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Editorial on the Research Topic 


Antiviral immune response in fish and shellfish


Innate immunity constitutes the main defense mechanism in fish and shellfish, which is the most antique and efficient system to protect organisms against microbial infections. In addition, lower vertebrates have less evolved adaptive immune responses compared to higher vertebrates, and therefore, rely on innate immune defenses for the control of pathogens (1). Nonetheless, it is worth noting that the contribution of both innate and adaptive immune responses leads to global protection against pathogens in the organism.

The objective of this Research Topic is to reflect the significant advances in the study of the immune response against viral infections in fish. This topic contributes to identifying new mechanisms of response to infections and new effector molecules against viral pathogens. In addition, these studies provide a further understanding of the resistance of lower vertebrates to pathogens infection as well as to the prevention of exacerbated immune responses.

The contributing articles collected in this Research Topic are grouped into the following proposed sections related to the antiviral defense in fish:


1 Antiviral mechanisms involved in innate immunity and cellular response to viral infections in fish

The first mechanism of response to infection is the innate immune response which comprises a set of cells and molecules that are involved in the body’s defense against infections.

In this section, we can find the advances in the understanding of the defense strategies in the Atlantic salmon against viral infections through a meta-analysis based on microarray transcriptomic analysis. Krasnov et al. were able to distinguish between pathogen-specific responses from stress and general inflammation. They found that viral responsive genes were similar to different stressors such as DNA or RNA viruses, to the injection of bacterial DNA (plasmid), and the exposure to PAMPs (CpG and gardiquimod), but they responded to inflammation and bacteria with quite a low sensitivity.

Vallejos-Vidal et al. revised the immune response mechanisms of one of the most pathogenic viruses, which affects farmed Atlantic salmon, the piscine orthoreovirus (PRV). They revised how an experimental infection of PRV triggers the antiviral immune response in salmonid RBCs. In addition, they showed how PRV elicited a Th1-type response and a positive regulatory effect on the CTL-mediated immune responses. The immune mechanisms related to the phenotype of permanently PRV-infected fish and their effects on the progression of secondary infection were also reviewed.

Malik et al. showed the problem around melanized focal changes “black spots” in the white skeletal muscle of farmed Atlantic salmons infected with PRV-1. The first symptoms observed, which were the “red spots”, were featured by hemorrhages and acute inflammation that progressed into chronic inflammation developing the “black spots” in the muscle of salmons. Although the etiology of the spots is unknown, in this study, the authors found in both the red and black spots the presence of macrophages and melano-macrophages associated with abundant PRV-1. Here the authors studied the polarization status of the macrophages and cell-mediated immune responses in both PRV-1-infected and non-infected fish. Altogether, in this study, the authors suggested that PRV-1 could contribute to the pro-inflammatory environment that is essential for the pathogenesis of the spots.

Finally, in this section, Jia et al. shed light on the mechanisms related to the immune response involved in both sensitivity and resistance against cyprinid herpesvirus-3 (CyHV3) in common carp. The authors demonstrated, with a transcriptomic analysis, that specific innate immune mechanisms which included phagocytosis, autophagy, cytotoxicity, and virus blockage by lectins and mucins like mucin 3 (MUC3) were the cause of a marked resistance to CyHV-3 infection in a breeding carp strain.



2 Antiviral determinants and molecules responsible for defense mechanisms

Pathogens are able to trigger the immune response in the host through the activation of a huge variety of determinants or molecules responsible for the defense mechanisms. In this section, the authors identified two antiviral molecules and studied their role in the immune response of fish.

Mou et al. identified different antiviral mechanisms for two viperin homologs (Cgviperin-A and Cgviperin-B) in the auto-allo-hexaploid gibel carp strain against crucian carp (Carasius auratus) herpesvirus (CaHV). The C-terminal domain of CgViperin-A and CgViperin-B were found to interact with a negative herpesvirus regulator of host interferon (IFN) production, the CaHV open reading frame 46 right (ORF46R) protein, and to develop the proteasomal degradation of ORF46R via reducing K63-linked ubiquitination. CgViperin-B was also found to mediate ORF46R degradation through autophagosomes. Their findings also clarified the different antiviral mechanisms of the duplicated viperin homologs in polyploid fish, which elucidated the evolution of teleost duplicated genes.

Liu et al. showed how the toll-interleukin receptor (TIR)-domain-containing adapter-inducing interferon-β (TRIF), an essential adaptor downstream of Toll-like receptor signaling, played an important role in the innate immune response. The authors showed how common carp TRIF inhibited the replication of spring viremia carp virus (SVCV) in epithelioma papulosum cyprini (EPC) cells. In addition, the authors showed that TRIF increased under Aeromonas hydrophila and poly (I:C) stimulation in vivo and under poly (I:C), lipopolysaccharide, flagellin, peptidoglycan, and Pam3CSK4 stimulation in vitro. In summary, this study indicated that TRIF plays an important role in the innate immune responses of common carp against viral and bacterial infections.



3 Molecular regulation of innate immune responses upon viral infection

A balanced immune response can protect the organism from pathogens, but an exacerbated response can impair the immune homeostasis, leading to uncontrolled inflammation or pathogen invasion. In this section, the molecular regulation of some innate immune responses against viral infection was reviewed.

MicroRNAs (miRNAs) are molecules that are extensively involved in the regulatory systems of inflammation and immune responses in mammals. However, the regulatory pathway of miRNA-mediated immune responses is not well understood in lower vertebrates. In this section, the authors showed that different miRNAs could play an adverse role in the Miiuy croaker antimicrobial immunity. Gao et al. showed that pathogens such as rhabdovirus and bacteria up-regulated the expression of miRNAs, showing that an up-regulation of miR-2187 was able to reduce the production of antiviral genes and inflammatory factors through targeting TNF receptor-associated factor 6 (TRAF6), therefore, avoiding an extreme inflammatory response. On the other hand, Sun et al. showed that miR-181b-2 and miR-21-1 modulated antiviral and antibacterial immunity by means of the TRIF-mediated nuclear factor-κB (NF-κB) and interferon regulatory factor 3 (IRF3) signaling pathways.

In the same way, Li et al. described the role of miR-124 in the cellular immune response of Epinephelus coioides by Singapore grouper iridovirus (SGIV) infection (entry and replication). The authors showed a significant up-regulation of the miR-124 expression after SGIV infection. Their results suggested that E. coioides miR-124 increased viral replication and negatively modulated the host immune response by targeting Jun N-terminal kinases 3 (JNK3)/p38α MAPKinasa. Their results broaden the knowledge of the host immune interactions with viruses.

Metabolites are also known to regulate the immune response and the susceptibility to pathogen infections. He et al. performed metabolome studies of Grass carp infected with GCRV and showed that, after viral infection, most metabolites increased in three-year-old fish and decreased in five-month-old fish. In addition, those differentially expressed metabolites presented antiviral effects both in vivo and in vitro. In summary, the authors concluded that the age-dependent viral susceptibility in grass carp depended on the immune system and metabolism of the host.

In summary, this Research Topic compiles recent developments and research in relation to the importance of innate immunity in antiviral defense in fish. Our objective was to increase the interest of research communities in these areas of research and direct this knowledge into new perspectives and strategies related to antiviral defense across aquatic organisms.
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The innate immune organs and cells detect the invasion of pathogenic microorganisms, which trigger the innate immune response. A proper immune response can protect the organisms from pathogen invasion. However, excessive immunity can destroy immune homeostasis, leading to uncontrolled inflammation or pathogen transmission. Evidence shows that the miRNA-mediated immune regulatory network in mammals has had a significant impact, but the antibacterial and antiviral responses involved in miRNAs need to be further studied in lower vertebrates. Here, we report that miR-2187 as a negative regulator playing a critical role in the antiviral and antibacterial response of miiuy croaker. We find that pathogens such as Vibrio anguillarum and Siniperca chuatsi rhabdovirus (SCRV) can up-regulate the expression of miR-2187. Elevated miR-2187 is capable of reducing the production of inflammatory factors and antiviral genes by targeting TRAF6, thereby avoiding excessive inflammatory response. Furthermore, we proved that miR-2187 modulates innate immunity through TRAF6-mediated NF-κB and IRF3 signaling pathways. The above results indicate that miR-2187 acts as an immune inhibitor involved in host antibacterial and antiviral responses, thus enriching the immune regulatory network of the interaction between host and pathogen in lower vertebrates.

Keywords: miR-2187, TRAF6, immune response, negative regulation, fish


INTRODUCTION

Innate immunity and acquired immunity are important ways for the body to protect itself from pathogenic microorganisms (1). Invading pathogens are effectively identified by various extracellular or intracellular pattern-recognition receptors (PRRs) which can recognize conserved signature molecular structures termed as pathogen-associated molecular patterns (PAMPs) (2). PRRs rapidly initiate a series of immune responses by inducing the production of inflammatory cytokines, chemokines, and type I interferon (IFNs) after ligand binding (3). PRRs are a kind of evolutionarily conserved host sensor, including Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), and C-type lectin receptors. Among them, TLRs and RLRs are the most studied receptors in the immune responses (4, 5).

TLRs are recognized as the main sensors of pathogens involved in the regulation of innate and adaptive immune system. Once TLRs recognize the molecular structure of pathogens, TLRs will activate the NF-κB transcription factor through activating the myeloid differentiation factor 88 (MyD88) and tumor necrosis factor receptor related factor 6 (TRAF6). Upon TRAF6 activated, it could co-catalyze the synthesis of Lys63-linked polyubiquitin chains with a dimeric ubiquitin conjugating enzyme complex Ubc13-Uev1A thereby activating the protein kinase complex containing TAK1, TAB1, and TAB2, leading to activation and nuclear translocation of transcription factor NF-κB (6, 7). Then, such the inflammatory cytokines including IL-1β, IL-8, and TNF-α were transcribed subsequently. And at the same time, IRF family is also activated by IKK kinase family. Unlike TLRs-mediated antiviral response, RLRs are used as sensors of cytoplasmic to detect viruses. After effective identification of virus intrusion, both RIG-I and MDA5 will interact with the CARD-containing mitochondrial antiviral signal protein (MAVS) which contains multiple TRAF-interacting motifs (TIMs) and can then interact with TRAF family members to signal the transcription of type I IFN and inflammatory cytokines (8). Similar to TLR signaling, TRAF6 also plays an indispensable role in RLR-mediated NF-κB signaling pathway and IRF3 is directly activated by TBK1. It is worth noting that NF-κB activation is an important common event in both TLR and RLR signaling pathways.

TRAF6, an important intracellular multifunctional signaling molecule, was the most widely studied member of TRAF family. TRAF6 contains a highly conserved C-terminal TRAF domain and a helical coiled structure N-terminal activation domain (9). Presently, accumulating evidences have reported that TRAF6 could be activated under VSV infection, bacterial lipopolysaccharide (LPS), and poly(I:C) stimulation (10, 11), which indicated that TRAF6 is critical for both antibacterial and antiviral innate immunity. TRAF6 not only acts as a signal transducer in the NF-κB pathway but activates inhibitor of IκB kinase (IKK) in response to pro-inflammatory cytokines (12). Besides, TRAF6 acts as an E3 ubiquitin ligase to catalyze the K63 polyubiquitination of TAK1, which in turn leads to the activation of IKK and activates downstream signaling molecules, thereby inducing the activation of IRF3, IRF7, and NF-κB (13). The latest report demonstrated that the deletion of TRAF6 promoted the replication of Newcastle disease virus in mouse embryonic fibroblasts (MEF cells) (14). With the increasing importance of TRAF6 in immune regulation, its role in fish has gradually received attention. However, the functions and mechanisms of TRAF6 in fish are poorly understood when compared with mammalian TRAF6.

MicroRNAs are non-coding RNAs consisting of 19–23 nucleotides, which can regulate gene expression by binding to the 3′untranslated region (3′-UTR) of target genes. miRNAs can regulate mRNA expression at the post-transcriptional level mainly by inhibiting the translation of mRNA or promoting the degradation of mRNA (15, 16). According to reports, more than 60% of mRNA is regulated by miRNAs to some extent (17), so miRNAs have become an important transcription factor that controls cell protein content. At present, a number of studies on miRNAs extensively involved in the regulation of TLR and RIG-I pathways at different levels in response to pathogen invasion have been reported (18). For example, the adaptor protein MyD88 associated with TLR has been studied, which can be regulated by miR-3570 and miR-214, thereby regulating the innate immune response (19, 20). And the RIG-I-induced cytokines and antiviral genes also could be strictly constrained by miiuy croaker miR-3570 through targeting MAVS to avoid excess immunity (21). miR-146a, a critical miRNA, inhibits the TLR signaling pathway by targeting IRAK1 and TRAF6 (22). Miiuy croaker miR-203 and miR-21 have been studied in regulating the innate immune response of bacterial infections by inhibiting IRAK4-mediated NF-κB signaling (23, 24). Additionally, a recent study showed that the signaling molecule TAK1 has been regulated by miR-217, and miR-217 also plays important roles in regulating TAK1-induced NF-κB and IRF3 signals (25). Overall, these studies show that miRNAs act as an essential fine-tuning regulator in fish PRRs signaling transduction.

Miiuy croaker (Miichthys miiuy) has important medicinal value and is an important economic marine fish. Presently, this species has been used as a model for studying the fish immunology, because extensive researches on its transcriptome, whole genome, functional genes and immune pathway regulation have been reported (26–28). Due to the diversity of the water environment, fish is constantly threatened by bacteria and viruses, among which Gram-negative bacteria and rhabdovirus are important groups. V. anguillarum is a Gram-negative pathogen, while SCRV is a member of rhabdovirus, a kind of fish RNA virus. Both of these pathogens can cause severe hemorrhagic septicemia according to reports (29). Therefore, the regulation mechanism of V. anguillarum and SCRV infection in teleost is the focus of our research.

