As an accessory organ of the digestive system, the GB is widely known for its function of storing and concentrating bile during digestion. Moreover, this organ acts as a reservoir and mechanical pump by modifying and circulating the bile through the enterohepatic system. Bile is a biological fluid mainly constituted by bile acids (BA), cholesterol, phospholipids, and proteins, which plays a key role in the digestive uptake of lipids and lipophilic vitamins in the intestine (2, 3). Previous studies have demonstrated that BAs possess antimicrobial properties (2, 4). Therefore, the GB environment is absent of commensal bacteria in healthy individuals, and only some GB microbes can be isolated and detected in patients with cholecystitis and cholelithiasis using culture-independent techniques (5, 6). Thus, the autochthonous microbiota of the GB has always been associated with hepatobiliary disorders. Recently, however, with the development of next-generation sequencing, the global bacterial diversity of the GM and bile in healthy individuals was first discovered in pigs and then identified in rabbits and humans (7–9). Moreover, the GB was reported to secrete mucus and participate in the construction of the biliary immune defense system (10). Additionally, bacterial infection of the GB epithelium can elicit a strong inflammatory response involving pro-inflammatory cytokine induction, massive neutrophil infiltration, and tissue injury (11). Therefore, in addition to being an important component of the digestive system, the mammalian GB is known to harbor a unique microbial community and elicit mucosal immune responses. Nevertheless, very little is known regarding the role of the GB in the mucosal microbiota homeostasis of early vertebrate species.

Among non-mammalians, teleost fish represent the oldest bony vertebrates to possess a GB (1). The teleost GB is covered by a non-keratinized epithelium, which arises from the endoderm similar to the gut mucosa (12). Previous studies have demonstrated that the fish GB epithelium has evolved absorptive and secretory functions, and the GB surface is coated with abundant mucoid substances that form a mucus layer (13, 14). Given that the teleost GB is closely connected with the foregut (FG), microbes from water and food, as well as those inhabiting the FG mucosa (FM), could reasonably pose continuous challenges to the homeostasis of the GM. Moreover, in agreement with findings in mammals, immune proteins have been identified in the bile environment of teleosts, which might play a protective role in mucosal tissues upon inflammation (15, 16). Therefore, from an evolutionary perspective, we hypothesized that the GB in both primordial and modern bony vertebrates evolved effective and similar immune mechanisms for maintaining microbial homeostasis.

To gain further insights into the microbial community structure of the bile environment of early vertebrates and assess its relationships with GB mucosal immunity, our study used the rainbow trout (Oncorhynchus mykiss) as a comparative immunology model. Our findings demonstrated that the autochthonous microbiota of the trout bile environment was consistent with that of the gut mucosa. As expected, a robust inflammatory response was detected in the trout GB upon infectious hematopoietic necrosis virus (IHNV) infection, which led to microbial dysbiosis followed by a strong anti-bacterial response. Interestingly, the abundance of several beneficial bacteria belonging to the Lactobacillales order increased significantly after the IHNV invasion, which might promote the anti-inflammatory response of the mucosal tissues. To the best of our knowledge, this study is the first to characterize the microbial composition of the teleost bile and identify its potential roles in GB inflammation. From an evolutionary perspective, our findings suggest that the immune functions of the GB for maintaining microbial homeostasis were already present in early vertebrates.



Materials and methods


Fish maintenance

Healthy rainbow trout (8-12 g) were obtained from a fish farm in Dujiangyan (Sichuan, China) and maintained in aquarium tanks with circulating water for 1 month at 16°C. Fish were fed daily with dry pellets at 1% biomass/day, and fasted two days prior to immersion infection and sampling.



EPC cells culture and IHNV titration

ATCC CRL-2872 EPC cell line which was used for IHNV propagation was maintained in minimum essential medium (MEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA), streptomycin 100 μg/mL and penicillin (Gibco) 100 U/mL. Before IHNV infection, cells were cultured in an incubator at 28°C with 5% CO2 and the cell density was monitored until it reached 70 to 90% confluence. Thereafter, 10 μL of IHNV (1 × 107 TCID50) was added to the monolayer cultures of EPC cells in a T-75 flask (Corning) supplemented with 5% FBS at 18℃. When extensive cytopathic effects (CPEs) were observed, the infected cells were collected, and followed by a gradient centrifugation (400 g for 10 min, 3,000 g for 10 min, and 10,000 g for 10 min) to remove the cells debris. The supernatant containing IHNV was filtered with a 0.22 μm PES membrane filtration (Millipore) to remove bacteria, and titrated by the Median Tissue Culture Infectious Dose (TCID50) assay on EPC cells following the methodology reported by Yu et al. (17).



IHNV infection

In this study, fish were bath infected with a dose of 2 mL IHNV (1×108 TCID50) diluted in 10 L aquatic water for 2 h at 16℃, and then migrated into the aquarium containing new aquatic water and kept for 30 days. As a control, the same number of fish were maintained in similar tanks and were exposed to the cell culture supernatant without virus. After the infection, fish were euthanized with an overdose of tricaine methanesulfonate for sampling (MS-222, Sigma).



Microbial collection and flow cytometry analysis

Bile bacteria were isolated directly from trout GB. Mucosa-associated bacteria were collected according to a previous study with slight modification (18). Briefly, mucosa-associated tissues were collected and rinsed slightly with sterile PBS two times to remove the remaining bile or blood (BL), and then obtained by gentle blowing with sterile PBS. The collected suspension was centrifuged three times at 300 g for 5 min at 4°C to remove trout cells and debris, and further centrifuged at 16,000 g for 10 min followed by washing two times with sterile PBS. The obtained bacterial sedimentation was immediately frozen with liquid nitrogen and stored at -80°C. Two fish individuals were amalgamated into one sample and used for bacteria 16S rRNA gene sequencing. For flow cytometry analysis, the collected bacteria from trout GM and bile were labelled with SYTO Green-Fluorescent Nucleic Acid Stains (Invitrogen), following the manufacturer’s instructions to discriminate bacteria from debris. The analysis of stained bacteria was performed with a FACSCanto II (BD Biosciences) and FlowJo software (FlowJo LLC).



Fluorescent in situ hybridization analysis

Detection of microbiota in trout GB by fluorescent in situ hybridization was performed as described previously with a slight modification (19). Briefly, GB cryosections (10 µm) smears from naive rainbow trout were fixed for 10 min in 4% PFA and were stained with 5’ end with Cy3-labelled EUB338 (anti-sense probe) and 5’ end with Cy3-labelled NONEUB (control sense probe complementary to EUB338) oligonucleotide probes. Hybridizations were performed at 37°C for 14 h with hybridization buffer (2 × SSC/10% formamide) containing 1 μg/mL of the labelled probes. Slides were then washed with hybridization buffer without probes followed by two more washes in washing buffer (2 × SSC) and two washes in PBS at 37°C. Nuclei were stained with DAPI (2.5 μg/mL). Images were captured using an Olympus BX53 fluorescence microscope (Olympus).



Histology, light microscopy, and immunofluorescence microscopy studies

Trout GB were fixed in 4% neutral buffered formalin overnight at 4°, paraffin embedded, and 5 μm thick sections stained with hematoxylin-eosin (H & E) and Alcian Blue-Periodic acid-schiff (AB-PAS) as described previously (17). Images were acquired by a microscope (Olympus). For IHNV detection, sections were blocked with StartingBlock™ Blocking Buffer (Thermo), and then incubated with mouse anti-IHNV-N mAb (Mouse IgG isotype; 1 μg/mL; BIO-X Diagnostics) overnight at 4°C. After washing three times with PBS, the sections were incubated with Cy3-conjugated AffiniPure goat anti-mouse IgG (3 μg/mL) at room temperature for 40 min. All sections were stained with DAPI (4’, 6-diamidino-2-phenylindole; 1 μg/mL: Invitrogen) for 8 min at room temperature. Then all images were captured using an Olympus BX53 fluorescence microscope (Olympus).



RNA extraction and qPCR analysis

Total RNA extraction from trout tissues was performed as a previous study using Trizol reagent (Invitrogen, Life Technologies), and two fish individuals were amalgamated into one sample (20). Briefly, Quality and integrity RNA analysis were used with agarose gel electrophoresis and spectrophotometry (NanoPhotometer NP 80 Touch). Then cDNA was synthesized using the Hifair III First-Strand Synthesis system (YEASEN, Shanghai, China) with 1 μg of total RNA. The synthesized cDNA was diluted to equal concentrations and used as temple for qPCR analysis according to the manufacturer’s instructions. Each tested sample was carried out on two replicate holes and followed the procedure: 95°C for 5 min, and 35 cycles of 95°C for 10 s, 60°C for 30 s. We used trout housekeeping gene elongation factor 1α (EF1α) as control and the genes expression levels were shown as 2-ΔΔCt using the Pfaffl’s method (21).



DNA extraction and PCR amplification

Total genomic DNA samples were extracted using the OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, USA), following the manufacturer’s instructions, and stored at -20°C prior to further analysis. The quantity and quality of extracted DNAs were measured using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively. PCR amplification of the total bacterial 16S rRNA genes was performed with forward primer 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and reverse primer 1492R (5’-TACGGYTACCTTGTTACGACTT-3’), bacterial V3–V4 region was performed using the forward primer 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and the reverse primer 806R (5’-GGACTACHVGGGTWTCTAAT-3’). To exclude the bacterial impact from the air and water, sampling was conducted in an ultra-clean workbench, and molecular biology-grade water was used to perform DNA extractions. Thermal cycling consisted of initial denaturation at 98°C for 5 min, followed by 25 cycles consisting of denaturation at 98°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45 s, with a final extension of 5 min at 72°C. PCR amplicons of total bacteria were analyzed with agarose gel electrophoresis and the V3–V4 region were purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA) for further 16S rRNA sequencing analysis.



Sequence analysis

Amplicons were pooled in equal amounts, and pair-end 2×250 bp sequencing was performed using the Illlumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd (Shanghai, China). Sequence data analysis was mainly performed using QIIME2 and R packages (22). Sequences were quality filtered, denoised, merged and chimera removed using the DADA2 plugin (23). Taxonomy was assigned to amplicon sequence variants (ASVs) using the classify-sklearn naïve Bayes taxonomy classifier in feature-classifier plugin (24) against the SILVA Release 132 Database (25). ASV-level alpha diversity indices were calculated using the ASV table in QIIME2. Beta diversity analysis was performed to investigate the structural variation of microbial communities across samples using Jaccard metrics, and wieghted UniFrac distance metrics and visualized via principal coordinate analysis (PCoA). Linear discriminant analysis effect size (LEfSe) was performed to detect differentially abundant taxa across groups using the default parameters (26).



Statistical analysis

Mean-Whitney or Kruskal-Wallis test was used for 16S rRNA sequencing statistical analysis, unpaired Student’s-t test, one-way analysis of variance with Bonferroni correction and Log-rank (Mantel-Cox) test (Prism version 8.0; GraphPad) were used for other experimental statistical analysis. Data are expressed as mean ± SEM. All p values < 0.05 were considered statistically significant.




Results


The teleost GM is inhabited by abundant and complex populations of commensal microbiota

The teleost GB is a hepatobiliary organ for storing and secreting bile fluid, which directly connects with the liver and FG through the cystic duct in teleost fish (Figure 1A). Similar to other vertebrates, the teleost GM presents an extensively folded surface with regular folds and has two main layers: the epithelium, which forms the GB lumen, and the underlying layer of the lamina propria (Figure 1B). AB-PAS analysis identified some mucous glycoconjugates coated on the trout GM, which have an essential role in protecting the GM from the detergent effects of bile (Figure 1C) (27). To characterize the presence of microbiota in the trout GB, the expression patterns of the 16S rRNA gene of the GM, bile, FM, midgut mucosa (MM), hindgut mucosa (HM) and liver were analyzed via real-time PCR using the 27F and 1492R universal primers. As a result, amplification of the 16S rRNA gene was observed in the GM, bile, gut mucosa, and liver samples but not in the template-free blanks (Figure 1D). Using the SYTO BC Green-Fluorescent Nucleic Acid stain, a cell-permeant nucleic acid stain that emits a strong fluorescence signal when bound to bacterial nucleic acids, flow cytometry analysis confirmed the presence of abundant bacteria in the trout GM and low levels of bacteria in the bile (Figures 1E, F; samples that were not stained with SYTO BC Green are shown in Supplementary Figure 1A). The bacteria located in the GM were visualized via fluorescent in situ hybridization analysis (Figure 1G; the control probe for EUB338 is shown in Supplementary Figure 1B). To characterize the microbial communities of the GM and bile, 16S rRNA gene sequencing was conducted for bacterial identification. Interestingly, the trout GM, bile, and gut mucosa shared similar microbiological compositions, with most microbes belonging to the Proteobacteria, Actinobacteria, and Firmicutes phyla (Figure 1H). Particularly, the samples were largely dominated by the Caulobacteraceae and Streptococcaceae families (Figure 1I). Moreover, the Mycoplasmataceae family was only identified in the gut mucosa and its abundance was gradually decreased from the hindgut (HG) to the FG, which was consistent with the findings of a previous study (20). Therefore, the gut mucosa likely possesses unique characteristics that regulate the growth of this particular bacterial family. Moreover, α-diversity index analysis indicated that bile had higher bacterial diversity compared to the GM and gut mucosa, suggesting that a higher selective pressure likely occurs on the mucosal surface (Figure 1J). β-Diversity analysis showed that the bile microbiome clustered more closely with the FM and MM microbiome compared with that of the HM (Supplementary Figure 2).




Figure 1 | Characterization of microbiota composition in GM, bile and gut mucosa of naïve rainbow trout (Oncorhynchus mykiss). (A) Diagram of the enterohepatic system in rainbow trout. H & E (B) and AB-PAS (C) stain of GB organ obtained from naive rainbow trout. Red arrows indicate the reaction with AB-PAS. GL, GB lumen; GE, GB epithelium; LP, lamina propria; ME, muscularis externa; Se, serosa. Scale bar, 20 µm. (D) Real-time PCR assay analyzed the expression of 16S rRNA gene (27F and 1492R) from GM, bile, FM, MM, HM and liver of trout (n = 6 fish per group). Lane 1, blank control; Lane 2-7, samples from different individuals. (E) Representative flow cytometry staining of microbiota from trout GM (left panel) and bile (right panel) with SYTO BC Green. (F) Counts of positive microbiota in the GM and bile samples from naïve rainbow trout (n = 8 fish per group). Statistical differences were evaluated by unpaired Student’s-t test. (G) Detection of bacteria by fluorescence in situ hybridization in GB cryosections from naive fish. Eubacteria were detected with Cy3-EUB338 oligoprobe (red). Nuclei are stained with DAPI (blue). GE, GB epithelium. Scale bars, 20 μm. Mean relative abundance at the phylum (H) and family (I) levels of the GM, bile, FM, MM, and HM bacterial community (n = 8 fish per group). (J) Histogram showing the Shannon diversity index of GM, bile, FM, MM, and HM microbial communities from naive fish (n = 8 fish per group). Statistical differences were performed by Kruskal-Wallis test. Data are representative of two independent experiments (mean ± SEM). ***p < 0.001.





Inflammation in trout GB induced by IHNV infection

Previous studies have demonstrated that IHNV can invade the digestive tract and change its mucosal microbial composition (20). To evaluate the dynamic changes in the GM microbiota composition of trout upon viral infection, we developed an immersion infection model using 2 mL IHNV (2×108 TCID50) diluted in 10 L of water (Figure 2A). Approximately 45% of the fish died after infection with IHNV within the first two weeks, whereas no mortality was observed in the control group during the entire experiment (Figure 2B). Typical IHNV symptoms (e.g., proptosis, pale gills, delayed gastric emptying, and gut emptying) were observed in infected fish at 4 days post-infection (DPI), whereas no adverse effects were observed in the control group (Supplementary Figures 3A, B). As expected, the results of quantitative real-time PCR (qPCR) indicated that the infected fish harbored a high viral load in the GB, bile, FG, midgut (MG), HG, BL, and spleen (SP), as well as the liver (Figure 2C). However, the viral loads in the GB decreased with infection time until reaching near pre-stress levels at 28 DPI (Figure 2D). Using an anti-IHNV-N monoclonal antibody (isotype-matched control antibody, as shown in Supplementary Figure 1C), immunofluorescence analysis confirmed that the virus was not present in the naïve fish group but was widely present in the lamina propria and serosa of the 4 DPI group (Figures 2E, F). Moreover, the virus was also confined to large clusters around the arteries and veins of the trout GB (Figure 2G), indicating that the IHNV of GB was mainly transferred from the BL through BL circulation. Additionally, the qPCR results showed that the intensity of the immune reaction of some key anti-viral genes such as stat1, mx1, lgp2, tirm25, rag1, ifnar, and mda5 was positively related to the abundance of IHNV. Particularly, the intensity of the immune response of the GB reached its maximum at 4 DPI (Supplementary Figure 4). Interestingly, the pro-inflammatory cytokines il1b, il6, il8, tnfa1/2, tgfb1a, and il17a/f2a, as well as the anti-inflammatory cytokines il10a and il10b, were significantly upregulated (2.43- to 73.24-fold relative to control fish) at 4 DPI compared to the controls, and the inflammatory mediators strongly upregulated the expression levels of mucin genes such as muc5ac and muc2 (1036.45- to 2919.45-fold relative to control fish) in the GB (10). At 28 DPI, however, the transcription of the immune genes returned to normal levels (Figure 2H; the primer sequences are shown in Supplementary Table 1). Taken together, our findings demonstrated that IHNV can invade the GB organ through BL circulation, and inducing pro-inflammatory responses that might be associated with microbial homeostasis.