In the present study, we report a new regulatory mechanism of miRNA in response to innate immunity. We have explored the expression of miR-2187 and the relationship between miR-2187 and TRAF6 under the stimulation of Gram-negative bacteria or Siniperca chuatsi rhabdovirus (SCRV), a typical fish RNA rhabdovirus. Importantly, we found that miiuy croaker miR-2187 could be rapidly upregulated after V. anguillarum, LPS, SCRV, and poly(I:C) treatment. Further analysis showed that up-regulated miR-2187 can inhibit the expression of TARF6, and inhibit inflammatory cytokine genes and IFN-stimulating genes (ISG) through TRAF6-mediated NF-κB and IRF3 signaling pathways, thereby avoiding excessive inflammation. This tight negative regulation mechanism plays an important role in attenuating inflammatory response and avoiding excessive inflammation. These data not only provide more theoretical basis for studying miRNA as a negative feedback regulator involved in the antibacterial and antiviral immune response in fish, but enriched miRNA-mediated networks of host-pathogen interactions.



MATERIALS AND METHODS


Sample and Challenge

Healthy Miiuy croakers (weight, ~50 g) come from the Fisheries Research Institute of Zhoushan, Zhejiang Province, China. Before the experiment, the fish was conditioned for at least 6 weeks in an air-filled seawater tanks at 25°C. Bacterial and SCRV challenge were performed as described previously (25, 30). In short, healthy miiuy croakers were challenge with 100 μl of V. anguillarum (1.5 × 108 CFU/ml), LPS (InvivoGen, 1mg/ml), poly(I:C) (InvivoGen, 1mg/ml), or SCRV at a multiplicity of infection (MOI) of 5 through intraperitoneal route, and individual challenged with 100 μl of physiological saline as a comparison group. After that, the fish were killed at different time points and the spleen tissues were collected for RNA extraction. All animal experimental procedures were carried out in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals, and the experimental protocols were approved by the Research Ethics Committee of Shanghai Ocean University.



Cell Culture and Transfection

Epithelioma papulosum cyprinid (EPC) cells were cultured in medium 199 (Invitrogen) supplemented containing 10% FBS, 1% Penicillin-Streptomycin Solution (100×) under condition with 5% CO2 at 26°C. Cells with no stimulation were collected as the control, and each experiment have three biological replicates. Miiuy croaker macrophages were aseptically isolated from the head kidney samples as described (30). The cells were cultured in L-15 (Hyclone) medium supplemented with 15% FBS (Life Technologies) and 1% Penicillin-Streptomycin Solution (100×). Miiuy croaker kidney cell lines (MKC) were cultured in incubator at 26°C. Cells were divided into 24-well or 48-well plates before they were transferred until 80% of cell density.

Prior to transient transfection, cells were seeded into each well of a 24-well or 48-well plate and incubated overnight. Subsequently, EPC cells were transfected with the plasmid using X-tremeGENE HP DNA Transfection Reagent (Roche) according to the manufacturer's protocol. RNA oligoribonucleotides were transfected into MKC cells by using Lipofectamine RNAiMAX (Invitrogen). Washing the macrophages and infecting them with LPS, poly(I:C) or SCRV with MOI of 5, and incubate at different times as indicated.



Plasmid Construction

In order to construct the TRAF6 expression plasmid, the full-length coding sequence (CDS) region and 3′-untranslated regions (3′UTR) of the miiuy croaker TRAF6 gene were amplified by specific primer pairs and restricted endonuclease sites Hind III and EcoR I, and then inserted into pcDNA3.1 vector (Invitrogen) with a Flag tag. To construct a TRAF6 3′-UTR plasmid, the full-length TRAF6 3′-UTR region of M. miiuy, L. crocea, or S. ocellatus were cloned into pmir-GLO luciferase reporter vector to construct the wild type TRAF6-3′UTR plasmid. The mutant-types of the TRAF6 3′-UTR reporter vector were conducted by using Mut Express II Fast Mutagenesis Kit V2 (Vazyme) with mutant primers. Additionally, the wild type of miiuy croaker TRAF6 3′-UTR or the mutant-type was cloned into the mVenus-C1 vector (Invitrogen) which contained the sequence of enhanced GFP. In addition, to construct the pre-miRNA vector, the pre-miR-2187 sequences were amplified by PCR and then cloned into pcDNA3.1 vector (Invitrogen). Correct construction of the plasmids was verified by Sanger sequencing and extracted using endotoxin-free plasmid DNA miniprep kit (Tiangen), before transient transfection, and the expression of protein was confirmed by Western blot analysis. The sequences of all primers are listed in Supplementary Table 1.



miR-2187 Target Prediction

We used two calculation methods with TargetScan (31), miRanda (32) to predict the targets of miR-2187. Predictions were ranked based on the predicted efficacy of targeting as calculated using the context and scores of the sites.



Mimics and Inhibitors

miR-2187 mimics (dsRNA oligonucleotides), and control oligo nucleotides were commercially synthesized by GenePharma (Shanghai, China). Their sequences are as follows: miR-2187 mimics were 5′-UUACAGGCUAUGCUAAUCUGU-3′(sense), 5′-AGAUUAGCAUAGCCUGUAAUU-3′(antisense); negative control mimics were 5′-UUCUCCGAACGUGUCACGUTT-3′(sense), 5′-ACGUGACACGUUCGGAGAATT-3′ (antisense); miR-2187 inhibitor (ssRNA oligonucleotides chemically modified by 2′-Ome) were 5′-ACAGAUUAGCAUAGCCUGUAA-3′; inhibitors control were 5′-CAGUACUUUUGUGUAGUACAA-3′.



RNA Interference

The TRAF6-specific siRNA (si-TRAF6) were 5′-GUGUCACGUAUCUUCAUTT-3′ (sense), 5′-GAUGAAGAUACCGUGACACTT-3′ (antisense). The scrambled control RNA sequences were 5′-UUCUCCGAACGUGUCACGUTT-3′ (sense) and 5′-ACGUGACACGUUCGGAGAATT-3′ (antisense).



Evaluation of mRNA Levels

Extract viral RNA from intracellular by using the Body Fluid Viral DNA/RNA Miniprep Kit (Axygen). Total RNA which was extracted by TRIzol Reagent (Invitrogen) according to the requirements of manufacturer and cDNA is reverse-transcribed from extracted RNA using the FastQuant RT Kit (Tiangen Biotech), which includes DNase treatment of RNA genome pollution. The expression patterns were performed by using SYBR Premix Ex TaqTM (Takara). Use miRcute miRNA qPCR detection kit for miR-2187 expression analysis (Tiangen). Real-time PCR was performed in an Applied Biosystems® QuantStudio 3 (Thermo Fisher Scientific). β-actin and 5.8S rRNA were employed as internal controls for mRNA and miRNA, respectively as described (33). Primer sequences are displayed in Supplementary Table 1.



Dual-Luciferase Reporter Assays

For miRNA target identification, EPC cells were co-transfected with wild-type or mutant-type TRAF6 3′-UTR luciferase reporter plasmids, along with miR-2187 mimics, miR-2187 inhibitors, controls or pre-miR-2187 plasmid for 24 h. Additionally, EPC cells were co-transfected with luciferase reporter genes, phRL-TK Renilla luciferase plasmid, TRAF6 expression plasmid, along with either miR-2187 mimics or controls. Reporter luciferase activities were measured using the Dual-Luciferase reporter assay system (Promega) (34). After 24 h transfection, they were treated with LPS or poly(I:C) for 6 or 12 h, respectively, then the cells were collected and assayed for reporter activity by using the dual-luciferase reporter assay system. Finally, the relative luciferase activities were determined by calculating the ratio of Renilla luciferase activities over firefly luciferase activities. For each experiment, three independent experiments were performed, and each experiment was performed in three times.



Western Blotting

Total EPC cellular or macrophages lysates were generated by using 1 × SDS-PAGE loading buffer, respectively. Proteins were extracted from cells and were measured with the BCA Protein Assay Kit (Vazyme) and then subjected to SDS-PAGE (10%) gel and transferred to polyvinylidence fluoride (Millipore, USA) membranes by semidry manner (Bio-Rad Trans Blot Turbo System) (35). The membranes were blocked for 1 h with 5% BSA. Then the membranes were incubated at 4°C overnight with anti-flag mouse mAb. Protein was blotted with different antibodies (Abs). The antibody against TRAF6 was diluted at 1: 400 (ProteinTech), anti-Flag and anti-Tubulin monoclonal antibody were diluted at 1:2,000 (Sigma), and HRP-conjugated anti-rabbit IgG or anti-mouse IgG (Abbkine) was diluted at 1:5,000. The results were representative of three independent experiments. The immunoreactive proteins were detected by using WesternBrightTM ECL (Advansta). The digital imaging was performed with a cold charge-coupled-device camera.



Virus Yield Quantification

MKC cells were transfected with RNA oligonucleotides and then infected with SCRV (MOI = 5) as indicated. A volume of 0.1 ml of the cultural supernatant was then serially diluted on the monolayer of EPC cells, and EPC cells were seeded into 96-well plates 1 day before measurement. The 50% tissue culture infectious dose (TCID50) was measured after 3 days.



Statistical Analysis

All experiments were performed with at least three times independently, with three replicates for each experiment. The relative gene expression data was acquired using the 2−ΔΔCT method, and comparisons between groups were analyzed by one-way analysis of variance (ANOVA) followed by Duncan's multiple comparison tests (36, 37). All data are presented as the mean ± SE; a value of p < 0.05 was considered significant.




RESULTS


RNA Virus and Gram-Negative Bacteria Infection Enhanced miR-2187 Expression

In order to explore the influence of pathogen infection on the miRNA profile, the miRNA profile in V. anguillarum or LPS-stimulated miiuy croaker liver tissues was investigated firstly. As shown in Figures 1A,B, the level of miR-2187 can be significantly enhanced after the V. anguillarum or LPS treatment, and reaches its peak at 24 h, respectively. Furthermore, the expression pattern of miR-2187 was further verified in miiuy croaker spleen tissues following SCRV or poly(I:C) treatment. Similar to the results of LPS stimulation significantly upregulated the expression of miR-2187 at the individual level (Figures 1C,D). These results demonstrated that miR-2187 could be regulated in miiuy croaker in response to Gram-negative bacterial and SCRV infection.
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FIGURE 1. The expression profiles of miR-2187 following Gram-negative bacteria and RNA viral treatment. (A) The expression profile of miR-2187 in miiuy croker liver tissues of different time points after infection of the V. anguillarum was detected by qRT-PCR. (B) The expression profiles of miR-2187 in LPS-stimulated miiuy croaker liver samples. (C,D) The expression profiles of miR-2187 in miiuy croaker spleen tissues were measured by qRT-PCR at indicated time after poly(I:C) (C) or SCRV (D) stimulation. The miR-2187 expression levels were all measured by qRT-PCR and normalized to 5.8S rRNA. Results are standardized to 1 in control samples. All data represented the mean ± SE from three independent triplicated experiments. **p < 0.01 vs. the controls.




miR-2187 Depresses the Expression of Inflammatory Cytokines and Antiviral Genes

Given that miR-2187 can be upregulated upon bacterial and virus infection, then we explored whether miR-2187 could participate in both bacterial- and virus-induced immune response. First, the effect of synthetic miR-2187 mimics and inhibitors on the expression of miR-2187 was assessed in MKC cells. miR-2187 mimics are synthetic double-stranded RNAs (dsRNAs) that simulate naturally occurring mature miRNAs, whereas miR-2187 inhibitors are chemically modified antisense ssRNAs that sequester and inhibit intracellular miRNAs. The results are consistent with expectations, the transfection of miR-2187 mimics sharply enhanced miR-2187 expression whereas miR-2187 inhibitors significantly decreased the expression of miR-2187 (Figure 2A). To confirm the role of miR-2187 in the inflammatory response, we investigated miR-2187 on the regulation of inflammatory cytokine production in LPS-treated macrophages. As shown in Figure 2B, the results implied that the overexpression of miR-2187 mimics could inhibit the expression levels of LPS-induced TNFα, IL-8, and IL-1β. In contrast to the above results, the inhibition of endogenous miR-2187 significantly increased the expression of the indicated inflammatory cytokines compared with the inhibitory control.
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FIGURE 2. miR-2187 inhibits the expression of inflammatory factors and antiviral genes. (A) MKC cells were transfected with control mimics (NC) or miR-2187 mimics (left panel) and negative control mimics (NC-i) or miR-2187 (right panel) for 48 h, the expression of miR-2187 was determined by qRT-PCR and standardized to 5.8S rRNA. (B) MKC cells were transfected with NC, miR-2187, NC-i, miR-2187-i for 48 h. Then, the macrophages were treated with LPS for 6 h and the expression of TNF-α, IL-1β, IL-8, and were tested by qRT-PCR and standardized to β-actin. (C,D) MKC cells were transfected with NC, miR-2187 mimics, NC-i or miR-2187-i for 48 h, which was stimulated with poly(I:C) or SCRV, and the mRNA level of MX1, Viperin, TNFα, and IL-8 were determined by qRT-PCR normalized to β-actin. All data are presented as the means ± SE from three independent triplicated experiments. **p < 0.01; *p < 0.05 vs. the controls.


To determine whether miR-2187 could regulate inflammatory cytokine and antiviral genes production upon virus infection, the MKC cells were transfected with NC, miR-2187 mimics, NC-i, or miR-2187 inhibitors, then treated with poly(I:C) and the levels of inflammatory cytokines and antiviral genes were tested. As shown in Figure 2C, the expression levels of MX1, Viperin, TNFα, and IL-8 are significantly decreased when MKC were transfected with miR-2187 mimics, while miR-2187 inhibitors upregulated the expression levels of the indicated genes. To further study the function of miR-2187 in regulating RNA virus-induced antiviral immune response, MKC cells were treated with SCRV, then the expression of antiviral genes were detected. As shown in Figure 2D, miR-2187 mimics significantly suppressed the expression levels of MX1, Viperin, TNFα, and IL-8 in SCRV-stimulated MKC cells. Contrary to the above results, miR-2187 inhibitors increased the expression of the corresponding gene. Summarizing the above data shows that miR-2187 acts as a negative regulator to regulate antibacterial and antiviral immune response in miiuy croaker.



miR-2187 Target TRAF6

In order to identify a possible target, bioinformatics software was used to search for potential miR-2187 targets. After prediction and analysis, we found the 3′-UTR of TRAF6 has a standard sequence for miR-2187 binding. To confirm that TRAF6 is the direct target of miR-2187, TRAF6 3′-UTR luciferase reporter plasmids with the putative target sites for miR-2187 and the mutant type that mutated of miR-2187 targeting sequences were constructed (Figure 3A). Given that miRNA processing system is conserved in vertebrates from mammals to fish, we constructed the pre-miR-2187 sequence plasmid and then transfected it into EPC cells for in vitro expression (Figure 3B). Then TRAF6 3′UTR together with miR-2187 mimics or NC were transfected into EPC cells. miR-2187 mimics induces a significant decrease in luciferase activity only in wild-type TRAF6 3′UTR (Figure 3C). Furthermore, as shown in Figure 3D, using miR-2187 mimics and inhibitors to further verify its down-regulation mechanism, and the results revealed that the inhibition of luciferase activity by miR-2187 was weaken after co-transfection with the miR-2187 inhibitors. We also found that the down-regulation mechanism of miR-2187 mimics was time dependent in EPC cells (Figure 3E).
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FIGURE 3. miR-2187 targets miiuy croaker TRAF6 gene. (A) Sequence alignment of miR-2187 and its binding site in the 3′-UTR of TRAF6. (B) The pre-miR-2187 sequence and the construction of the plasmid. (C) EPC cells were transfected with NC or miR-2187 along with wild-type TRAF6-3′UTR (TRAF6-3′UTR-WT) or the mutant type of TRAF6 3′-UTR (TRAF6 3′UTR-MT) for 24 h, the luciferase activity was evaluated. (D) EPC cells were co-transfected with TRAF6 3′-UTR-WT, together with NC, miR-2187, NC-i or miR-2187-i 24 h. For each transfection, the total amount of oligonucleotides was controlled and normalized. (E) The time gradient experiments were conducted for miR-2187 transfection. (F) EPC cells were transfected with pcDNA3.1 or pre-miR-2187 along with TRAF6-3′UTR-WT or the TRAF6 3′-UTR-MT. (G) EPC cells were co-transfected with TRAF6 3′-UTR-WT, together with pcDNA3.1, pre-miR-2187, NC-i or miR-2187-i for 24 h. (H) The time gradient experiments were conducted for pre-miR-2187 transfection. The wild type or mutant type of TRAF6 3′-UTR was cloned into mVenus-C1 vector. EPC cells were co-transfected with the wild type or mutant type of mVenus-TRAF6 3′-UTR, together with NC or miR-2187 (I) and pcDNA3.1 or pre-miR-2187 (J). At 48 h post-transfection, the fluorescence intensity was measured by enzyme-labeled instrument. Scale bar, 20 μm; original magnification × 10. All the luciferase activity was normalized to Renilla luciferase activity. All data are presented as the means ± SE from at least three independent triplicated experiments. **p < 0.01 vs. the controls.


Consistent with the result of miR-2187, when the pre-miR-2187 plasmid and the wild type of TRAF6 3′UTR or the mutant 3′-UTR were co-transfected into the EPC cells, we found that pre-miR-2187 decreased the luciferase activity of the wild-type plasmid but did not reduce the mutant plasmid luciferase activity (Figure 3F). When the luciferase reporter plasmids were co-transfected with the pre-miR-2187 plasmid and miR-2187 inhibitors, we observed that pre-miR-2187 plasmid significantly reduced luciferase activity of the wild-type plasmid, whereas the inhibition effect was weakened by miR-2187 inhibitors (Figure 3G). Pre-miR-2187-triggered time gradient experiment was performed and the result was similar to transfection of miR-2187 (Figure 3H). For further validation, the results revealed that miR-2187 or pre-miR-2187 plasmid could significantly inhibit GFP gene expression, whereas no effect on fluorescence intensity was observed in cells transfected with the mutant form (Figures 3I,J). In summary, these results fully demonstrated that miR-2187 directly targets the 3′UTR of TRAF6.



miR-2187 Depresses TRAF6 Expression at the Posttranscriptional Level

MicroRNAs regulate target genes by binding to their 3′-UTR, and then we next determined whether miR-2187 is involved in the regulation of TRAF6 expression. First, we constructed TRAF6 expression plasmid that includes the full-length CDS region and 3′-UTR of miiuy croaker TRAF6, and then co-transfected with miR-2187 mimics into EPC cells. As shown in Figure 4A, the overexpression of miR-2187 exerted a potent inhibitory effect in dose-dependent manner on the expression of TRAF6 whether at mRNA level or at the protein level. Consistent with above results, the mRNA expression levels of TRAF6 were consistent with the protein expression levels indicating that pre-miR-2187 depresses TRAF6 expression at the posttranscriptional level (Figure 4B). To investigate the regulation of miR-2187 on endogenous TRAF6, we detected the effect of miR-2187 on TRAF6 gene after transfection of MKC cells. Overexpression of miR-2187 significantly inhibited endogenous TRAF6 at protein and mRNA expression level (Figure 4C). In contrast, miR-2187 inhibitors distinctly enhanced TARF6 expression compared with control inhibitors (Figure 4D). In addition, in order to detect whether miR-2187 will inhibit the expression of TRAF6 during viral infection and LPS stimulation. We transfected the miR-2187 into the MKC cells for 48 h, and then stimulated the cells with LPS, SCRV, or poly(I:C). The result (Figure 4E) indicated that the expression of TRAF6 could be significantly enhanced after LPS, SCRV or poly(I:C) treatment, and overexpressed miR-2187 inhibits TRAF6 expression in MKC cells. In contrast to the transfection of miR-2187, miR-2187 inhibitor can significantly enhance the expression of TRAF6 after LPS, SCRV, or poly(I:C) treatment (Figure 4F). Overall, these results indicated that miR-2187 inhibits the expression of TRAF6 gene at posttranscriptional levels, and miR-2187 can also inhibit TRAF6 expression during LPS stimulation or RNA virus infection.
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FIGURE 4. miR-2187 inhibits the expression of TRAF6. (A,B) EPC cells were co-transfected with TRAF6 expression plasmid, pcDNA3.1 or pre-miR-2187 along with NC or miR-2187 (A) and pcDNA3.1 or pre-miR-2187 (B). After 48 h, western blotting (upper panel) or qRT-PCR (lower panel) was used to determine the expression of TRAF6, respectively. (C,D) MKC cells were transfected with NC or miR-2187 (C) and NC-i or miR-2187-i (D). After 48 h post-transfection, the protein and mRNA expression of TRAF6 were detected by western blotting (upper panel) or qRT-PCR (lower panel), respectively. (E,F) After transfection of NC or miR-2187 (E) and NC-i or miR-2187-i (F) for 48 h, MKC cells were treated with LPS, poly(I:C) or SCRV, respectively. The mRNA expression of TRAF6 was analyzed by qRT-PCR and normalized to β-actin. All data are presented as the means ± SE from three independent triplicated experiments. **p < 0.01 vs. the controls.




miR-2187 Depresses TRAF6-Mediated NF-κB and IRF3 Signaling Pathway

Studies have shown that TRAF6 activates the canonical IKK complex, leading to the activation of NF-κB, and can regulate the expression of inflammatory cytokines. Given that miR-2187 can inhibit the production of inflammatory factors and antiviral genes, we explore the underlying regulation mechanism of miR-2187 on TRAF6-induced NF-κB and IRF3 signaling pathway. First, miiuy croaker TRAF6 expression plasmid and NF-κB, IL-1β, IL-8, IRF3, or ISRE reporter genes were co-transfected into EPC cells for 24 h. The results of dual-luciferase reporter assays indicting overexpression of TRAF6 can activate NF-κB and IRF3 luciferase reporter genes, as well as IL-8, IL-1β, and ISRE luciferase reporter genes (Figure 5A). The above results indicated that miR-2187 targets and regulates the TRAF6, we then examined whether overexpression of miR-2187 inhibits the activation of NF-κB, IRF3, and ISRE luciferase reporters by targeting TRAF6. To this end, we transfected with miiuy croaker TRAF6 expression plasmid, together with miR-2187 mimics or negative control mimics into EPC cells. The results showed in Figure 5B, miR-2187 mimics significantly inhibits the activation of NF-κB, IL-1β, IL-8, IRF3, and ISRE induced by the overexpression of TRAF6.
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FIGURE 5. Overexpressed miR-2187 depresses TRAF6-mediated NF-κB and IRF3 signaling. (A) Co-transfect EPC cells with TRAF6 expression plasmid, phRL-TK Renilla luciferase plasmid and NF-κB, IL-1β, IL-8, IRF3, or ISRE luciferase reporter gene for 24 h, and then measure luciferase activity. (B) Luciferase test showed that co-transfection of TRAF6 expression plasmid and NC or miR-2187 with EPC reduced luciferase activity. Co-transfect EPC cells with TRAF6 expression plasmid and stimulated with LPS (1 mg/ml) (C) for another 6 h or poly(I:C) (1 mg/ml) for 12 h (D). (E) EPC cells were transfected with miR-2187 in a concentration gradient manner, together with luciferase reporter gene for 24 h and stimulated with LPS (1 mg/ml) for another 6 h or poly(I:C) (1 mg/ml) for 12 h (F). Afterward, the luciferase activity was measured. All the luciferase activity was normalized to Renilla luciferase activity. All data are presented as the means ± SE from three independent triplicated experiments. **p < 0.01; *p < 0.05 vs. the controls.


Given that miR-2187 regulates the expression of inflammatory cytokines and antiviral genes, then we tested whether miR-2187 regulates the activity of the indicated luciferase reporter gene under different stimulations. As shown in Figure 5C, although overexpression of TRFA6 markedly up-regulated the luciferase activity of NF-κB, IL-8, and IL-1β reporter genes compared with controls, the activating effects were more significant after stimulation with LPS. Except for LPS stimulation, poly(I:C) stimulation was also used to determine the luciferase activity of antiviral signaling induced by TRAF6. The results showed that the activation trend of IRF3 signal pathway is more obvious than that of the unstimulated control group under overexpression of TRFA6 (Figure 5D). Moreover, the gradient experiment induced by pre-miR-2187 plasmid further verified the indicated results. Pre-miR-2187 showed obviously inhibitory effect on NF-κB, IL-8, IL-1β, IRF3, and ISRE reporter genes during LPS or poly(I:C) infection (Figures 5E,F). Collectively, these data sufficiently demonstrated that miR-2187 could negatively regulate TRAF6-mediated NF-κB and IRF3 signaling pathway upon LPS or poly(I:C) stimulation, respectively.



Knockdown of TRAF6 Attenuated Antibacterial and Antiviral Immune Response

To further investigate the contribution of TRAF6 to the antiviral and antibacterial response, we silenced TRAF6 to determine the expression of inflammatory cytokines and ISGs upon LPS, poly(I:C) or SCRV treatment. TRAF6-specific small interfering RNA (si-TRAF6) was transfected into MKC cells, the expression levels of endogenous TRFA6 in protein and mRNA were significantly inhibited (Figure 6A). We knocked down TRAF6 and checked the expression of TRAF6 upon the macrophages were treated with LPS, poly(I:C), or SCRV. As shown in Figure 6B, si-TRAF6 effectively suppressed the expression level of TRAF6 in MKC cells after LPS, poly(I:C), or SCRV treatment. Afterwards, MKC cells were transfected with TRAF6-specific siRNA and then stimulated with LPS. As shown in Figure 6C, knockdown of TRAF6 significantly decreased the expression of TNF-α and IL-8 in MKC cells stimulated with LPS. Similar downregulation trends were also detected in MKC cells treated with poly(I:C) or SCRV treatment. As shown in Figures 6D,E, silenced TRAF6 in MKC cells obviously reduces the expression of TNF-α, IL-8, MX1, Viperin, and ISG15. The above results confirmed that miiuy croaker TRAF6 is involved in regulation of antibacterial and antiviral immune responses, and silenced TRFA6 and miR-2187 overexpression have similar effects on TRAF6.
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FIGURE 6. Knockdown of TRAF6 depress the expression of inflammatory factor and antiviral genes. (A) MKC were transfected with control siRNA (si-NC) or si-TRAF6 for 48 h, then TRAF6 protein (left panel) and mRNA (right panel) level were determined by western blot and qRT-PCR, respectively. (B) MKC were transfected with contrl siRNA (si-NC) or si-TRAF6 for 48 h, the macrophages (MKC) were treated with LPS (left panel), poly(I:C) or SCRV (right panel), respectively. The expression levels of TRAF6 by qRT-PCR. (C) MKC cells were transfected with si-NC or si-TRFA6 for 48 h, and treated with LPS for 6 h. The expression levels of TNFα and IL-8 were determined by qRT-PCR. (D,E) After transfection of si-NC or si-TRAF6, MKC cells were treated with poly (I:C) or SCRV for another 12 h or 18 h, respectively. The expression levels of TNF-α, IL-8 (D), MX1, Viperin, and ISG15 (E). All data are presented as the means ± SE from three independent triplicated experiments. **p < 0.01; *p < 0.05 vs. the controls.