Figure 2 | GB inflammation was induced in trout by IHNV infection. (A) Trout were infected with a dose of IHNV (2×104 TCID50 per mL of water) by immersion while fish were bathed with cell culture supernatant as control. Fish were daily observed to calculate the mortality. (B) Cumulative survival of control and IHNV-infected fish. Statistical differences were evaluated by Log-rank (Mantel-Cox) test. (C) IHNV-N gene copies (Log10) were quantified using qPCR in fish GB, bile, FG, MG, HG, BL, SP, and liver collected at 4 DPI (n = 6 fish per group). (D) IHNV-N gene copies (Log10) were quantified using qPCR in fish GB organs collected at 1, 4, 7, 14, 21, and 28 DPI (n = 6 fish per group). Immunofluorescence staining of IHNV in GB paraffin-sections from control (E) and 4 days infected fish (F, G) (n = 6 fish per group). IHNV (red) were stained with an anti-IHNV-N mAb; Nuclei (blue) were stained with DAPI. White rectangle represents enlarged sections with some IHNV localization. White arrowhead represents artery and vein. GL, GB lumen; GE, GB epithelium; LP, lamina propria; Se, serosa. Scale bars, 20 μm. (H) qPCR analysis of cytokine and mucin genes in GB organ from control and IHNV-infected fish at 4 and 28 DPI. Expression levels in IHNV-infected fish were normalized to those in control fish, which were set as 1 (n = 8 fish per group). Statistical analysis was performed by unpaired Student’s-t test. Data are representative of three independent experiments (mean ± SEM). *p < 0.05, **p < 0.01, ***p < 0.001.





IHNV infection induces a profound anti-bacterial response in the trout GB

In mammals, cholecystitis is often accompanied by histological alterations (28). Therefore, we next sought to determine whether similar lesions occurred in the trout GB following IHNV-triggered inflammation. Consistent with the high viral loads in the trout GB, some histological changes including lymphocytic infiltration, distended columnar cells with excessive mucoid secretion, disrupted mucosal epithelium with loss of continuity, and a stronger reaction to the AB-PAS stain were detected in the trout GM at 4 DPI, after which the tissues returned to normal at 28 DPI (Figures 3A–D; the scoring system for histopathological evaluation is summarized in Supplementary Table 2). Using flow cytometry analysis, we found that the bacterial structure and abundance were significantly increased at 4 DPI in the GM and bile samples compared with the control group (Figures 3E–H). Furthermore, a strong increase in the transcript levels of cath2 (~1.26×103-fold relative to control fish) and moderate increases in the transcript levels of cath1, lyz2, nod2a, and nod2b (2.39- to 17.77-fold relative to control fish) were detected at this time point, which has been associated with microbial dysbiosis in mammals (Figure 3I) (29). In contrast, the bacterial structure and abundance as well as the anti-bacterial gene expression levels returned to normal at 28 DPI (Figures 3E–I; the primer sequences are summarized in Supplementary Table 1). Collectively, our findings demonstrated that IHNV infection might induce bacterial secondary infection, which can lead to histological changes in the trout GB.




Figure 3 | Anti-bacterial response occurred in GB following IHNV infection. Histological examination (H & E and AB-PAS) of GB organ from control (Con, A), and IHNV-infected fish at 4 DPI (B), and 28 DPI (C). Red arrowheads indicate lymphocytic cells; Black arrowheads indicate distended columnar cells with excessive mucoid secretion; Red arrows represent disrupted mucosal epithelium with loss of continuity; Black arrows indicate the reaction with AB-PAS. Scale bars, 20 μm. (D) Pathology score of GB from control and IHNV-infected fish at 4 DPI and 28 DPI (n = 6). Statistical differences were evaluated by One-way ANOVA. Flow cytometry analysis microbiota of GM (E) and bile (G) samples stained with SYTO BC Green from control and IHNV-infected fish at 4 and 28 DPI. Counts of positive microbiota in the GM (F) and bile (H) samples from control and IHNV-infected fish at 4 and 28 DPI (n = 9 fish per group). Statistical differences were evaluated by One-way ANOVA. (I) qPCR analysis of antimicrobial peptides (AMP) genes in GB organ from control and IHNV-infected fish at 4 and 28 DPI. Expression levels in IHNV-infected fish were normalized to those in control fish, which were set as 1 (n = 8 fish per group). Statistical analysis is performed by unpaired Student’s-t test. Data are representative of at least two independent experiments (mean ± SEM). *p < 0.05, **p < 0.01, ***p < 0.001.





IHNV infection leads to bacterial dysbiosis in the trout GM, bile, and gut mucosa

To assess the effects of IHNV infection on the microbial composition of the trout GM, bile, and gut mucosa, microbial samples from control and IHNV-infected trout were collected at 4 and 28 DPI for 16S rRNA sequencing analysis. The amplicon libraries ranged in size from 67,554 to 112,259 reads (Supplementary Table 3). A total of 67,554 sequences were used for normalizing the inter-sample variability. Unlike the changes in bacterial structure and abundance discussed above, microbial diversity decreased significantly in the GM as well as in the gut mucosa at 4 DPI. In contrast, the bacterial community composition of the bile samples exhibited low variation according to the Shannon and Chao1 diversity indices. At 28 DPI, no significant changes in α-diversity indices were detected in the GM, bile, and gut mucosa compared with the control group (Figures 4A, B; Supplementary Figures 5A, B). Next, PCoA based on the weighted UniFrac distance matrix was conducted to categorize the different bacterial groups in the GM, bile, and gut mucosa samples. Our findings indicated that the microbiome pattern of the control group was different from that of the 4 DPI group, but similar to that of the 28 DPI groups, especially in the GM, MM, and HM samples (Figures 4C, D; Supplementary Figures 5C–E). To further analyze the composition of the microbiota of each group, we classified the phylum and order of the microbial sequences from control and IHNV-infected trout at 4 and 28 DPI. At the phylum level, we observed an increase in the abundance of Proteobacteria (35.2% control versus 46.4% 4 DPI) as a result of IHNV infection and a decrease in Firmicutes abundance (10.5% control versus 6.7% 4 DPI) in GM. However, in the bile microbial community, the abundance of Proteobacteria decreased from 37.0% in the control group to 27.8% in the 4 DPI group, whereas the Firmicutes abundance (8.7% control versus 31.0% 4 DPI) was higher in the 4 DPI group compared with that of the control group (Figures 4E, G). At the order level, IHNV infection resulted in significant reductions in the abundance of Caulobacterales (4.8% control versus 0.6% 4 DPI) and beneficial short-chain fatty acids producers such as Lactobacillales in the GM (5.0% control versus 1.0% 4 DPI), coupled with marked increases in the abundance of the orders Burkholderiales (5.9% control versus 12.8% 4 DPI), Rhizobiales (3.8% control versus 12.1% 4 DPI), and Xanthomonadales (1.1% control versus 11.2% 4 DPI) in the 4 DPI group (Figure 4F). In the bile microbial community, an increased abundance of Clostridiales (2.3% control versus 14.4% 4 DPI) and Lactobacillales (4.1% control versus 15.0% 4 DPI) was detected upon IHNV infection (Figure 4H). At the phylum level, the microbial composition of the gut mucosa of the control groups was dominated by Proteobacteria (39.2% FM, 36.9% MM, 33.9% HM), followed by Actinobacteria (18.6% FM, 18.6% MM, 18.6% HM) and Firmicutes (9.6% FM, 8.5% MM, 8.6% HM). In response to IHNV infection, the community of the FM and MM shifted and became dominated by Proteobacteria (29.1% FM, 8.2% MM), Tenericutes (22.8% FM, 70.0% MM), and Actinobacteria (15.9% FM, 0.40% MM). Proteobacteria (23.3%), Actinobacteria (6.9%), and Firmicutes (4.4%) were still prevalent in HM at 4 DPI (Supplementary Figures 6A–C). Furthermore, sequences belonging to the order Mycoplasmatales were more abundant in the FM and MM samples from the 4 DPI group (22.8% FM, 70.0% MM) compared with the samples from the control group (0.5% FM, 3.8% MM). In the HM samples, the abundance of the members of the order Mycoplasmatales decreased from 6.7% in the control group to 0.9% in the 4 DPI group, suggesting a microbial transfer might occur in the gut mucosa during IHNV infection (Supplementary Figures 6D–F). At 28 DPI, the bacterial community composition across all the samples showed minor differences compared with the control fish (Figures 4E–H; Supplementary Figure 6).




Figure 4 | IHNV invasion caused the changes of microbial diversity and composition in trout GM and bile. Shannon (A) and Chao1 (B) diversity index of the GM and bile microbiota community from control fish and trout infected with IHNV at 4 and 28 DPI (n = 8 fish per group). Statistical differences were evaluated by Kruskal-Wallis test. PCoA with weighted UniFrac distance matrix for the GM (C) and bile (D) microbiota community from control fish and trout infected with IHNV at 4 and 28 DPI. Each color represents one sample (n = 8 fish per group). Relative abundance at the phylum (E) and order (F) levels of GM microbiota community from control and IHNV-infected fish at 4 and 28 DPI (n = 8 fish per group). Relative abundance at the phylum (G) and order (H) levels of bile microbiota community from control and IHNV-infected fish at 4 and 28 DPI (n = 8 fish per group). Data are representative of two independent experiments (mean ± SEM). *p < 0.05.