miR-2187 Feedback Promotes Virus Replication

To further study the biological significance of the upregulation miR-2187 induced by SCRV, we examined the effect of miR-2187 on SCRV replication in EPC cells. By measuring the SCRV 50% tissue culture infectious dose (TCID50) levels in the supernatant from the infected MKC cells, we found that replication of SCRV is facilitated by the overexpression of miR-2187, while inhibition of miR-2187 decreased SCRV replication (Figure 7A). Consistent with these results, overexpression of miR-2187 promotes SCRV replication, while inhibition of miR-2187 attenuated SCRV replication in infected MKC cells (Figure 7B). These results revealed that host miR-2187 can enhance SCRV replication.
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FIGURE 7. miR-2187 promotes SCRV replication. (A) MKC cells were transfected with NC, miR-2187 mimics, NC-i or miR-2187-i, and infected with SCRV at MOI 5 for 1 h and washed and then added with fresh medium. After 72 h, SCRV TCID50 in cultural supernatants was measured with EPC cells. (B) The qRT-PCR analysis was conducted for intracellular SCRV RNA. All data are presented as the means ± SE from at least three independent triplicated experiments. **p < 0.01 vs. the controls.




miR-2187 Regulation of TRAF6 Is Widely Found in Teleost Fish

To confirm the universality that miR-2187 targets TRAF6, we explored the mechanism in other fish including L. crocea and S. ocellatus. In this respect, we generated the luciferase reporter constructs by cloning the TRAF6 3′-UTR of L. crocea into the pmir-GLO vector within the mutation at the miR-2187 binding site as a control (Figure 8A). miR-2187 mimics significantly suppressed luciferase activity when co-transfected with the L. crocea TRAF6-3′UTR reporter plasmid, whereas miR-2187 mimics showed no effect on luciferase activity in cells transfected with mutant types (Figure 8B). We also demonstrated that miR-2187 inhibits luciferase activity in a dose-dependent manner. Meanwhile, we found that miR-2187 has a similar inhibitory effects on luciferase activity when co-transfected with the TRAF6 3′-UTR of S. ocellatus (Figures 8C,D). These results indicate that miR-2187 can target the TRAF6 gene in other teleost fish, verifying that the functions of miR-2187 are conserved to some extent. To summarize the above results, these results showed that Gram-negative bacterial or RNA virus infection can enhance the expression of miR-2187. Up-regulated miR-2187 inhibits the production of inflammatory cytokines and antiviral genes by targeting TRAF6 and subsequently inhibiting NF-κB and IRF3 signaling, thereby avoiding excessive inflammation (Figure 9).
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FIGURE 8. miR-2187 regulation of TRAF6 is widely found in teleost fish. (A) Schematic diagram of the predicted target sites of miR-2187 in the 3′UTR of L. crocea TRAF6. (B) EPC cells were transfected with NC or miR-2187, along with the wild-type or mutant L. crocea TRAF6 3′UTR and the luciferase activity was determined (left). The dose gradient experiments were conducted for miR-2187 transfection (right). (C) Schematic diagram of the predicted target sites of miR-2187 in 3′-UTR of S. ocellatus TRAF6. (D) EPC cells were transfected with NC or miR-2187, along with the wild type or the mutant type of S. ocellatus TRAF6 3′-UTR and the luciferase activity was determined (left). The dose gradient experiments were conducted for miR-2187 transfection (right). All data are presented as the means ±SE from at least three independent triplicated experiments. **p < 0.01 vs. the controls.
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FIGURE 9. Proposed model for the mechanism by which induced miR-2187 negatively regulates NF-κB and IRF3 signaling expression by targeting TRAF6, thereby avoiding excessive inflammation and immune responses.





DISCUSSION

Aquaculture has developed rapidly over the past three decades to become an efficient protein producer. However, its development has been hampered by pathogenic infections. Rhabdoviruses are a group of enveloped, single-stranded, negative RNA viruses such as SCRV that can cause severe hemorrhagic septicemia in freshwater and marine fish (29, 38). In addition, V. anguillarum is a kind of Gram-negative bacterium of curved rod type, which causes high mortality and severe epidemic vibriosis in many marine animals, accompanied by symptoms of hemorrhagic sepsis (39, 40). Hence, it is urgent matter to explore potential immunomodulatory mechanism of teleost. Teleost use PRRs to identify the invasion of pathogenic microorganisms. Similar to mammals, the PRRs of teleost initiate immune response by recognizing the conservative sequence of PAMPs, and then signal the transcription of NF-κB and IRF3/7, leading to the production of inflammatory cytokines and antiviral genes, producing a clearance effect on pathogen invasion (41–43). However, the excessive activation of TLR or RIG-I signals can disrupt the immune balance and cause self-diseases.

As a member of the RLRs family, RIG-I has been widely studied for its role in detecting viral RNA and antiviral immune response. After activated RIG-I, NF-κB /IRF3 will transfer from the cytoplasm to the nucleus, and induce the transcription of multiple innate immune genes. MAVS is a key downstream adaptor of RIG-I which contains multiple TRAF interaction motifs in the proline-rich region, which are related to the TRAF family (44, 45). Specifically, TRAF6 is a member of the TRAF family. TRAF6 signaling activates the IKK complex, leading to the activation of NF-κB and the expression of inflammatory cytokines, thereby eliminating the invasion of the virus (46). At the same time, the IRF family is also directly activated by TBK1/IKKε. In the innate immune response, from invertebrates to mammals, the signal transduction of the TLR pathway is highly conserved. Toll-like receptors detect pathogen-related molecular patterns (PAMPs) and initiate signaling pathways to resist the invasion of pathogens. When the TLR binds to the corresponding ligand, the IL-1 receptor-associated kinase 4 (IRAK4) will recruit MyD88, further activate TRAF6, and ultimately lead to the activation of NF-κB (47). As indispensable upstream mediators of the NF-κB pathway, TRAF6 has been reported to be regulated by many different molecules. For example, the heat shock protein 27 (HSP27) binds to TRAF6 to regulate the signaling pathway induced by IL-1 (48). The deubiquitinating enzymes such as cylindromatosis (CYLD) can inhibit the activation of MyD88 and TRIF-dependent NF-κB by deubiquitinating TRAF6 (49). Further investigations have reported that overexpression of miR-146a attenuates POCD hippocampal-dependent learning and memory impairment by targeting IRAK1 and TRAF6 (50). In this study, we found that TRAF6 enhances inflammatory cytokine production via modulating NF-κB signaling in miiuy croaker. Furthermore, we demonstrated that overexpression of fish TRAF6 could induce the activation of IRF3 signaling and several IFN-inducible genes, such as MX1, Viperin, and ISG15, which suggests the significant role of TRAF6 in host antiviral immunity. However, the regulation of NF-κB and IRF3 signaling pathway by miRNA targeting TRAF6 in fish has not been studied in depth.

Due to the pivotal regulatory role of miRNA, research on the mechanism of miRNA regulating immune response has also been paid more and more attention. At present, miRNAs functions as fine-tuning regulators involved in various biological processes of fish has been increasingly clarified. In Epinephelus tauvina, miR-1, miR-30b, miR-150, and miR-184 all function as important regulatory factor upon neuronecrosis virus infection (44). Meanwhile, such as miR-146a (51) and miR-98 (52) have been shown to be involved in innate and adaptive immune responses in teleost fish. As a key regulator of immune response, miRNA not only response to microorganism invasion, but also regulates the replication of some pathogens. For example, miR-30c can be upregulated by porcine reproductive and respiratory syndrome virus, and inducible miR-30c inhibits IFN-I signaling by targeting JAK1, thereby promoting viral replication (53). In this study, we found for the first time that the expression of miR-2187 was rapidly upregulated in miiuy croaker after stimulation with Gram-negative bacteria and RNA virus. Upregulated miR-2187 could suppress the production of inflammatory cytokines and antiviral genes. Additionally, overexpression of miR-2187 could promote the publication of SCRV. Overall, these results indicated that inducible miR-2187 decreases the production of inflammatory cytokines and ISGs in LPS- and poly(I:C)-stimulated macrophages through negatively regulating the NF-κB and IRF3 signaling pathway by modulating TRAF6. This could be a novel discovery about the negative regulation of the antibacterial and antiviral immunity, which also enriches the network of miRNAs-induced immune response mechanism in teleost fish.

In conclusion, this study demonstrated that host miR-2187 as a new regulator of TRAF6 plays a negative regulatory role in TRAF6-mediated NF-κB and IRF3 signaling pathways, which provide direct evidence for the role of miR-2187 in antiviral and antibacterial response. In addition, TRAF6 as a new target of miR-2187 has also been confirmed in other teleost fish, proving that miR-2187 targeting TRAF6 is conserved in other fishes. Overall, our research not only enables us to increase our understanding of miR-2187 function, but also provides insight into the regulatory network of miRNA-mediated immune responses against fish pathogen infections.
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Melanized focal changes in white skeletal muscle of farmed Atlantic salmon, “black spots”, is a quality problem affecting on average 20% of slaughtered fish. The spots appear initially as “red spots” characterized by hemorrhages and acute inflammation and progress into black spots characterized by chronic inflammation and abundant pigmented cells. Piscine orthoreovirus 1 (PRV-1) was previously found to be associated with macrophages and melano-macrophages in red and black spots. Here we have addressed the inflammatory microenvironment of red and black spots by studying the polarization status of the macrophages and cell mediated immune responses in spots, in both PRV-1 infected and non-infected fish. Samples that had been collected at regular intervals through the seawater production phase in a commercial farm were analyzed by multiplex fluorescent in situ hybridization (FISH) and RT-qPCR methods. Detection of abundant inducible nitric oxide synthase (iNOS2) expressing M1-polarized macrophages in red spots demonstrated a pro-inflammatory microenvironment. There was an almost perfect co-localization with the iNOS2 expression and PRV-1 infection. Black spots, on the other side, had few iNOS2 expressing cells, but a relatively high number of arginase-2 expressing anti-inflammatory M2-polarized macrophages containing melanin. The numerous M2-polarized melano-macrophages in black spots indicate an ongoing healing phase. Co-localization of PRV-1 and cells expressing CD8+ and MHC-I suggests a targeted immune response taking place in the spots. Altogether, this study indicates that PRV-1 induces a pro-inflammatory environment that is important for the pathogenesis of the spots. We do not have indication that infection of PRV-1 is the initial causative agent of this condition.




Keywords: Atlantic salmon, black spots, macrophage polarization, Piscine orthoreovirus, red spots



Introduction

Melanized focal changes in the white skeletal muscle of farmed Atlantic salmon (Salmo salar), “black spots”, has emerged as a phenomenon that is found on average in 20% of the Atlantic salmon slaughtered at Norwegian processing plants (1). Fish affected with spots appear clinically healthy, and the condition is therefore regarded as a quality problem rather than associated with a disease state. Most melanized changes locate to the cranio‐ventral and mid‐ventral parts of the fillet, which could indicate an anatomical and physiological disposition for the condition (2). However, the etiological cause of the focal melanization remains unknown.

The black spots are primarily observed at slaughter of seawater farmed Atlantic salmon (3), and there are no reports that such spots are common in wild fish. Histologically, black spots appear heterogenous. The more severe black spots are classically characterized as chronic inflammatory reactions of granulomatous character, where macrophages are the dominating cell type, and the presence of melano‐macrophages gives the black discoloration (3). In a longitudinal study where the presence of spots was followed through the seawater production phase in a commercial farmed salmon population, it was concluded that red spots preceded the formation of black spots (2). The term red spots refer to foci in the white muscle assumed to be intramuscular hemorrhages. The red spots were found to have a stable low prevalence in the production period, while the black spots accumulated over time in the fish population in seawater (2). Histopathological classification of the melanized spots show that they develop over the time the fish population has spent in sea water, and the most serious granulomatous inflammatory changes appear a few months before slaughter and are associated with Piscine orthoreovirus 1 (PRV-1) (2). Aggregation of macrophages and other immune cells forming granulomatous structures in the black spots indicate a long-term activation of the immune response (4).

Both immunohistochemistry and in situ hybridization methods have demonstrated presence of PRV-1 in melanized foci (2, 4). PRV-1 is a very common infection in farmed Atlantic salmon in the marine phase (5). The presence of PRV-1 in the black spots has been associated with the severity of the spots (2, 4). However, due to the increasing prevalence of PRV-1 infection in farmed Atlantic salmon with time spent in seawater, an alternative hypothesis would be that the presence of melanized changes is coincidental and not caused by PRV-1 infection. In line with this, some macroscopic dark spots are found in fish without detectable PRV-1 infection, but histologically these spots do not show the same chronic inflammatory and granulomatous reactions (2). In black spots with histopathological changes, classified as granulomatous changes, PRV-1 seems to be a consistent finding (2).

PRV virions are naked particles of 70 nm-large icosahedral capsids encompassing the genome of ten double stranded (ds)RNA segments, categorized into long (L1-L3), medium (M1-M3) and small (S1-S4) segments. There are three recognized subtypes of PRV. PRV-1 is mainly found in Atlantic salmon where it may cause heart and skeletal muscle inflammation (HSMI) (6). Following infection of PRV-1 in Atlantic salmon, the virus replicates to high titers in its main target cell, the erythrocyte (7, 8), and subsequently high virulent variants of PRV-1 infect cardiomyocytes leading to the cardiac inflammation observed during heart and skeletal muscle inflammation (HSMI) (9).

Previous studies have indicated that Atlantic salmon does not clear the PRV-1 infection, and the acute infection develops into a persistent, low productive infection (10). In the persistent phase, PRV-1 infection can be found in circulating erythrocytes and renal erythroid progenitor cells, but also in macrophages and melano-macrophages in kidney and spleen (11). In the melanized spots and in the granulomatous reactions of the more severe black spots in particular, PRV-1 is found in macrophage-like cells, melano-macrophages and erythrocytes (2, 12). This could indicate that the infected cells have a role in the pathogenesis of the melanized changes. Melano-macrophages primarily reside in the spleen and head kidney of teleost fish, where they can cluster to form so-called melano-macrophage centers, but they may also migrate to inflamed tissues (13).

Macrophages are often classified according to their polarization rather than their tissue location. The M1 type macrophages are classically activated and polarized by IFN-γ signaling. They produce a pro-inflammatory microenvironment by secreting inflammatory cytokines, and have the capacity to inactivate intracellular pathogens through, among other factors, the action of nitric oxide (NO) and reactive oxygen species (ROS) (14, 15). Presence of M1 macrophages in an area with infection suggests that macrophage polarization have occurred through sensing of danger signals (16, 17). M1 macrophages are a common phenotype of phagocytes during a cell mediated immune response (18).