IHNV infection exerts different selective pressures on the GM, bile, and gut mucosa bacteria

Details on the changes in the GM and bile microbial community at the family level for the top 25 most abundant operational taxonomic units (OTUs) were visualized in heat maps. The microbial structure of the control and 4 DPI groups exhibited significant differences in relative abundance at varying levels (Figures 5A, D). Therefore, linear discriminant analysis coupled with effect size (LEfSe) analysis was conducted to compare the microbial structures of these two groups. As shown in Figures 5B, C, the Micrococcaceae, Oxalobacteraceae, Xanthomonadaceae, and Beijerinckiaceae families showed a significant increase in the GM microbial community after viral infection, whereas no significant differences in bacterial communities were observed in the bile and gut mucosa samples between control and 4 DPI groups (Figures 5B, C; Figure 6A). Moreover, bacterial taxa of Leuconostocaceae, Lactobacillus, Bacteroidaceae, and Clostridiaceae were markedly enriched in the bile bacterial community from the top 25 taxonomic features of the 4 DPI group but showed no significant change in other samples (Figures 5E, F; Figure 6B). The Mycoplasmataceae family, which was only detected in the gut mucosa, showed a significant increase in the FM and MM after IHNV infection, but decreased in the HM, suggesting a potential microbial shift in the gut mucosa during IHNV infection (Figure 6C). Additionally, the abundances of Caulobacteraceae and Streptococcus, which were the dominant bacteria in naïve individuals, decreased significantly across all samples at 4 DPI when compared with that of the control group, suggesting that these bacteria failed to compete with other bacteria and/or were particularly vulnerable in the inflammatory environment (Figure 6D). Taken together, our findings suggest that IHNV infection might exert various selective pressures on different mucosal microbiota, resulting in unique variations in the microbiome of the GM, bile, and gut mucosa.




Figure 5 | Differential bacterial taxa between the control and 4 DPI groups in GM and bile. Heat map showing the hierarchical clustering results for the abundance of top 25 bacterial family in the GM (A) and bile (D) from control fish and trout infected with IHNV at 4 and 28 DPI (n = 8 fish per group). Each column represents one sample. Bar chart of the log-transformed LDA score of bacterial taxa found to be significantly associated with control fish and trout infected with IHNV at 4 DPI in GM (B) and bile (E) by LEfSe (p < 0.05) (n = 8 fish per group). Cladogram representation of LDA analysis in B and E showing the phylogenetic relationships among the bacterial taxa found to be significantly associated with control fish and trout infected with IHNV at 4 DPI in GM (C) and bile (F) by LEfSe (p < 0.05) (n = 8 fish per group). Data are representative of two independent experiments.






Figure 6 | Dynamic alteration of microbial microbes in GM, bile and gut mucosa upon viral infection. (A) Line chart showing the representative abundance from top 50 bacterial families in GM, bile, FM, MM, and HM from control and IHNV-infected fish at 4 and 28 DPI (n = 8 fish per group). Statistical differences were evaluated by Kruskal-Wallis test. (B) Histogram showing the representative abundance of bacterial taxa in bile from control and IHNV-infected fish at 4 and 28 DPI (n = 8 fish per group). Statistical differences were evaluated by Kruskal-Wallis test. (C) Line chart showing the representative abundance of Mycoplasmataceae family in FM, MM, and HM from control and IHNV-infected fish at 4 and 28 DPI (n = 8 fish per group). Statistical differences were evaluated by Kruskal-Wallis test. (D) Line chart showing the representative abundance of bacterial taxa in GM, bile, FM, MM, and HM from control and IHNV-infected fish at 4 and 28 DPI (n = 8 fish per group). Statistical differences were evaluated by Kruskal-Wallis test. Data are representative of two independent experiments (mean ± SEM). The different lowercase letter represent significant difference (p < 0.05) exist in these groups within each sample.






Discussion

The GB of vertebrates is an auxiliary digestive organ that is anatomically conserved across species, and the bile inside the GB plays a key role in host metabolism and health (1, 9). This organ was widely thought to be sterile under normal conditions because of the physical and chemical features of bile and its antimicrobial activity (2, 4). Nevertheless, recent studies identified an unexpectedly rich bacterial community in the biliary tract of healthy tetrapods via 16S rRNA gene sequencing techniques (7–9). Still, very little is known regarding the role of the mucosal microbiota of the GM of early vertebrates. To the best of our knowledge, this study is the first to demonstrate that the GM of teleost fish also harbored an autochthonous microbial community, in addition to providing insights into the potential interplay between GB microbiota and mucosal immunity.

By conducting 16S rRNA analysis, our study demonstrated that members of the Proteobacteria, Firmicutes, and Actinobacteria phyla were the dominant native microbiota in the GB, which was consistent with the microbial structure of the teleost gut mucosa (30). Moreover, bacterial composition analysis at the family level showed that gram-negative bacteria occupied most of the bacterial community, thus confirming that gram-negative bacteria were inherently more resistant to bile than gram-positive bacteria (2). Furthermore, the bacterial structure and abundance of the GM was higher than that of the bile samples, but the bacterial diversity was lower than that of the bile bacterial community, indicating that some specific microbiota from the bile could colonize the GM and proliferate. In a recent study, the human duodenum and GB microbiome were closely clustered based on the Bray-Curtis dissimilarity matrix, suggesting that the GB microbiome has a close relationship with that of the small intestine (31). In teleost fish, the gut is roughly divided into three segments: the FG, MG, and HG (20). The FG and HG constitute more than two-thirds of the length of the trout intestine, and they are the main segments involved in lipid digestion and absorption, which is analogous to the functions of the anterior small intestine in humans (32–35). Our findings demonstrated that the microbial diversity of the FM and MM exhibited lower richness than that of the HM, suggesting a higher selective pressure in FM and MM than HM. β-diversity analysis showed that the bile microbiome clustered more closely with the FM and MM microbiome compared with that of the HM. According to a previous study, bile microorganisms likely originate from excretions from the liver or ascend from the intestine (36). Therefore, we speculate that the bile microbiota might arise from the FM and MM in teleost fish, which then colonize the GM.

In mammals, viral infections are associated with acute acalculous cholecystitis, which can lead to secondary bacterial infection in the bile environment (37, 38). To investigate whether viral infection can generate a GB immune response in teleost fish and assess the changes in the microbial structure of the bile environment, we established an infection model by immersion with IHNV, which is a fatal Novirhabdovirus that affects salmonid species including rainbow trout. Importantly, we have previously demonstrated that IHNV can invade the internal organs of rainbow trout, including the gut and swim bladder (17, 20). Using our previously reported immersion infection approach, our study demonstrated that IHNV can reach the GB organ through BL circulation and induce high expression levels of the stat1, mx1, lgp2, tirm25, rag1, ifnar, and mda5 genes, all of which have been associated with antiviral immunity (39–43). Notably, the expression levels of pro-inflammatory cytokines (il1b, il6, il8, tnfa1/2, tgfb1a, and il17a/f2a) as well as anti-inflammatory cytokines (il10a and il10b) were both upregulated at 4 DPI and recovered at 28 DPI in the GB. These effects were consistent with the variations in the viral loads with infection time, suggesting that IHNV infection induced a strong inflammatory reaction in the trout GB. In mammals, inflammatory mediators can positively regulate the expression of several mucin genes such as muc2 and muc5ac, and therefore participate in the biliary immune defense system (10). Similar to previous reports in mammals, our study demonstrated that these two mucin genes were significantly upregulated in the trout GB at 4 DPI, which was accompanied by some histological changes such as distended columnar cells with excessive mucoid secretion and a stronger reaction to AB-PAS stain (28). Moreover, a significant increase in the microbiome structure and abundance followed by anti-bacterial responses were observed in the GM of IHNV-infected trout, indicating that IHNV infection disrupted the GM microbial homeostasis and induced immune responses in the GB.

Specifically, the abundance of the Proteobacteria phylum in the GM microbial community was significantly increased after IHNV infection, and this phylum is known to encompass multiple pathogens with pro-inflammatory properties (44). For example, Xanthomonadaceae, Burkholderiales, and Rhizobiales, which were the primary contributors to the Proteobacteria abundance at 4 d after IHNV infection, also increased significantly in mammals after infection with certain viruses (45–47). Therefore, the aforementioned bacteria might induce a dramatic inflammatory and anti-bacterial response in the GB, resulting in GB tissue damage in IHNV-infected trout. Conversely, IHNV infection reduced the abundance of Caulobacteraceae and Streptococcus, which were the predominant members of the Proteobacteria and Firmicutes phyla in naïve trout, respectively. Caulobacterales have been demonstrated to have a negative correlation with the increased expression levels of tnfa and il6 transcripts while positively associated with il10 expression, but the presence of Streptococcus in the digestive tract can trigger the production of pro-inflammatory cytokines (48, 49). Interestingly, Streptococcus abundance decreased in the bile bacterial community as well, whereas the abundance of other lactic acid bacteria such as Lactobacillus and Leuconostocaceae increased significantly after IHNV infection. Previous studies have shown that Lactobacillus, a beneficial microorganism, plays a key role in modulating dysbiosis such as inhibiting the growth of some Streptococcus strains and prompting the production of the anti-inflammatory cytokine il10, suggesting that the reduced abundance of Streptococcus in GM and bile bacterial community might be attributed to the increased abundance of Lactobacillus (50, 51). Additionally, the abundances of Bacteroidaceae and Clostridiaceae, which can promote the conversion of cholic acid (i.e., a primary BA) into deoxycholic acid (i.e., a secondary BA), also increased in the bile bacterial community, suggesting that the bile bacteria community might also be involved in the metabolism of BA (52, 53). Taken together, our findings indicated that the teleost GB has evolved an immune strategy to prevent and counteract mucosal microbial dysbiosis and the bile microbiota might contribute to maintaining the microecological balance in teleost fish.