The M2 macrophages, on the other hand, are anti-inflammatory and are central in wound healing and tissue repair (19, 20). M2 macrophages can be activated by anti-inflammatory cytokines (IL-4 or IL-13) (21) and their main functions are to generate extracellular matrix and polyamines for cell growth and division, in addition to protein synthesis necessary for the healing process (22). There are many indications that the polarized macrophage phenotypes exist also in teleost fish (23, 24), and the presence of inducible nitric oxide synthase (iNOS2) and arginase-2 (Arg2) have been defined as M1 and M2 specific markers, respectively (22).

Interaction between cytotoxic T-lymphocytes (CTLs) and the antigen presenting complex MHC-I on the target cell surface can initiate the killing of target cells by the actions of granzymes and perforins produced by CTLs (25, 26). Involvement of CTLs in the host defense mechanism against PRV-1 infected cells is indicated in HSMI (27) and spots development (12). The specific co-localization pattern of PRV-1 and the targeted response of these immune cells can be exposed through multiplex in situ hybridization method.

This study aimed to characterize the polarization of macrophages in red and black spots by multiplex fluorescent in situ hybridization (FISH) method and to study the correlation of markers of macrophage polarization, MHC-I and CD8 expressing cells with PRV-1 infection. The reduction of the relative number of PRV-1 infected cells through the spots’ stages indicated an elimination of PRV-1 infected cells in the melanized focal spots in Atlantic salmon. Transformation of red spots into black spots is associated with the emergence of melano-macrophages of M2 phenotype in the white skeletal muscle.



Material and Methods


Samples From Field Trial

Atlantic salmon smolts with an average weight of 110 g were transferred to sea in a commercial setting at Svåsand, Hardanger, Norway, as earlier described (2). The fish were sampled regularly throughout the seawater period and screened visually for presence of red and black spots in the white muscle (2). Formalin fixed samples of red and black spots had been categorized and graded based on macroscopic appearance and the PRV-1 infection status of the population had been monitored by RT-qPCR of gill, spleen and muscle samples by PatoGen Analyse, Ålesund, Norway as earlier described (2). The population was PRV negative upon transfer to sea and the first PRV positive fish were detected at 23 weeks post transfer. At 48 weeks post transfer about 98% of the sampled fish were PRV-1 positive. The samples used in the present study were collected at 4 and 52 weeks post sea transfer, i.e. prior to PRV-1 infection and after the population was near completely infected with PRV-1, in this context referred to as PRV negative and positive, respectively. The seawater temperature was 11-11.5°C at samplings.

The samples were collected from white muscle of the cranio-ventral part of the fillet and were no spots (normal tissue), macroscopic red spots and black spots (Table 1). Macroscopically the spots were graded 1-3 where grade 1 was very faint discoloration, 2 was a distinct but not severe discoloration and 3 was a prominent and severe discoloration (2).


Table 1 | Samples selected from red and black spots.





RNA Extraction and RT-qPCR

Total RNA was extracted from a 25 mg sample of the tissues from all fish from each group as shown in Table 1 using 0.65 ml QIAzol Lysis reagent (Qiagen, Hilden, Germany). Tissues were homogenized using 5 mm steel beads in a TissueLyzer II (Qiagen) for 2 x 5 min at 25 Hz. Chloroform was added and the aqueous phase collected for automatic RNA isolation using a RNeasy Mini QIAcube Kit (Qiagen), eluting RNA in 50 µl RNase free water. RNA concentrations were determined in a Nanodrop ND-100 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Thereafter, RNA was stored at -80°C until further use.

cDNA was synthesized from 1 µg total RNA by using Quantitect Reverse Transcription Kit (Qiagen) according to the manufacturer’s guidelines. In short, the procedure included elimination of genomic DNA and incubation at 42°C for 30 min with RT mastermix including reverse transcriptase enzyme and RNAse inhibitor. Quantitative PCR was performed in duplicates in 96-well plates, using a reaction volume of 12 µl with 15 ng cDNA input per well, and the Maxima SYBR Green/ROX qPCR Master Mix-2x (Thermo Fisher Scientific). Thermal conditions were set for an initial denaturation at 10 min/95°C and 40 cycles of amplification at 15 sec/95°C, 30 sec/60°C and 30 sec/72°C. Melting curve analysis were included to ensure assay specificity. Elongation factor (EF1ab) was used as reference gene (28). No-template control (NTC) were run on the same plate as negative control. The cut off value was set to Ct 35, and fold induction of genes of interest was determined against the reference gene and control samples (29). Primers (Table 2) were designed using Vector NTI Advance™ 11 software (Thermo Fisher Scientific), and AlignX application (Vector NTI Advance™ 11 Package, Invitrogen Dynal AS) was used for sequence alignments. (Table 2)


Table 2 | List of specific primers for genes of interest.





Statistical Analysis

Fold change (2- ΔΔCt formula) medians for genes of interest were compared in all groups, using non-parametric Mann-Whitney test due to small sample number, to display differences among the groups. GraphPad Prism version 9.0 (GraphPad Software Inc., La Jolla, CA, USA) was used for statistical analysis and graphical layouts. p ≤ 0.05 was considered as significantly different.



Histology

Samples for histological examination were selected from PRV-1 infected and uninfected fish populations with or without macroscopic red and black spots (Table 1). Selection criteria for the uninfected population with red and black spots was spot grade level 2 (n = 1) because no uninfected fish had grade 3 level black spots. Samples from PRV-1 infected fish with red and black spots had grade 3 (n = 2). Samples from uninfected fish without macroscopic lesion were selected randomly and used as negative control, whereas samples from infected fish without spot were selected based on highest PRV-1 level (Table S1). Formalin fixed paraffin embedded (FFPE) tissue section (2 µm thickness) was dehydrated by gradual ethanol baths followed by xylene washing for paraffin clearance. Rehydration of the sections were performed for subsequent staining with hematoxylin and eosin (H&E staining). Standard procedures were followed (32). Bright field microscopy (Carl Zeiss Light Microscopy System with Axio Imager 2 - Carl Zeiss AG, Oberkochen, Germany) was performed for imaging.



Fluorescent In Situ Hybridization (FISH)


Sample Pretreatment

FFPE sections were sliced with 5 µm thickness from tissue samples and mounted on Superfrost plus (Thermo Fisher Scientific) slides. Slides were baked at 60°C for 2 h in a HybEZ™ II oven (Advanced Cell Diagnostics, catalog #321720) followed by deparaffinization with 100% ethanol and fresh xylene baths. Samples were pretreated with hydrogen peroxide for 10 min at RT, boiled with RNAscope antigen retrieval reagent (Advanced Cell Diagnostics, catalog #322000) for 15 min at 99°C, and then incubated with RNAscope protease plus reagent for 15 min at 40°C in the HybEZ™ II oven. Hydrophobic barrier was made around the tissue section using Immedge hydrophobic barrier pen (Vector Laboratories, Burlingame, CA).



Multiplex In Situ Probe Hybridization

RNAscope® Multiplex fluorescent V2 assay kit (Advanced Cell Diagnostics catalog #323100) was used for simultaneous detection of up to three different RNA targets. Probes (Table 3) were designed against; PRV-1 L3 segment (Advanced Cell Diagnostics catalog #537451) iNOS2 (Advanced Cell Diagnostics catalog #548391); Arg2 (Advanced Cell Diagnostics catalog #548381) CD8α (Advanced Cell Diagnostics catalog #836821); Granzyme A (Advanced Cell Diagnostics catalog #836841) and MHC-I (Advanced Cell Diagnostics catalog #836831). Probes against Peptidylpropyl Isomerase B (PPIB) (Advanced Cell Diagnostics, catalog #494421) was used as reference gene for RNA integrity of the target samples. Dihydrodipicolinate reductase (DapB), a bacterial gene from Bacillus subtilis (Advanced Cell Diagnostics catalog #310043) was used as negative control gene to assess cross-reactivity and background noise. Probes were mixed and hybridized for 2 hrs at 40°C in the HybEZ™ II oven. Amplification steps (Amp1-Amp3) were performed according to the manufacturer’s protocol. Opal fluorophores (Table 2) (Akoya Biosciences, CA, United States) were prepared and diluted (1:1500) using tyramide signal amplification (TSA) buffer (Advanced Cell Diagnostics catalog #322809) provided in the kit. Each probe was assigned a fluorophore, having a different emission and excitation range to distinguish each output signal (Table 3). Also, every probe was developed, labeled, and blocked separately by incubating with RNAscope® multiplex Fluorescent Detection Reagents v2 (catalog #323110) and diluted Opal fluorophores in a sequential order as per manufacturer recommendations. Each section was counter stained by adding DAPI (fluorescent DNA stain) for 30 sec at room temperature. Mounting was performed by adding 1-2 drops of Prolong Gold antifade mounting reagent (Thermo Fisher Scientific). Imaging was performed in a TCS SP8 gSTED confocal microscope (Leica microsystems GmbH, Mannheim, Germany).


Table 3 | List of probes and corresponding fluorophores used in FISH.







Results


Histology of Red and Black Focal Changes

In samples from white muscle from non-infected fish without visible spots, unaltered and intact myocytes were seen (Figure 1A). In samples of non-spot tissue from PRV-1 infected fish, mild myocyte degeneration was observed to some extent along with presence of infiltrating leukocytes (Figure 1B).




Figure 1 | Representative histological sections from white skeletal muscle of noninfected and PRV-1 infected Atlantic salmon HE stained. (A) Myocytes with no observable changes. (B) Myocytes with mild degeneration (arrow) and presence of inter-myocytial fluid (arrowheads) and few infiltrating leukocytes (inset). (C) Uninfected fish, red focal change shows areas with moderate (inset) and minor (arrowhead) hemorrhages. Note minor degeneration in some myocytes with infiltrating macrophages. (D) Red focal change in PRV-1 infected fish with large hemorrhage (inset) and massive myocyte necrosis (arrowheads). (E) Black spot in uninfected fish. Sporadic occurrence of melano-macrophages (black) in seemingly otherwise non-affected tissue (dotted circle). (F) Black spot in infected fish with a typical granulomatous change surrounded with melano-macrophages (black). Arrowheads point to scattered melano-macrophages. Scale bar = 100 µm.



In red spots the white skeletal muscle tissue showed moderate to severe bleedings, and mild degeneration to moderate myocyte necrosis was observed in uninfected and infected fish, respectively (Figures 1C, D). The red spots from PRV-1 infected fish differed from the noninfected fish by infiltration of leukocytes and scattered appearance of adipocytes. In black spots, melanin was found in both groups (Figures 1E, F), however, the presence of macrophage-like cells with histologically observable melanin content, referred to as a melano-macrophages, in the samples of the infected fish were more prominent and widespread. Moreover, granulomatous changes in the black spots were observed in PRV-1 positive fish (Figure 1F) and never in the uninfected fish.



In Situ Localization of Differentiated, Polarized Macrophages and PRV-1 in Focal Changes

	a. Uninfected fish

	The positive and negative controls, i.e. using the PPIB and DapB probes, are shown in Figures S1, S2, respectively. Tissues with macroscopic appearance of red focal changes from uninfected fish showed no iNOS2 specific staining, but some Arg2 positive cells (Figure S3). Similarly, sections with the macroscopic appearance of black spots from uninfected fish showed low number of iNOS2 or Arg2 positive cells (Figure S4). No staining was seen in areas without spots from uninfected fish (Figure S5). No PRV-1 signal was detected from noninfected fish groups having spots or no spots (Figures S3–S5).

	b. Red spot. Early phase. PRV-1 infected.

	In red focal changes there were hemorrhages (Figure 2A) containing a large number of nucleated cells (Figure 2B). Hemorrhages analyzed by FISH showed PRV-1 in a few erythrocytes (Figure 2C). Numerous iNOS2 positive macrophages, i.e. M1 type polarized macrophages, were surrounding the hemorrhage (Figure 2D), but co-localization of PRV-1 and iNOS2 were not seen (Figure 2E). There was no staining for Arg2, i.e. M2 type polarized macrophages (Figure 2F). Due to the low presence of M1 activated macrophages and lack of organization of the hemorrhages, this appearance was assessed as being an early phase of the red spots.

	c. Red spot. Intermediate phase. PRV-1 infected.

	In red focal changes from infected fish, where the changes were assessed as more advanced and infiltrating cells were seen between the myocytes (Figure 3A). The large number of extravasal erythrocytes of the early phase was not present (Figure 3B). Co-localization of PRV-1 and iNOS2 was observed among infiltrating cells found between myocytes (Figures 3C, D). There was no staining with Arg2 (Figure 3F). Due to the high presence of M1 activated macrophages and the organized appearance of the hemorrhages, but lack of melano-macrophages, this was assessed as being an intermediate phase of the red spots.

	d. Red spot. Late phase (transition between red and black spots). PRV-1 infected.

	In another region from the same red spot sample, as displayed in Figure 3, there were some scattered deposits of melanin (Figure 4A). In these areas, there was a modest number of PRV-1 positive cells (Figure 4B.) Here, Arg2 specific transcripts were detected (Figure 4C), with co-localized PRV-1 staining (Figure 4D). Detection of Arg2 was only observed in melano-macrophages found in the sporadic melanin deposits (Figure 4E). The commencement of M2 type melano-macrophage detection was assessed as an indication of transition from red to black spots.

	e. Black spots. PRV-1 infected

	In macroscopic black spots, larger deposits of melanin were seen (Figure 5A), and there was a moderate density of cells (Figure 5B). PRV-1 stained cells were mainly seen in the area of melanization (Figures 5C, D). Scattered areas of iNOS2 positive cell populations were detected in the melanized focal changes (Figure 5E), but these only partly co-localized with PRV-1 staining (Figure 5F). Arg2 positive cells were also seen in the PRV-1 infected area together with melanin presence (Figure 5G), showing some co-localization of PRV-1 and Arg2 (Figure 5H). A number of melano-macrophages with PRV-1 were detected. Arg2 positive transcripts were primarily detected in melano-macrophages, but were also present in non-melanized M2 macrophages (Figure 5I).

	f. No focal changes, PRV-1 infected

	In PRV-1 infected fish, samples from areas in white muscle without spots showed co-localization of iNOS2 and PRV-1 (Figures 6A–D), while Arg2 and PRV-1 only partly overlapped (Figures 6E, F). The staining of iNOS2 and Arg2 did not overlap.