Previous studies have reported that the pH of the bile is nearly neutral (pH = 7) in the mammalian GB, but as bile is discharged into the duodenum and mixed with chyme from the stomach, the pH in the gut mucus decreases to 5.2 (54). Therefore, the gut microbiome not only faces selective pressure from bile components but also from the gastric fluids when compared with that of the GM. In our study, we found abundant food blocked in the trout’s stomach, which was accompanied by massive ascites after IHNV infection for 4 d. In turn, this decreased the entrance of the chyme and gastric fluid mixture into the intestine, resulting in gut emptying followed by bile delays in the GB. Therefore, bacterial contact between the gut mucosa and GM is limited and a different selective pressure in these two regions would exert various alterations on the symbiotic microorganisms of the GM and gut mucosa. In the gut bacterial community, Mycoplasmatales exhibited the most obvious change in the FM and MM, whereas the GB bile environment remained largely unaltered. A previous study reported that this bacterium was highly sensitive to bile components (55). Thus, we speculated that the increase in Mycoplasmatales abundance was mainly driven by changes in the bile components in the FM and MM. In the HM bacterial community, microbial diversity, as well as the abundance of most bacteria, all decreased at 4 DPI compared with the control group, indicating that the HM bacterial loads decreased following IHNV infection. The HG generated the strongest immune response after infection or immunization, which was likely triggered to limit bacterial growth (56).

In conclusion, our study elucidated previously unrecognized autochthonous microbial communities in the teleost GM, which had a similar composition to that of the gut mucosa. IHNV infection induced inflammation of the trout GB inflammation, which was accompanied by severe bacterial dysbiosis in the GM. In turn, this resulted in secondary infection by opportunistic pathogens and strong anti-bacterial responses. More importantly, we discovered that the abundance of members of the Firmicutes phylum, many of which are known to possess anti-inflammatory functions, increased significantly after infection, suggesting that the teleost bile microbiota likely evolved to play a key role in maintaining the hemostasis of the GB mucosa (57). Collectively, our results suggest that the microbiota and mucosal immunity of the GB might have co-evolved in early vertebrates.
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Category/gene ID Gene name log2 (Fold changes) P-value Description
TNF signaling pathway

109062992 IL1b +5.730787135 3.14E-23 interleukin 1, beta

109076179 IL-8 -5.535978561 2.67E-11 C-X-C motif chemokine 11-6

109053615 ing1 -3.790176668 0.00181126  interferon gamma 1

109102164 foslta 4159704917 0.0000436  FOS like 1, AP-1 transcription factor subunit a
109080931 bzZIP_1 -3.906674161 0.000232279 V-fos FBJ murine osteosarcoma viral oncogene homolog
IL-17 signaling pathway

109070669 c8g - 3.812342307 0.000618488 complement component 8, gamma polypeptide
109095592 bzIP_2 + 3.367885457 4.31E-20 CCAAT/enhancer-binding protein delta-like

109071632 ptgs2a +2.9484497 8.02E-05 prostaglandin-endoperoxide synthase 2a

109076910 Hsp90 +2.838544283 0.000653388  heat shock protein HSP 90-alpha 1-like

109090204 ptgs1 +2.80024523 7.04E-06 prostaglandin-endoperoxide synthase 1
Antigen_processing_and_presentation

109057161 hsp70.3 +7.645087149 3.74E-05 heat shock cognate 70-kd protein, tandem duplicate 3
109084538 hsp70 +6.7174199 0.000418312  heat shock 70 kDa protein

109053615 IFN-gamma -3.610905272 0.001395776 interferon gamma 1

109112543 MHC_Il_beta -3.488986733 0.000170872  beta-2-microglobulin-like

122149025 HSP90 +2.128154638 0.001997698  heat shock protein HSP 90-alpha-like

Chagas_disease

109047863 alpha +6.636005348 B8.94E-09  guanine nucleotide-binding protein G(o) subunit alpha-like
109074247 A2M -5.348810882 9.51E-06  complement C3-like

109092994 serpinet +2.585673392 3.95E-05 serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1
109069312 clqge -2.281829004 8.04E-08 complement component 1, g subcomponent, C chain
109079578 G-alpha +2.478708135 1.58E-09 guanine nucleotide-binding protein G(olf) subunit alpha-like
Toll_like_receptor_signaling_pathway

109044888 tirba +3.452532589 4.41E-06 toll-like receptor 5a

109113360 jun +1.843941536 0.000150488  Jun proto-oncogene, AP-1 transcription factor subunit
109053776 L8 -1.706187902 0.000284318  C-C motif chemokine 3-like

109045134 C2-set_2 +1.354523626 0.002162804 T-lymphocyte activation antigen CD80-like

109078735 IRF -1.343814554 0.001013223  interferon regulatory factor 8-like

+ means up; - means down.
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S. No. Gene siRNA sequence

1. tr22 Sense: 5'-CCUUUAUCUCUGAGAGGUA-3’
Antisense: 5'-UACCUCUCAGAGAUAAAGG-3'

2: chop Sense: 5'-AUGAAGACUUGCAAGAUAU-3'

Antisense: 5'-AUAUCUUGCAAGUCUUCAU-3'
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S.No. Gene name Primer sequence Product size (bp) Accession number
1. hifla F: 5-TGACCTTGAGATGCTCGCTC-3' 161 KC0113456.1
R: 5’-AAGTGCTGGATGTTGGCGA-3’
2. chop F:5'-GTTGGAGGCGTGGTATGAAG-3' 104 LK054407.1
R: 5-GAAACTCCGGCTCTTTCTCG-3'
3. hspd1 F: 5-GGTTCTCATGGAAAAGCAGCA-3' 182 KT368136.1
R: 5-GGCAGATTTCAACCCTTGTGT-3'
4. anm1/ F: 5-GAGTCTGGTTGGCAGAGACC-3' 110 MZ882392
R: 5-CACTCGTCTTTCTCCGGTCC-3’
4. actb F: 5’-CTCCCCTGAACCCTAAAGCC-3' 167 KJ722166.1

(B-actin)

R: 5’-TCAGTTCAGAGATGAAGCCTGG-3'
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Primer names

Sequence (5'-3')

B-actin-RT-F
B-actin-RT-R
CP-RT-F
CP-RT-R
RdRp-RT-F
RdRp-RT-R
EclL-1B-RT-F
EclL-1B-RT-R
ECTNFa-RT-F
ECTNFa-RT-R
EclL-8-RT-F
EclL-8-RT-R
siRNA1-EcHRI
siRNA2-EcHRI
siRNA3-EcHRI
siRNA1-ECGCN2
siRNA2-ECGCN2
siRNA3-EcCGCN2
EclSG56-RT-F
EcISG56-RT-R
C1-EcG3BP1-F
C1-EcG3BP1-R
EcHRI-RT-F
EcHRI-RT-R
EcGCN2-RT-F
EcGCN2-RT-R
siRNA1-EcG3BP1
siRNA2-EcG3BP1
siRNA3-EcG3BP1
EclSG15-RT-F
EcISG15-RT-R
EcIRF3-RT-F
EcIRF3-RT-R

TACGAGCTGCCTGACGGACA
GGCTGTGATCTCCTTCTGCA
CAACTGACAACGATCACACCTTC
CAATCGAACACTCCAGCGACA
GTGTCCGGAGAGGTTAAGGATG
CTTGAATTGATCAACGGTGAACA
AACCTCATCATCGCCACACA
AGTTGCCTCACAACCGAACAC
GTGTCCTGCTGTTTGCTTGGTA
CAGTGTCCGACTTGATTAGTGCTT
GCCGTCAGTGAAGGGAGTCTAG
ATCGCAGTGGGAGTTTGCA
GCUGGAGCACUUGUGCUUUTT
GCAGACUUCCCGGUAUCUUTT
GCACAACAAAGCCUUCUAATT
GCAUUUGGUGCUGUAAUUATT
GCUGGUUACACUGCCCUAUTT
GGAACUAUGUGAAGGUCAATT
CAGGCATGGTGGAGTGGAAC
CTCAAGGTAGTGAACAGCGAGGTA
CGCTCGAGCTATGGTGATGGAGAAGCCAAGTGC
GCGGATCCCTAGCGCTGGGCAGAGTAGCGGC
ATGTTGATGGCTGGTAA
CTGGGTTGGTCTCGTA
TGAACTGATAGAAGCCAAGA
GCCTCAAATCCGTAATAAA
GCUGGUCGGGCGAGAGUUUTT
GCACCGUCGCAAACAAAUUTT
GCGGAGGGAAGCUACCAAAT
CCTATGACATCAAAGCTGACGAGAC
GTGCTGTTGGCAGTGACGTTGTAGT
ATGGTTTAGATGTGGGGGTGTCGGG
GAGGCAGAAGAACAGGGAGCACGGA
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Primers Sequences (5°-3°)