Figure 2 | Fluorescent in situ hybridization of PRV-1, iNOS2 and Arg2 in red focal changes (early phase). (A) Phase contrast image showing a large hemorrhage (star). (B) DNA staining of the cells by DAPI (blue). (C) Presence of a few PRV-1 (green) positive cells in the hemorrhage. (D) iNOS2 (red) specific transcripts detected in a limited number of cells surrounding a peripheral blood vessel. (E) Merged image showing presence of PRV-1 (arrow) but no co-localizing in the M1 macrophage (inset). (F) Arg2 (purple) specific transcripts (M2 type macrophages) were undetected. Scale bar = 100µm.






Figure 3 | Fluorescent in situ hybridization of PRV-1, iNOS2 and Arg2 in red focal changes (intermediate phase). (A) Phase contrast image showing infiltrating cells between myocytes. (B) Nuclei DNA staining of the cells with DAPI (blue). (C) Presence of PRV-1 (green) in infiltrating cells in between myocytes. (D) Presence of iNOS2 (red) in infiltrating cells between myocytes. (E) Merged image showing co-localization (inset) of PRV-1 and iNOS2 (yellow). (F) Arg2 transcripts (purple) were not detected. Scale bar = 100µm.






Figure 4 | Fluorescent in situ hybridization of PRV-1 and Arg2 in red focal changes (late phase). (A) Phase contrast image showing structure of the analyzed area and melanin deposit. (B) Sporadic presence of PRV-1 (green) in melanized area. (C) Arg2 (purple) positive cells (D) Merged image showing PRV-1 and Arg2 co-localization (white in the inset). (E) Merged image showing Arg2 positive staining of melano-macrophages (arrow). Scale bar = 100µm.






Figure 5 | Fluorescent in situ hybridization of PRV-1, iNOS2 and Arg2 in black focal changes (late phase). (A) Phase contrast image presence of melanin in the infected area. (B) Nuclei DNA stained with DAPI (blue). (C) PRV-1 (green) detected in severe melanized area (D) Merged PRV-1 and DAPI. Number of PRV-1 positive cells compared to total number of cells were low. (E) Few iNOS2 (red) positive cells detected at the infected area (F) Merged image showing co-localization (yellow in inset) of PRV-1 and iNOS2. (G) Presence of Arg2 (purple) positive cells. (H) Co-localization of PRV-1 and Arg2 positive cells (white in inset). (I) Localization of Arg2 specific transcripts in melanized M2 melano-macrophages (black arrows) and non-melanized M2 macrophages (white arrow). Scale bar = 100µm.






Figure 6 | Fluorescent in situ hybridization of PRV-1, iNOS2 and Arg2 in areas without spots, from PRV-1 infected fish. (A) Phase contrast image showing cells structure. (B) PRV-1 (green) specific transcripts detected between muscle cells. (C) iNOS2 (red) positive cells in the same area as PRV-1. (D) Merged image showing co-localization of PRV-1 and iNOS2 (yellow, insert). (E) Arg2 (purple) positive cells were detected partly in same area as PRV-1. (F) Merged image of PRV-1 and Arg2 show Arg2 positive cells surrounding PRV-1 infected cells (inset). Scale bar = 50µm.





Presence of CD8+ and MHC-1 Positive Cells

	a. Red Focal Changes, PRV-1 infected

	In situ labeling revealed a mild influx of CD8+ cytotoxic T lymphocytes (CTLs) in the bleeding area of red focal changes in PRV-1 infected fish (Figure 7A). Some of the CD8+ cells were also positive for PRV-1 staining, whereas other CD8-positive cells were present around infected cells (Figures 7A, B). Granzyme A transcripts were detected in both CD8+ (Figures 7A–C) and other cell populations in the infected area (Figures 7A, B). Numerous MHC-I positive cells were present at the bleeding site (Figures 8A–C), with a limited number also being PRV-1 infected. PRV-1 did not appear to co-localize with MHC-I (Figures 8B, C).

	b. Black Focal Changes, PRV-1 infected

	CD8+ cells were detected in the areas with melanin deposits. Some PRV-1 infected cells were also detected in this area, but the staining did not co-localize (Figure 9). Granzyme A specific transcripts were co-localized with CD8+ (Figures 9C, D) but also found in other cell subsets (Figure 9B). Numerous MHC-I positive cells were detected around a vacuolar area surrounded by melano-macrophages and some PRV-1 infected cells, showing high melanin deposits (Figures 10A, B). PRV-1 did co-localize with some MHC-I stained cells (Figure 10C).






Figure 7 | Fluorescent in situ hybridization of PRV-1, CD8α and GzmA in red focal changes. (A) Phase contrast image showing a bleeding area with a large aggregation of blood cells. (B) Merged image of PRV (green), CD8α (red) and GzmA (purple). Localization of PRV-1 in CD8+ cell (dotted rectangle at right top) and co-expression of granzyme A in CD8+ T cells (dotted rectangle in left bottom). Individual T cells detected expressing granzyme A specific transcripts (arrowhead) along with other CD8 cells (arrow). Nuclei DNA stained with DAPI (blue) (C) Magnified image of CD8+ and GzmA co-expression from dotted square in image (B) Scale Bar = 50 µm.






Figure 8 | Fluorescent in situ hybridization of PRV-1, and MHC-I in areas of red focal changes. (A) Phase contrast image showing a large hemorrhage. (B) Merged image of PRV-1 and MHC-I showed no co-expression of PRV-1 in MHC-I cells, but a few cells were detected in the bleeding area (arrowhead). (C) Magnified image from image B (dotted rectangle) showing PRV-1 infected cells along with MHC-I cells. Scale Bar = 50 µm.






Figure 9 | Fluorescent in situ hybridization of PRV-1, CD8α and GzmA in black focal changes. (A) phase contrast image showing cell structures with melanin accumulation. (B) Merged image showing presence of PRV-1 (green) infected cells with CD8+ cells (red) (arrows) and granzyme A (purple) in another cell population (arrowhead). Dotted rectangle showing co-expression of CD8 and GrzmA split in (C, D). Nuclei DNA stained with DAPI (blue) Scale Bar = 50 µm.






Figure 10 | Fluorescent in situ hybridization of PRV-1 and MHC-I in black focal changes. (A) phase contrast image showing vacuolar area surrounded by melano-macrophages and other immune cells. (B) Merged image showing presence of numerous MHC-I positive cells (red) where some are co-staining with PRV-1 (green) (dotted rectangle and arrowhead). (C) Magnified area from image B showing co-localization of PRV-1 in some MHC-I cells. Scale Bar = 50 µm.





Gene Expression in Red and Black Spots

	a. iNOS2 and Arg2

	iNOS2 expression was low in PRV positive (median Ct 30.7), non-spot samples (2 folds)while it was significantly increased (approximately 10 folds, MWU value = 0, n1 = 4, n2 = 5, p-value = 0.0079) in PRV positive (median 27) red focal changes (Figures 11A, S6). In contrast, iNOS2 was not upregulated in the samples from red focal changes of uninfected fish. In the black focal changes, iNOS2 expression was at the same level as in non-spot samples. Arg2 expression was significantly upregulated in all of the target groups, especially in PRV-1 infected groups. Arg2 was upregulated both in infected, no spot samples (6.5 folds, MWU value = 0, n1 = 4, n2 = 6, p-value = 0.0048) and in red focal changes without PRV infection (4.7 folds, MWU value = 1, n1 = 4, n2 = 6, p-value = 0.0095), compared to the uninfected, no-spot control. Both iNOS2 and Arg2 expression were at the highest level in the PRV infected fish with red focal changes. But in black focal changes only Arg2 expression, in contrast to iNOS2, was significantly upregulated (MWU value = 0, n1 = 4, n2 = 6, p-value = 0.0048) in PRV-1 infected group (median 27.7) (Figures 11A, S6).

	b. CD8α, GzmA and MHC-I

	There was a trend towards upregulation of the CD8α gene in the red and black focal changes (Figure 11B) but this was not statistically significant. Granzyme A expression level was significantly upregulated in PRV-infected groups with red (16.5 folds, MWU value = 0, n1 = 4, n2 = 5, p-value = 0.0079) and black focal changes (approx. 15 folds, MWU value = 2, n1 = 4, n2 = 5, p-value = 0.0489). Non-infected groups showed no significant induction of CD8α and granzyme A. Increased expression of MHC-1 was spotted in all fish groups infected with PRV-1, compared to non-infected groups, and the MHC-I expression level was relatively higher in black focal changes (14 folds, MWU value = 0, n1 = 4, n2 = 6, p-value = 0.0048) than in red focal changes (9 folds, MWU value = 2, n1 = 4, n2 = 5, p-value = 0.0317) (Figure 11B).






Figure 11 | Gene expression analysis during red and black focal changes in PRV infected (+) and uninfected (-) fish groups. (A) Relative fold change (median line) for each fish group is shown for iNOS2 and Arg2 (left Y-axis). (B) Relative fold change (median line) for each fish group is shown for CD8α, GzmA and MHC-I. Pink dot showing outlier value in the respective group. Each dot within boxes represents individual fish in the group. Gene expression relative to the control group (uninfected and unaffected) fish was normalized against EF1ab. * indicates significantly different from the control group (*p < 0.05, **p < 0.01).






Discussion

This study aimed to clarify the role of PRV-1 infection and the immune mechanisms involved in the development of melanized foci in white muscle of Atlantic salmon, using immune cell gene markers representing the macrophage polarization pattern, and the cytotoxic immune response.

Macrophages respond to their environment by differentiating into the functional pro-inflammatory phenotypes M1 macrophages, implicated in initiating and sustaining inflammation, or the anti-inflammatory M2 macrophages, implicated in tissue repair (33). In samples from red and black focal changes from non-infected fish there were no obvious detection of macrophage polarization apart from minimal occurrence of M2 macrophages, based on Arg2 transcript detection. Unaffected muscle areas of non-infected fish showed no presence of polarized macrophage markers. These findings were also reflected in the qPCR transcript analysis, which mirrored the in situ findings.

On the other hand, our results indicate that in the PRV-1 infected fish, the initial phase of the progress of the red and black spot formation were tightly connected to macrophage polarization and linked to the presence of PRV-1. The development of melanized focal changes is considered to be multifactorial. Viral diseases such as pancreas disease (PD) may affect the white muscle, but widespread presence of melanized changes in areas being free from PD historically suggest no etiological role for this disease in the development of melanized focal changes (34). Furthermore, melanized changes have not been found to be influenced by bacterial components (2). We found that local PRV-1 infection was associated with the M1 polarized cell marker iNOS2 in the early developmental phases of melanized foci. PRV-1 was detected in a limited number of erythrocytes in hemorrhages, and only a few M1 macrophages was detected in the initial phase of red spots. Erythrocytes are a primary cell target of PRV-1 both in the acute and persistent phases of infection (7), and infected cells can be detected in any vascularized tissue. We have not found evidence here indicating that the PRV-1 infection initiated these hemorrhages as in previous studies (2, 4). However, for the close PRV relative, Grass carp reovirus (GCRV), it is suggested that iNOS2 activity is implicated in apoptosis of the vascular endothelial cells in hemorrhages characteristic for GCRV infection of Grass carp (Ctenopharyngodon idella) (35).

In PRV-1 infected fish, the M1 type macrophages were modestly detected in the early phase of red focal changes. However, in the more developed, intermediate phase of red spots the M1 macrophages were a dominating feature and were almost uniformly positive for PRV-1 specific staining, i.e. PRV-1 infected. The expression analysis by RT-qPCR also demonstrated elevated expression of iNOS2 in this phase. The dominating presence of PRV-1 infected, M1 polarized macrophages in this phase indicates a pro-inflammatory environment, which may be driven by the PRV-1 infection. In an earlier study, a significant downregulation of the anti-inflammatory cytokine IL10 was found associated with red changes (12), which indirectly indicates a pro-inflammatory environment.

Red spots with sporadic appearance of melano-macrophages were categorized as late red spot phase. This phase is considered to reflect the transition phase between red and black spots. Upregulation of iNOS2 level during red spots could be an indicator for commencement of melanogenesis. It is noteworthy that iNOS2 contributes to the melanogenesis in mammalian melanocytes (36). Based on the expression of the M2 marker Arg2, we found that the melano-macrophages at the site displayed the properties of anti-inflammatory M2 macrophages. We also found M2 macrophages without melanin. Co-localization pattern revealed PRV-1 abundance in melanized cells. The melano-macrophages of teleost fish are phagocytic cells (37) and they accumulate at long-term antigen retention sites in salmonids (13, 38). Phagocytosis of virus infected cells by macrophage and melano-macrophages have been reported earlier in Atlantic salmon (39). M2 macrophages are cells normally involved in tissue repair, and here they appeared first when melanin started to accumulate in the spots in skeletal muscle tissue.

Our findings indicate that PRV-1 infected macrophages are not innocent bystanders but represent M1 polarized macrophages important in the development of the pro-inflammatory microenvironment of red spots. The melanin accumulation starts in the late phase of red focal changes and will ultimately progress into black focal changes. It therefore seems as if melano-macrophages do not infiltrate the changes as such, but rather as non-pigmented macrophages capable of accumulating melanin over time. Melanogenesis has previously been demonstrated in advanced black spots (3). This putative progression could also be an explanation for the low prevalence of red spots but an increasing prevalence of black spots through the production period in seawater (2).