mRNA-seq
TLRI-F CCAGGGTCGCAGAGTCCTATC
TLRI-R GCCAGCCAAGTTCAGTTTCGT
TLR2-F AGGGTTCAGAAGGGTTGCTAT
TLR2-R CAGGAAGGAAGTCCCGTTTGT
TLR3-F CTGGCTTACTACAACCACCCC
TLR3-R CAAACTCCCTGCCCTCTTCA
TLR7-F AAGGTCATAGGATTTGGAGCA
TLR7-R AGGGAGAAACTGACGGCTTAA
TLR8-F CGCTTGGACAGTGGGTTTCTT
TLR8-R GAACTTCGTCCTTCTGGTTCG
IRF3-F CTGGCTTACTACAACCACCCC
IRF3-R CAAACTCCCTGCCCTCTTCA
MRCI- F CAGACGGGAAGACCTGGTTCG
MRCI-R ATCCAGACTGATTCATAGCGT
LRP1-F CATTGGCTATTATGGGAGAAA
LRPI-R TTGTTTCGCAAAATCTTCCAG
LDHA-F ATCATCCCGAACATCGTCAAG
LDHA-R GGTGGCGGAAACGGGCAGAGT
JUN-F CTCTTTTCTGTCGGCTTACGG
JUN-R CCGCTTGGTACGGGTCTGTCT
FOS-F CTGACAGCATCAAGTGCCTCC
FOS-R GCAGAGTTATGAGCCTTGGAT
CCCX1- F TGGTCCAGCAACCTAACCTTC
CCCX1-R AGGGGAGGCAGTGGTTGTGAT
CCCX3-F AAACATCACCGCTCCCATCAT
CCCX3-R AACACCCAGTCCTGCTTCCAG
C9-F GTCTTGTCAGGGATCAGTGGG
C9-R CTGCCTTGCTCATTGCTATCC
TRAF3IP3-F TTTTCCTTCTTCTTCTCGCTGTG
TRAF3IP3-R CATGAGATAATCTTCGATACG
MAP3K5-F CGAGACCAATGAAAATGGCGAC
MAP3K5-R ACCATCCTGACTGACAGAGCC
C-lectin-F ATCGCATAACAGAGCCAGAC
C-lectin-R CAGGGAACATCACTCCAAAC
C7-F GCTGGAGAAAGGTGAAACGCCGT
C7-R CCAGTTGTCGTATTTCTCTCCGTT
C3-F CCTCAACAAGTTTGCTTCC
C3-R TTATAGTAGCCTGAGTTGATCCGTA
SRECI-F GCAGGACTTGAACGGCTCG
SRECI-R CATAATGGCTGTCTTTTGCTGC
SRECII-F GGGGAGGTCGGCATTTGT
SRECII-R ATTCACCTCTGGCACGCTCTT
CD163L1-F GGACAACCGAAAAGTCTAATT
CD163L1-R CATAGGCTGGGTCATAGTCGG
IL-6-F CAATCCCAGCACCTTCCAC
IL-6-R CCTGACAGCCAGACTTCCTCT
PITX3-F AGGGAAGAACAAGAACAAAACCTG
PITX3-R TTACATCCCTGGTCGTGCTG
BPI-F GACACCACATGACAAAGGCAC
BPI-R ATGTTAAATCCTTGCACCCTCCA
EF-10-F GGTCGTCACCTTCGCTCCAT
EF-l0-R TCCCTTGGGTGGGTCATTCT
miRNA-seq
miR-126-y TCGTACCGTGAGTAATAATGCA
miR-144-y GCGGGAGTATAGATGATGTAC
miR-0459-5p AAGCACCCCTAGTCGTGAGA
miR-0088-3p CTCAGACTTAGGAAAACTTGC
miR-149-x GCTCCGTGTCTTCACTCCA
miR-217-x GGGGTACTGCATCAGGAACT
miR-0053-5p TTCCGACCATGTTAGCACCA
miR-497-x GGGGCACTGTGGTTTGTAAA
miR-7133-y GGGTTTGATACACAGCACAATA
miR-142-x GGGCATAAAGTAGAAAGCACTA
miR-499-x GGGTTAAGACTTGTAGTGATG
miR-0440-5p CAGGTCTCAGGTCTTAGGTC
miR-0468-5p TGGAAGGCTGAGACACGAC
U6-F U6 Forward Primer (Takara)
U6-R U6 Reverse Primer (Takara)

Universal reverse primer mRQ 3’ Primer (Takara)
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QC_1 1312 1.266 1.199 8.961 74.74 341 395
QC_2 1.183 1.034 98.84 7913 76.50 340 369
QC_3 1419 1.150 98.74 8.555 74.39 417 410
QS_1 1.253 1.097 98.88 8.329 7591 362 389
QS_2 1307 1.035 98.74 8.125 78.52 373 341

QS_3 1.380 1.225 98.81 9.096 74.28 383 381
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Primer names Sequence5’-3"

EcTRIM23-ORF-F ATGGCCGCTGCTGCAGCAG
EcTRIM23-ORF-R GGCCACGTCCAGGACGC
EcTRIM23-Cl1-HindIII-F AAGCTTCGATGGCCGCTGCTGCAGCAG
EcTRIM23-C1-BamHI-R GGATTCGGCCACGTCCAGGACGC
EcTRIM23-RT-F GCGGTGGTGTTCGTGATT
EcTRIM23-RT-R GCAAAGATGAGCAGCAAGG

Actin- RT-F TACGAGCTGCCTGACGGACA

Actin- RT-R GGCTGTGATCTCCTTCTGCA
RGNNV CP-RT-F CAACTGACAACGATCACACCTTC
RGNNV CP-RT-R CAATCGAACACTCCAGCGACA
RGNNV RdRp-RT-F GTGTCCGGAGAGGTTAAGGATG
RGNNV RdRp-RT-R CTTGAATTGATCAACGGTGAACA
SGIV MCP- RT-F GCACGCTTCTCTCACCTTCA

SGIV MCP- RT-R AACGGCAACGGGAGCACTA

SGIV VP19-RT-F TCCAAGGGAGAAACTGTAAG

SGIV VP19-RT-R GGGGTAAGCGTGAAGAC
EcTNFo.-RT-F GTGTCCTGCTGTTTGCTTGGTA
EcTNFo.-RT-R CAGTGTCCGACTTGATTAGTGCTT
EcIL-1B-RT-PF AACCTCATCATCGCCACACA
EcIL-1B-RT-PR AGTTGCCTCACAACCGAACAC
EcIL-8-RT-PF GCCGTCAGTGAAGGGAGTCTAG
EcIL-8-RT-PR ATCGCAGTGGGAGTTTGCA
EcMXI-RT-F CGAAAGTACCGTGGACGAGAA
EcMXI-RT-R TGTTTGATCTGCTCCTTGACCAT
EcISG15-RT-F CCTATGACATCAAAGCTGACGAGAC
EcISG15-RT-R GTGCTGTTGGCAGTGACGTTGTAGT
EcIRF3-RT-F GACAACAAGAACGACCCTGCTAA
EcIRF3-RT-R GGGAGTCCGCTTGAAGATAGACA
EcIRF7-RT-F CAACACCGGATACAACCAAG
EcIRF7-RT-R GTTCTCAACTGCTACATAGGG
EcIFP35-RT-F TTCAGATGAGGAGTTCTCTCTTGTG
EcIFP35-RT-R TCATATCGGTGCTCGTCTACTTTCA
EcISG56-RT-F CAGGCATGGTGGAGTGGAAC

EcISG56-RT-R CTCAAGGTAGTGAACAGCGAGGTA
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27,255,534
155,049,929

Q20 (%)

98.00
97.70
98.30
98.00
97.90
97.80
97.95

Clean Tags Ratio (%)

94.15
94.99
94.21
93.91
93.31
94.25
94.14
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MiRNA Name Sequence (5’ -3') Length (nt) Q-value log2FC
miR-10 ACCCTGTAGATCCGAATTTGT 21 7.45E-03 1.37
miR-133-3p_2 TTGGTCCCCTTCAACCAGCTG 21 5.31E-03 -0.71
miR-193-3p_6 TACTGGCCTGCTAAGTCCCAA 21 3.56E-03 3.24
miR-210_4 TTGTGCGTGTGACAGCGGCT 20 2.05E-02 -0.89
miR-252_3 CTAAGTAGTAGTGCCGCAGGT 21 1.32E-07 7.25
miR-252b_1 CTAAGTAGTAGTGCCGCAGGTAA 23 4.75E-06 6.59
miR-263a-5p_1 AATGGCACTGGAAGAATTCACGG 23 8.53E-04 4.45
miR-263a-5p_2 AATGGCACTGGAAGAATTCAC 21 2.62E-02 3.33
miR-263b CTTGGCACTGGAAGAATTCACAGA 24 6.90E-05 4.90
miR-263b_3 CTTGGCACTGGAAGAATTCACA 22 5.10E-04 4.70
miR-263b-5p_2 CTTGGCACTGGAAGAATTCAC 21 5.92E-04 4.85
miR-2b_4 TATCACAGCCACCTTTGATGAGC 28 5.31E-03 -0.48
miR-6489-3p CGACGGAAAGGTGTCCAAGCTGG 23 8.59E-03 227
miR-6493-5p ACGTCCGGCAGGTTTTACCCCT 22 2.13E-04 221
miR-750_3 CAGATCTAACTCTTCCAGCTCA 22 3.56E-03 -3.29
miR-750-3p_3 CCAGATCTAACTCTTCCAGCTC 22 2.67E-02 -0.49
miR-79-3p_1 TAAAGCTAGATTACCAAAGCA 21 1.18E-02 0.18
novel_mir24 TTGTGACCGTTATAATGGGC 20 5.81E-05 5.84
novel_mir31 TAGCACCATGTGAATTCAGTAC 22 2.13E-02 2.69
novel_mir34 TTCGTTGTCGTCGAAACCTGCA 22 5.10E-04 491
novel_mir40 ACGCCTTTGGTTTTACGGTCTTCG 24 4.63E-02 -1.20
novel_mir56 GGCGGGGGCTGGCGGCGCCGC 21 5.92E-04 4.21
novel_mir57 ATTAGGTTACCGCCGACC 18 3.63E-02 -4.56
novel_mir58 TCTCTGCGGCTCTTGGCTCACG 22 3.13E-02 -1.50
novel_mir60 TCTCCAGTAGCCTGTTAGGCAT 22 3.73E-04 -0.43
novel_mir63 CGCGTGGGGGATGACGGG 18 4.21E-02 -4.45
novel_mir7 TTTGGCAGTCGAGTAACTACA 21 2.39E-03 -0.26
novel_mir73 GTGGATTCTCTCCCGTTTTC 20 1.99E-07 7.53
novel_mir82 GCGCGGCCGGATGGTGGTG 19 4.21E-02 -4.44
novel_mir85 CGTGTTTATATTGTGGGTTTTC 22 2.13E-04 -0.76
novel_mir86 GCGCGCGGGCGGCGGTGGCTGC 22 1.96E-10 2.50
novel_mir9 ATTATCATTCTTTGGCGTCCGG 22 4.75E-06 1.10
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DEM name Target DEG Name Homolog Function Species MiRNAlog>FC Targetlog,FC
Toll and IMD signaling pathways
novel_mird0 CL5325.Contig5_All - Ankyrin-1-like M. japonicus -1.20 1.49
novel_mir58 CL2943.Contig1_All  Transcription factor ATF-2 Litopenaeus vannamei -1.50 1.34
novel_mir60 CL5043.Contigd_All  Ankyrin-1-like L. vannamei -0.43 1.61
novel_mir60 CL5043.Contigs_All - Serine/threonine-protein phosphatase 6 regulatory ankyrin repeat subunit  Amphimedon -0.43 1.30
A-like queenslandica
novel_mir73 CL3555.Contig2_All Immune deficiency homolog M. japonicus 7.53 -1.81
novel_mir82 CL348.Contig1_All  Caspase 4 L. vannamei -4.44 1.43
novel_mir86 CL4844.Contig2_All - Serine/threonine-protein phosphatase 6 regulatory ankyrin repeat subunit L. vannamei 2.50 -1.10
A-like isoform X1
IL-17 signaling pathway
miR-6493-  Unigene12925_All  Mucin-5AC-like isoform X2 Habropoda laboriosa 2.21 -2.86
5p
miR-750_3 CL1703.Contig2_All Uncharacterized protein LOC113809504 L. vannamei -3.29 1.24
novel_mir56 CL2784.Contig3_All Uncharacterized protein LOC113823076 L. vannamei 4.21 -5.43
novel_mir56 CL2784.Contigs_All Uncharacterized protein LOC113823075 isoform X3 L. vannamei 4.21 -2.93
novel_mir56 CL917.Contig2_All  UNC93-like protein MFSD11 L. vannamei 4.21 -1.89
novel_mir56  Unigene3462_All Uncharacterized protein LOC113822805 L. vannamei 4.21 -1.18
novel_mir58 Unigene20728_All  Hypothetical protein C7M84_008404 L. vannamei -1.50 4.81
novel_mir60 CL1388.Contig1_All Hypothetical protein C7M84_016913 L. vannamei -0.43 3.13
novel_mir63 CL1768.Contig3_All  Mucin-5AC-like isoform X2 H. laboriosa -4.45 1.39
novel_mir63 CL616.Contig1_All  Uncharacterized protein LOC113812248 L. vannamei -4.45 415
novel_mir82 CL2872.Contig1_All Hypothetical protein C7M84_008734 L. vannamei -4.44 1.90
novel_mir82 CL348.Contig1_All  Caspase 4 L. vannamei -4.44 1.43
novel_mir86 CL5297.Contig3_All Phospholipase D gamma 3-like Hyalella azteca 2.50 -2.50
Complement and coagulation cascades
novel_mir63 CL3345.Contig1_All Mite allergen Der p 3-like L. vannamei -4.45 4.32
novel_mir63 CL3345.Contig2_All Mite allergen Der p 3-like L. vannamei -4.45 5.60
Peroxisome
miR-210_4  Unigene10280_All  Masquerade-like protein, partial L. vannamei -0.89 5.15
novel_mir82 Unigene18400_All  Copper/zinc superoxide dismutase isoform 5 M. japonicus -4.44 1.64
novel_mir82  Unigene5235_All Indole-3-acetaldehyde oxidase-like L. vannamei -4.44 2.44
NOD-like receptor signaling pathway
novel_mir58 CL1549.Contig1_All Uncharacterized protein LOC113821210 L. vannamei -1.50 1.37
novel_mir58 CL1549.Contig3_All Uncharacterized protein LOC113821210 L. vannamei -1.50 1.75
novel_mir82 CL348.Contig!_All Caspase 4 L. vannamei -4.44 1.43
PI3K-Akt signaling pathway
novel_mir56  CL1568.Contig5_All  Protein draper-like L. vannamei 4.21 -3.48
novel_mir58 CL2943.Contig1_All  Transcription factor ATF-2 L. vannamei -1.50 1.34
novel_mir58 CL898.Contigd_All  Dentin sialophosphoprotein-like isoform X3 L. vannamei -1.50 4.30
novel_mir86 CL3368.Contig1_All Vascular endothelial growth factor receptor precursor L. vannamei 2.50 -2.11
novel_mir86 CL3963.Contig1_All Collagen alpha-1(l) chain-like isoform X2 H. azteca 2.50 -2.55
MAPK signaling pathway
novel_mir58 CL1853.Contig1_All Map kinase-interacting serine/threonine, partial Procambarus clarkii -1.50 2.46
novel_mir58 CL2943.Contig1_All Transcription factor ATF-2 L. vannamei -1.50 1.34
novel_mir86 CL3368.Contig1_All Vascular endothelial growth factor receptor precursor L. vannamei 2.50 -2.11
Lysosome
miR-133- Unigene896_All Glucosylceramidase-like L. vannamei -0.71 4.21
3p_2
novel_mir82 CL1196.Contig2_All Beta-hexosaminidase subunit alpha-like L. vannamei -4.44 3.1
Necroptosis
novel_mir63 CL1469.Contig5_All  Von Willebrand factor A domain-containing protein 5A-like L. vannamei -4.45 1.85
novel_mir82 CL348.Contig1_All  Caspase 4 L. vannamei -4.44 1.43
Apoptosis
novel_mir63 CL1469.Contigs_All Von Willebrand factor A domain-containing protein 5A-like L. vannamei -4.45 1.85
novel_mir82 CL348.Contig!_All Caspase 4 L. vannamei -4.44 1.43
p53 signaling pathway
novel_mir82 CL348.Contig!_All  Caspase 4 L. vannamei -4.44 1.43
Bacterial invasion of epithelial cells
novel_mird0 CL1405.Contig3_All Leucine-rich repeat extensin-like protein 3 L. vannamei -1.20 2.85
novel_mir63 CL1405.Contigd_All Leucine-rich repeat extensin-like protein 3 L. vannamei -4.45 4.03
novel_mir56 CL1610.Contig1_All Paxillin-like L. vannamei 4.21 -4.61
novel_mir82 CL3064.Contig1_All Basic proline-rich protein-like, partial Canis lupus dingo -4.44 1.70
Adherens junction
novel_mird0 CL1405.Contig3_All Leucine-rich repeat extensin-like protein 3 L. vannamei -1.20 2.85
novel_mir56 CL4657.Contigs_All Receptor-type tyrosine-protein phosphatase delta-like L. vannamei 4.21 -1.28
novel_mir63 CL1405.Contigd_All Leucine-rich repeat extensin-like protein 3 L. vannamei -4.45 4.03
novel_mir82 CL3064.Contig1_All Basic proline-rich protein-like, partial C. lupus dingo -4.44 1.70
C-type lectin receptor signaling pathway
novel_mir82 CL348.Contig!_All Caspase 4 L. vannamei -4.44 1.43
Retinol metabolism
novel_mir63 CL1418.Contig2_All UDP-glucuronosyltransferase L. vannamei -4.45 275
novel_mir63 CL1418.Contig3_All  UDP-glucuronosyltransferase L. vannamei -4.45 3.05
novel_mir63 CL1418.Contig6_All UDP-glucuronosyltransferase L. vannamei -4.45 341
Ascorbate and aldarate metabolism
novel_mir63 CL1418.Contig2_All UDP-glucuronosyltransferase L. vannamei -4.45 275
novel_mir63 CL1418.Contig3_All UDP-glucuronosyltransferase L. vannamei -4.45 3.05
novel_mir63 CL1418.Contigb_All UDP-glucuronosyltransferase L. vannamei -4.45 3.41
Glycosaminoglycan biosynthesis—keratan sulfate
novel_mir63 CL427.Contigi_All  Alpha-(1,6)-fucosyltransferase-like L. vannamei -4.45 6.87
novel_mir63 CL427.Contig9_All  Alpha-(1,6)-fucosyltransferase-like L. vannamei -4.45 3.37
Glycosaminoglycan biosynthesis—chondroitin sulfate/dermatan sulfate
novel_mir82 Unigene17220_All  Hypothetical protein C7M84_016157 L. vannamei -4.44 3.71
Glycosaminoglycan biosynthesis—heparan sulfate/heparin
novel_mir82 Unigene17220_All  Hypothetical protein C7M84_016157 L. vannamei -4.44 3.71
Glycosphingolipid biosynthesis—globo and isoglobo series
novel_mir82 CL1196.Contig2_All Beta-hexosaminidase subunit alpha-like L. vannamei —-4.44 31
Glycosphingolipid biosynthesis— ganglio series
novel_mir82 CL1196.Contig2_All Beta-hexosaminidase subunit alpha-like L. vannamei -4.44 3.1