The black spots demonstrated a more heterogenous macrophage populations, i.e. both M1 and M2 macrophages were present. In advanced melanized areas, few M1 macrophages were positive for PRV-1, whereas PRV-1 co-localization was detected both in melanized (melano-macrophages) and non-melanized M2 type macrophages. In mammals, Arg2 is shown to downregulate the nitric oxide production of the M1 macrophages (40). Our findings indicate that Arg2 specific transcripts are mostly linked to the melanized area and associate with melano-macrophages. Presence of melano-macrophages (M2) was consistent from the late phase of red spots into black spots transformation (Table 4).


 Table 4 | Consolidated summary of results.



The correlated upregulation of Arg2 transcripts with the stage of development of the spots in the PRV-1 infected fish indicated a gradual shift from an inflammatory to a healing response during the transition from red to black macroscopic appearance of the spots. The spots of the non-infected fish with lack of detection of M1 macrophage marker and only a few detected M2 polarized macrophages, strongly indicated that PRV-1 is driving macrophage polarization in the spots of infected fish.

The initial etiological cause(s) of the red spots is unknown. The outcome of the spots in uninfected fish groups is also unknown due to the ubiquitous presence of PRV-1 in farmed Atlantic salmon, and the lack of an experimental model for spot formation (11). However, it could be speculated if the lack of inflammation in spots in non-infected fish argues for a shorter longevity and lower severity of the spots.

To further characterize the inflammatory microenvironment in the spots, the presence of CD8, Granzyme A and MHC-I positive cells was characterized during spot development. There were substantial variations in the presence of these markers among the individual fish, but in situ visualization indicated that MHC-I positive, PRV-1 infected cells were targeted by CD8 positive T cells both in red and black spots. The relative low number of CD8 positive cells evenly observed both in red and black focal changes was in line with the RT-qPCR expression analysis. However, a moderate, but not statistically significant up-regulation of CD8α expression in black focal changes compared to red focal changes was observed, and has been reported earlier (12). Mature cytotoxic T cells can use granzyme A for killing of target cells containing intracellular pathogens. Here, granzyme A specific transcripts were observed in cells that were not expressing CD8. By RT-qPCR, expression of Granzyme A was found to be significantly increased in both red and black spots compared to control samples, while CD8 was not. Granzyme A is also be synthesized by natural killer cells (NK-cells) (41) or other immune and non-immune cells in the teleost fish (42).

Mammalian myopathies are often marked by up-regulation of MHC-I (43, 44). By immunolabelling, MHC-I positive cells have earlier been demonstrated to be abundant in red spots (12), and in the present in situ study MHC-I cells were common, but perhaps not abundant. In both studies an absence of MHC-I positive myocytes was observed in the affected area, combined with lack of observation of PRV-1. The present study did not indicate that infection of the skeletal muscle cells is an important factor of the spot formation. As for Granzyme A, the MHC-I expression was significantly increased in both PRV-1 infected red and black spots compared to control samples, and co-localization of MHC-I and PRV-1 were seen in some cells especially in the melanized areas. Taken together, the targeted cell mediated immune response by the host tries to resolve and eradicate PRV-1 infection during red and black spots formation.



Conclusion

A possible course of events in the pathogenesis of black spots, is that PRV-1 infected erythrocytes in the hemorrhages infect tissue macrophages through phagocytosis. The myocyte degeneration in red muscle caused by PRV-1 (6), could be an additional driver for influx of macrophages, but is probably not the initial cause of red spots, as these are found at similar prevalence prior to PRV infection (2). The iNOS2 expressing M1-polarized non-melanized macrophages are mainly present in the period of the red focal changes, i.e. the time of inflammation, which suggests local production of NO and other oxygen radicals by the M1 macrophages. Melanin is a protector against free oxygen radicals (45), and its accumulation could be a consequence of the pro-inflammatory environment. Melanogenesis has previously been demonstrated in a salmon macrophage-like cell line (46, 47). The increased prevalence and severity of the black spots over time, indicates that the spot forming process is long lasting. The numerous M2-polarized melano-macrophages in black spots indicate that this is a healing phase of the process. Moreover, the presence of cytotoxic T cells and MHC-I positive cells in the focal changes represents the host’ ability to target and eliminate PRV-1 infected cells. This suggests a role of PRV-1 infection in driving the development of black spots in white muscle of Atlantic salmon.
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Grass carp (Ctenopharyngodon idellus) is an important aquaculture species in China that is affected by serious diseases, especially hemorrhagic disease caused by grass carp reovirus (GCRV). Grass carp have previously shown age-dependent susceptibility to GCRV, however, the mechanism by which this occurs remains poorly understood. Therefore, we performed transcriptome and metabolome sequencing on five-month-old (FMO) and three-year-old (TYO) grass carp to identify the potential mechanism. Viral challenge experiments showed that FMO fish were susceptible, whereas TYO fish were resistant to GCRV. RNA-seq showed that the genes involved in immune response, antigen presentation, and phagocytosis were significantly upregulated in TYO fish before the GCRV infection and at the early stage of infection. Metabolome sequencing showed that most metabolites were upregulated in TYO fish and downregulated in FMO fish after virus infection. Intragroup analysis showed that arachidonic acid metabolism was the most significantly upregulated pathway in TYO fish, whereas choline metabolism in cancer and glycerophospholispid metabolism were significantly downregulated in FMO fish after virus infection. Intergroup comparison revealed that metabolites from carbohydrate, amino acid, glycerophospholipid, and nucleotide metabolism were upregulated in TYO fish when compared with FMO fish. Moreover, the significantly differentially expressed metabolites showed antiviral effects both in vivo and in vitro. Based on these results, we concluded that the immune system and host biosynthesis and metabolism, can explain the age-dependent viral susceptibility in grass carp.
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Introduction

Grass carp (Ctenopharyngodon idellus) is an important aquaculture species in China, accounting for more than 18% of the total freshwater aquaculture production in the country. Production of grass carp reached 5.53 million tons in 2019, making it the most highly consumed freshwater fish worldwide (1). However, grass carp is susceptible to many pathogens, especially the grass carp reovirus (GCRV), which causes grass carp hemorrhagic disease, a significant threat to the aquaculture of the species (2, 3). Consequently, GCRV has received much attention from fish breeding scientists and fish immunologists who aim to achieve disease-resistant breeding and uncover the mechanism underlying GCRV infection (4–6). Grass carp have shown age-dependent susceptibility to GCRV, with those less than 1 year old being susceptible to GCRV, while those over 3 years of age being resistant to the virus (7). However, the mechanism by which this occurs remains poorly understood.

In mammals, several studies on age-dependent susceptibility to viral infections have been done. Pott et al. (8) showed that neonatal mice were susceptible to rotavirus (8), whereas no clinical signs of infection were observed in adult individuals. This suggests that age-dependent TLR3 expression in the intestinal epithelium contributes to rotavirus susceptibility. In humans, infants and young children are particularly susceptible to viral encephalitis, whereas adults are not. A mouse model-based study revealed that age-dependent susceptibility to reovirus encephalitis was determined by the maturation of type-I interferon response (9). In fish, age is also an important factor that influences susceptibility to viruses. For example, rainbow trout fry showed a decrease in susceptibility to infectious pancreatic necrosis virus (IPNV) with increasing age and ceased to be susceptible at 20 weeks of age (10). Spring viremia of carp virus (SVCV) challenge experiments in multiple North American fish species suggested that host age is a key factor in determining disease outcomes (11). Age-dependent susceptibility to nervous necrosis virus (NNV) was also demonstrated in barramundi (Lates calcarifer) whereby infection at 3 and 4 weeks of age caused nervous necrosis disease, while fish at 5, 7, and 9 weeks of age developed subclinical infection (12). However, the mechanism underlying age-dependent susceptibility to viral infections in fish is largely unknown.

For the fish that showed age-dependent susceptibility to virus infection, the younger fish and older fish were considered as sensitive and resistant groups, respectively. Therefore, comparing two groups by specific methods may reveal the key genes or pathways involved in this phenomenon and provide important information for disease-resistant breeding or disease control and prevention. Moreover, the results could also provide useful information on age-dependent viral diseases in humans. In this study, we used five-month-old (FMO) and three-year-old (TYO) grass carp as the sensitive and resistant groups for further study. The age-dependent susceptibility to GCRV in grass carp was confirmed by an artificial viral challenge experiment. Additionally, histopathology, transcriptomics, and metabolomics were employed to uncover the mechanisms underlying this phenomenon. Due to the details of molecular events following GCRV infection have been reported previously (13); therefore, the main aim of the current study was not to identify the genes or pathways associated with GCRV infection again, but to reveal the potential mechanism of age-dependent viral susceptibility in grass carp by comparing susceptible FMO fish with resistant TYO fish. The results will improve our understanding of age-dependent susceptibility to virus infection in grass carp and will benefit disease-resistant breeding programs or GCRV control and prevention.



Materials and Methods


Experimental Animals, Virus Exposure, and Sample Collection

Approximately 300 FMO and 300 TYO grass carp were used in the study. FMO fish had an average weight and length of 8 g and 12 cm, respectively, while the average weight and length of TYO fish were 2–3 kg and 50 cm, respectively (Figure 1A). All fish were obtained from the Guan Qiao Experimental Station, Institute of Hydrobiology, Chinese Academy of Sciences (CAS), and acclimated in aerated fresh water at 26–28°C for one week before processing. Fish were fed commercial feed twice daily, and water was exchanged daily. If no abnormal symptoms were observed, the fish were selected for further study.




Figure 1 | The age-dependent susceptibility to GCRV in grass carp. (A) The representative picture of FMO grass carp and TYO grass carp. (B) The cumulative mortality of two groups of grass carp after GCRV infection. The total mortality of FMO fish group was reached to 86% while no dead fish was observed in the TYO fish group. (C) Histological section observation of two fish groups before and after GCRV infection. The spleen samples from two groups that that collected before and after (7 days post infection) GCRV infection were subjected histological section preparation and observed under microscope. Scale bars = 100 um.



After no abnormal symptoms were observed in the two groups, a viral challenge experiment was performed. Fish were infected with GCRV (GCRV subtype II, 2.97 × 103 RNA copies/µL) at a dose of 20 µL per gram of body weight by intraperitoneal injection. At the time before injection (0 days) and 1-5 days after injection, 15 fish from each group were anesthetized and euthanized with MS-222 (100 mg/L), and the spleens were removed for analysis. The collected samples were used for RT-qPCR analysis, histological section preparation, and transcriptome and metabolome sequencing. The remaining fish were carefully monitored, and the number of daily deaths was recorded. The experiment was concluded when no mortality was recorded for seven consecutive days, and the overall mortality rate could be calculated.



Histopathology

Histological sections were prepared as described previously (14). Briefly, spleen samples from three individuals of each group that were collected at 0, 1, 3, 5, and 7 days post-infection (dpi) were fixed in 4% paraformaldehyde overnight at 4°C. Following dehydration, the samples were embedded in HistoResin (Leica). Serial sections of 4 μm thickness were cut using a microtome (Leica), dried on slides at 42°C overnight, stained with hematoxylin and eosin (H&E), mounted in Permount (Fisher), and imaged with phase contrast with a 100× oil immersion objective lens.



Transcriptome Sequencing

RNA was isolated from the spleens using TRIzol reagent (Invitrogen, USA) according to the manufacturer’s protocol. Sequencing libraries were generated using the NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs, USA) following the manufacturer’s protocol. Libraries were sequenced on an Illumina Novaseq platform, and 150 bp pair-end reads were generated. The output raw data reads were processed as described previously to obtain clean data (13). The clean reads were mapped to the reference genome of grass carp using Hisat2 software (15), and gene expression levels were calculated by FPKM (expected number of fragments per kilobase of transcript sequence per million base pairs sequenced) methods (16).

Differential expression analysis of the two groups/conditions was performed using the DESeq package (17). The resulting P-values were adjusted using the Benjamini and Hochberg approach to control the false discovery rate. Genes with an adjusted P-value < 0.05 (q value < 0.05) in DESeq analysis were assigned as differentially expressed genes (DEGs). All the DEGs identified in this study were used as references for the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis using the GOseq R package and KOBAS software (18, 19).



Examining the Expression Patterns of Immune Related Genes by RT-qPCR

Eight genes involved in the immune response were selected for RT-qPCR analysis to confirm the reliability of the RNA-seq data. Spleen samples from the two groups before and after GCRV infection were obtained, and RNA samples were prepared. First-strand cDNA was obtained using a random hexamer primer and ReverTra Ace kit (Toyobo, Japan). RT-qPCR was performed using a fluorescence quantitative PCR instrument (Bio-Rad, USA). Each RT-qPCR mixture contained 0.8 μL forward and reverse primers (for each primer), 1 μL template, 10 μL 2× SYBRgreen master mix (TOYOBO, Japan), and 7.4 μL ddH2O. Three replicates were included for each sample, and the β-actin gene was used as an internal control for normalization of gene expression. The relative expression levels of genes in the TYO group were calculated as the ratio of gene expression levels relative to those in the FMO group at the corresponding time point. The primers are listed in Table S1. The RT-qPCR program was as follows: 95°C for 10 s, 40 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s, followed by melt curve construction. Relative expression levels were calculated using the 2-△△Ct method (20). Data represent the mean ± standard deviation of three replicates.



Extraction of Metabolites

The spleen samples collected were frozen immediately in liquid nitrogen and then preserved at − 80°C. For metabolite extraction, the samples were thawed slowly on ice. Samples (50 mg) were homogenized with 1000 μL of ice-cold methanol/water (70%, v/v) using an Ultra-Turrax homogenizer. Cold steel balls were added to the mixture and homogenized at 30 Hz for 3 min. The mixtures were stirred for 1 min, centrifuged at 12,000 rpm at 4°C for 10 min, and the collected supernatant was used for further analysis.