DIV1, decapod iridescent virus 1.
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No. Primer Names Sequences (5'-3)

mRNA-seq

il Unigene15935_All-F TCTGACCGCTGAGAACTTTG

2 Unigene15935_All-R TCTACGAGCTAGAGCTGATGTG

3 CL1405.Contig4_All-F TTCTGGCTGCTGTAAGAGTGA

4 CL1405.Contig4_All-R TTGCTGGAGTGGTACGTGAT

5 CL3214.Contig2_All-F CCCTGATTTCCCTTGCTTC

6 CL3214.Contig2_All-R TCTTCCTCTTTGCCGTCCT

7 CL1030.Contig_All4-F TTTGCCCGTGACTTTGTTC

8 CL1030.Contig4_All-R CAGTTCGGATTTCCCCTCT

9 Unigene10378_All-F AACATCATCCCTTGAACCCG

10 Unigene10378_All-R CGCTGTCTTTTGCTTCGTTG

1 CL2943.Contig2_All-F AGAATCCTATCCCCTCGGTA

12 CL2943.Contig2_All-R TGCTCATACTTGTGATGTCGC

13 CL3345.Contig1_All-F GCAATGTCGTGGATAAGCG

14 CL3345.Contig1_All-R AAGCAGGGAGGCAATGAGT

15 CL2966.Contig1_All-F CGCCCATTTCTTCGTTTC

16 CL2966.Contig1_All-R TGTGCTGCCATGTCGTTAA

17 CL2784.Contig5_All-F TCTACTTCGTCAAGGTGGGC

18 CL2784.Contig5_All-R TCCGTCGTCATCCGTATCTC

19 CL709.Contig1_All-F TTTGTCTTGCTGCCTTCCTA

20 CL709.Contigl1_All-R GAGTCCTGTGGTGGTTTTGAG

21 CL2520.Contig2_All-F TCATCCACCGTTTTCTACCC

22 CL2520.Contig2_All-R CTTGATTACATTGCCCTTGC

23 Unigene18060_All-F CAGCAGAGTTTTCCCCACA

24 Unigene18060_All-R TATTTCGAGACGGCAGAGC

25 CL3472.Contig2_All-F GCTGAACCTGCTGGAATGA

26 CL3472.Contig2_All-R TGGAGACTGCTGTCCCTTGT

27 CL1127.Contig3_All-F CCAGGCTACAAAGTGGAGTG

28 CL1127.Contig3_All-R GTCTTGGCAACATTGGTGAA

29 CL2402.Contig3_All-F CACCAACGGAAAGACCTACTC

30 CL2402.Contig3_All-R AGACCGCTGCCTTGAAATA

31 MEF1-o-F GGAACTGGAGGCAGGACC

32 MEF1-0-R AGCCACCGTTTGCTTCAT
MiRNA-seq

33 miR-193-3p_6-F TACTGGCCTGCTAAGTCCCAA

34 miR-263b-F CTTGGCACTGGAAGAATTCACAGA

35 miR-6493-5p-F ACGTCCGGCAGGTTTTACC

36 novel_mir86-F TATATATATATAGCGCGCGGGCGG

37 miR-263a-5p_1 AATGGCACTGGAAGAATTCACGG

38 novel_mir56 TATATATATAGGCGGGGGCTGGC

39 miR-750_3-F CGCAGATCTAACTCTTCCAGCTCA

40 novel_mir63-F TATATATACGCGTGGGGGATGACG

4 novel_mir82-F TATATAGCGCGGCCGGATG

42 novel_mir40-F ACGCCTTTGGTTTTACGGTCTTC

43 novel_mir58 TCTCTGCGGCTCTTGGC

44 Ue-F CGCAAGGATGACACGCAAATT

45 Reverse Primer Universal PCR Primer R (Sangon Biotech)
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Samples Raw Reads Number Clean Reads Number Clean Bases (Gb) Q20 (%) Q30 (%) Clean Reads Ratio (%) GC (%)
DIV1-1 43,821,050 42,839,474 6.43 96.62 91.58 97.76 43.06
DIV1-2 43,821,050 42,765,910 6.41 96.85 92.09 97.59 42.65
DIV1-3 43,821,050 42,930,064 6.44 97.00 92.40 9797 41.98
Control-1 43,821,050 43,144,600 6.47 96.60 91.45 98.46 42.92
Control-2 43,821,050 42,908,058 6.44 96.68 91.75 97.92 43.10
Control-3 43,821,050 42,883,528 6.43 96.81 92.02 97.86 43.15
Total 306,747,350 300,355,162 45.05 96.79 91.95 97.89 42.98

GC, guanine-cytosine.
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Primer name

Sequences

GeT-RT-F
GeTf-RT-R
GcHO-1-RT-F
GcHO-1-RT-R
GcTR1-RT-F
GcTfR1-RT-R
Gcferrintin-RT-F
Geferrintin-RT-R
GcHepcidin-RT-F
GcHepcidin-RT-R
GcFPN1-RT-F
GCcFPN1-RT-R
GcDMT1-RT-F
GeDMT1-RT-R
GcTNFa-RT-F
GcTNFa-RT-R
Gccaspase3-RT-F
Gccaspase3-RT-R
GelL-1B-RT-F
GelL-14-RT-R
GelL8-RT-F
GclL8-RT-R
GcTLR4-RT-F
GcTLR4-RT-R
Gep-actin-RT-F
Gep-actin-RT-R
GelL-4-RT-F
GelL-4-RT-R
GcCCL4-RT-F
GcCCL4-RT-R
GcCCL20-RT-F
GcCCL20-RT-R
GcCCL11-RT-F
Gec-CCL11-RT-R
GeNrf2-RT-F
GeNif2-RT-R
GcHap-RT-F
GcHap-RT-R

AGTTACTATGTCGTGGCGGTTG
ATCCAGCGTTGCGGTTCA
ACATGCCTATACACGCTATCTCG
GTCACTCCAGGAAATGAGAAGA
GATGATGAAATGGAGGCTAACG
GGCAATGACAAATCCGCAG
TCCTGTGCTTCGTGCGTGT
ACCTTCAGTCCGTCCTCGTG
TGAAACACCACAGCAGAACGA
CAGCCTTTGTTACGACAGCAGTT
ACTCTTCGCTGGCGTCATTG
TGGATTTGGTGCGAGGATGA
TTCTCATTGACGAACAGCCAG
CAAAGGAAAAGAGCCACGGAT
GCTGCTGTCTGCTTCACGC
AGCCTGGTCCTGGTTCACTCT
GCATCATCATCAACAACAAA
GACTGAGCATCACACAAACA
GTGTCTGGCCATTTCCAAGAGTA
GGTGTTGAGAGTTTCAGTGACCT
GAGTCTTAGAGGTCTGGGTG
CAGGTTAAAATATTGTGCAT
GAATAATGGGCAGCCGTAAAGTC
TCCTCTCTTCCACATCTTCCAGA
ACCCACACCGTGCCCATCTA
CGGACAATTTCTCTTTCGGCTG
AATAGGGATCAACGAGAA
TGAATGGTTATGTAGGGT
TGACAGCATTTGCCATAC
GTCCAATACGCATTCCTT
CCAGACGCTGTTCAGTTC
TTCACCCTCAAAGCCAAT
GCGGTGAGGACTCTTTGA
GTCTGGGACAGTCGCTTC
CAATGAGATGATGTCCAAGCACC
TTCGCTCTTCTCCTTCTTCAGAC
CTCTCTGTGGCTGTGCTGCT
TCAGTACCCAGCGCTGCGCT
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Name Mean particle size (nm) PDI Zeta potential (mV) EE (%) LE (%)

CMCS-20H 186 + 13.4 0.18 + 0.08 +17.5+£24 26.11 + 1.56 21.20 + 1.62
CMCS 158 + 8.1 0.11 £ 0.05 -34.8 +3.3 N/A N/A

N/A means Not applicable.
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