UPLC -MS/MS Analysis

Metabolites were determined via ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), as described previously (21, 22). Briefly, the UPLC system (Shim-pack UPLC SHIMADZU CBM30A) combined with MS/MS (QTRAP 6500+) was set at 30,000 resolution to obtain UPLC-MS/MS statistics. Sample analysis was performed in positive ion modes, a spray voltage of 5.5 kV, negative ion modes, spray voltage of -4.5 kV, and capillary temperature of 500°C. The mass scanning scope was set from 50 to 1,500 m/z. The nitrogen sheath and nitrogen auxiliary gas were set at 30 L/min and 10 L/min, respectively. Solvent A was 0.04% acetic acid (Fisher Scientific)/water (Millipore) (v/v), and solvent B was 0.04% acetic acid/acetonitrile (Fisher Scientific) (v/v). The gradient flow rate was 0.4 mL/min and the column temperature was 40°C, and the process was as follows: 5% B at 0 min, 95% B at 11.0 min, 95% B at 12.0 min, 5% B at 12.1 min, and 5% B at 14 min. The QC samples were injected four times at the start to ensure system consistency. A Waters ACQUITY UPLC HSS T3 C18 column (100 × 2.1 mm, 1.8 μm) was used for all analyses.



Metabolite Identification and Data Processing

Metabolite identification was based on the primary and secondary spectral data annotated against the self-compiled database MWDB (WuhanMetware Biotechnology Co., Ltd.) and publicly available metabolite databases, including MassBank (http://www.massbank.jp/), KNApSAcK (http://kanaya.naist.jp/KNApSAcK/), HMDB (http://www.hmdb.ca/), MoToDB (http://www.ab.wur.nl/moto/), and METLIN (http://metlin.scripps.edu/index.php). Metabolite quantification was performed using the multiple reaction monitoring (MRM) mode (23). Orthogonal partial least squares discrimination analysis (OPLS-DA) was used to study the identified metabolites. Those with significant differences in content were set with thresholds of variable importance in projection (VIP) ≥ 1 and | Log2fold change | ≥ 1.



CCK-8 Assay

A CCK-8 detection kit (Beyotime, Shanghai, China) was used to investigate the effects of the metabolites on cell viability according to the manufacturer’s instructions. Briefly, approximately 5 × 103 Ctenopharyngodon idellus kidney (CIK) cells were seeded in 96 well plates and cultured in M199 medium supplemented with 10% fetal bovine serum (FBS) at 28°C for 24 h. Cells were treated with metabolites at different concentrations for 24 h. Then, 10 µL of CCK-8 solution was added to each well and incubated at 28°C for 4 h, and the absorbance at 450 nm was measured using a microplate reader (BIO-RAD, Hercules, CA, USA). The untreated cells were considered as the positive control, while the wells containing no cells but only culture medium were used as blank controls. The data are represented as the mean ± standard deviation (SD) values of three replicates.



Investigating the Anti-Viral Effects of Significantly Dems In Vitro and In Vivo

CIK cells were seeded in 6-well plates and grown until they formed a monolayer with 90% confluency. Before GCRV infection, the medium was replaced with a metabolite-supplemented medium at different concentrations and incubated for 4 h. Cells were then infected with GCRV at a multiplicity of infection (MOI) of 0.1 and harvested at 24 h post infection. The copy numbers of non-structural protein NS80 and structural protein VP7 were determined by RT-qPCR as described above. Additionally, plaque assays were performed to investigate the antiviral effects of the metabolites. Briefly, the infected cells in 12-well plates were overlaid with a medium containing 0.7% melted soft agar. After 24–48 h post-infection, the plaques formed and the medium was removed. The cells were then fixed with 20% formaldehyde and stained with 1% crystal violet. Three biological duplications were performed for the plaque assays and therefore the statistic data of the plaques in different groups were calculated and compared.

Approximately 400 FMO grass carp were randomly divided into four groups, one hundred each. The fish were then intraperitoneally injected with different metabolites (arachidonic acid: 100 μM; L-tryptophan: 5 mM; adenosine: 500 μM) at a volume of 200 μL or the same volume of PBS (control group), once daily for 3 days. After that, a viral challenge experiment was carried out for these fish by intraperitoneal injection as described above. The experiment was concluded when no mortality was recorded for seven consecutive days, and the total mortality in each group was calculated.



Statistical Analysis

The statistical significance between different groups was determined by one-way analysis of variance (ANOVA) and Fisher’s least significant difference (LSD) posttest. Differences were considered significant at P < 0.05. P < 0.05 was denoted by *.




Results


Age-Dependent Susceptibility to GCRV in Grass Carp

Representative images of FMO and TYO grass carp are shown in Figure 1A. A viral challenge was performed for FMO and TYO grass carp. Figure 1B shows that a mortality rate of 86% in the FMO fish group was reached at 15 days after infection with GCRV, with the first death recorded 8 days post-infection (dpi). In contrast, no dead fish were observed in the TYO fish group. Histological sections from both groups showed no visible difference between spleen samples before GCRV infection; cells in both groups had an orderly arrangement, and the nuclei were intact (Figure 1C). However, the post-infection spleen samples from FMO fish showed severe necrotic lesions, vacuolization, and hypertrophied nuclei with karyorrhexis, while no obvious change was observed in the spleen samples from TYO fish. Therefore, these results further confirm age-dependent susceptibility to GCRV in grass carp.



Transcriptome Analysis of Grass Carp With Different Ages Before and After Viral Challenge

To further elucidate the mechanism of age-dependent susceptibility to GCRV in grass carp, we performed RNA-seq analysis on samples collected from the two age groups before (0 d) and after (1, 3, and 5 d) infection. The samples in the FMO group were named S1-0, S1-1, S1-3, and S1-5, while samples in the TYO group were named as S3-0, S3-1, S3-3, and S3-5. Three duplicates of each sample were processed, yielding a total of 24 libraries, which were sequenced on an Illumina Novaseq platform to generate 150 bp pair-end reads. In total, each library yielded clean bases ≥ 6 GB, Q20 ≥ 95%, Q30 ≥ 87%, and uniquely mapped percentage ≥ 85% (Table S2), confirming the high quality of the sequence data and its suitability for further analysis. The sequence data from this study were deposited in the Sequence Read Archive (SRA) at the National Center for Biotechnology Information (NCBI) (accession number: PRJNA600033). These data were subjected to a series of intergroup comparisons to identify the DEGs. Briefly, data from the TYO fish group (S3-0, S3-1, S3-3, and S3-5) were compared with data from the FMO fish group (S1-0, S1-1, S1-3, and S1-5) at the same time points. In detail, 300, 898, 393, and 428 DEGs were upregulated, whereas 569, 1040, 555, and 724 DEGs were downregulated at 0, 1, 3, and 5 dpi, respectively (Table S3). Detailed information on these DEGs is presented in Table S4.



Enrichment Analysis of the DEGs

GO and KEGG enrichment analyses were used to identify the specific roles of the DEGs. To discriminate the virus infection process in fish between the different groups, the upregulated and downregulated DEGs from each time point were separately subjected to enrichment analysis. As shown in Table 1, before GCRV infection (0 d), GO enrichment analysis showed that the upregulated DEGs were significantly enriched with terms involved in proteasome and metal ion homeostasis, while the downregulated DEGs were mainly enriched with terms related to enzyme activity. At 1 and 3 dpi, GO terms involved in immune response, antigen presentation, and chemokine and cytokine activity were significantly enriched for upregulated DEGs, whereas terms responsible for enzyme activity and the oxidation-reduction process were enriched for downregulated DEGs. Finally, binding-related GO terms were enriched for the upregulated DEGs from 5 dpi, whereas chemokine and cytokine activity-related terms were enriched for the downregulated DEGs. The results support that the immune response of TYO fish started immediately, while in FMO fish it was activated slowly. The top five enriched GO terms (up and downregulated) at each time point are listed in Table 1 and full details of the GO terms are given in Table S5.


Table 1 | The top 5 significant enriched GO terms for the DEGs.



KEGG enrichment analysis of the DEGs showed similar results (Figure 2). The pathways involved in proteasome, lysosome, glutathione metabolism, and drug metabolism were significantly enriched for the upregulated DEGs before GCRV infection, while downregulated DEGs were enriched in metabolism-related pathways (galactose, starch, and sucrose metabolism) (Figure 2A). At 1 and 3 dpi, pathways participating in immune response and phagocytosis, such as NOD-like receptor signaling pathways, phagosomes, lysosomes, and proteasomes, were significantly enriched for the upregulated DEGs. The biosynthesis-and metabolism-related pathways were enriched for the downregulated DEGs (Figures 2B, C). Finally, metabolism-related pathways, such as glutathione metabolism and drug metabolism-cytochrome P450, were enriched for upregulated DEGs, while immune-related signaling pathways were enriched for the downregulated DEGs (Figure 2D). The results of KEGG enrichment further supported that TYO fish could respond rapidly to virus infection by initiating the immune response at the early stage of infection, whereas FMO fish had blunted immune responses that were only activated at the late stage of infection. The top five enriched KEGG terms (up and downregulated) at each time point are shown in Figure 2, and full details of the KEGG terms given in Table S6.




Figure 2 | KEGG enrichment analysis of DEGs from intergroup comparisons before (A) and at 1 (B), 3 (C), and 5 (D) days after GCRV infection. In each time points, the upper five terms indicated the terms enriched in upregulated genes, while the bottom five terms represented the terms enriched in downregulated genes.





Expression Patterns of DEGs in the Immune Related GO or KEGG Terms

The gene expression patterns of DEGs in the immune-related GO or KEGG terms (immune response, chemokine/cytokine, antigen processing and presentation, proteasome, phagosome, and lysosome) were selected for further analysis. As shown in Figure 3, in terms of immune response and chemokine/cytokine, most of the genes showed no significant difference before GCRV infection between the two age groups. However, more than half of the genes were upregulated at 1 and 3 dpi in the TYO fish group, whereas this trend ceased at 5 dpi. The genes involved in antigen presentation were almost upregulated throughout the entire infection process. For the terms proteasome, lysosome, and phagosome, over half of the genes showed upregulated expression patterns at 0, 1, and 3 dpi, but no difference was observed at 5 dpi. Moreover, we performed RT-qPCR for eight genes participating in immune-related biological processes in order to confirm the reliability of the RNA-seq data. As shown in Supplementary Figure 1, most genes showed expression patterns similar to those obtained by RNA-seq, although the relative expression levels were not completely consistent (Supplementary Figure 1). Collectively, these results show that most genes in the immune-related terms or pathways were upregulated in the TYO fish group before (0 d), or at the early stage (1 and 3 d) of GCRV infection, indicating their contribution to the age-dependent viral susceptibility in grass carp.




Figure 3 | Scatterplots of gene expression pattern of DEGs in the immune related GO or KEGG terms. Scatterplots showing the log2fold change values of DEGs from intergroup comparisons in GO or KEGG terms that involved in immune response, chemokine/cytokine, antigen presentation, proteasome, phagosome, and lysosome. The red dots indicated DEGs with log2foldchange ≥ 1, the green dots represented DEGs with |log2foldchange| ≤ 1, and the blue dots stand for DEGs with log2foldchange ≤ -1.





Metabolome Analysis of Grass Carp Age Groups Before and After Viral Challenge

To further elucidate the mechanism of age-dependent susceptibility to GCRV in grass carp, a widely targeted metabolome analysis was performed on samples collected from the two groups before (0 d) and after GCRV infection (1, 3, and 5 d). The sample names were consistent with those in RNA-seq, and three duplicates were also performed for each sample. A total of 516 metabolites, including carbohydrates, amino acids, amino acid derivatives, fatty acids, carnitines, nucleotide derivatives (purine and pyrimidine derivatives), phospholipids (lysophosphatidylcholine [lysoPC] class, lysophosphatidylethanolamine [lysoPE] class), organic acid derivatives, oxidized lipids, benzene and substituted derivatives, and vitamins, were identified in all samples (Table S7). The two score plots of the principal component analysis (PCA) model show a clear separation of samples from the two age groups, indicating the difference between two groups (Supplementary Figure 2). Moreover, samples before GCRV infection also separated significantly from GCRV-infected samples in both groups (Supplementary Figure 2), implying the efficiency of GCRV infection. OPLS-DA was employed to identify differentially expressed metabolites (DEMs). Data from the TYO fish group (S3-0, S3-1, S3-3, and S3-5) were compared with data from the FMO fish group (S1-0, S1-1, S1-3, and S1-5) at the same time points. Intergroup comparisons showed that 55, 158, 190, and 190 DEMs were upregulated, whereas 67, 15, 26, and 11 DEMs were downregulated at 0, 1, 3, and 5 dpi, respectively (Supplementary Figure 3A). Moreover, intragroup comparisons between samples before and after GCRV infection were also done. The results showed that 146, 151, and 175 DEMs were identified in the FMO fish group (Supplementary Figure 3B), while 88, 107, and 110 DEMs were identified in the TYO fish group (Supplementary Figure 3C) at 1, 3, and 5 dpi, respectively. Detailed information on these DEMs is shown in Table S8. Interestingly, both inter and intragroup comparisons showed that most DEMs were upregulated in the TYO fish group and downregulated in the FMO fish group after virus infection. These results suggest that the TYO fish responded positively to virus infection, resulting in the upregulation of most metabolites, while the FMO fish were severely affected by virus infection, inducing the downregulation of most metabolites.



Enrichment Analysis of DEMs From Intergroup and Intragroup Comparisons

To understand the functions of DEMs and the biological processes related to GCRV infection, all DEMs from intergroup comparisons were mapped to terms in the KEGG database. As shown in Figure 4, before GCRV infection, KEGG terms arachidonic acid metabolism, pyrimidine metabolism, and platelet activation were enriched (Figure 4A). Three metabolism-related terms (purine metabolism, pentose phosphate pathway, and pyrimidine metabolism) were enriched at 1 dpi (Figure 4B). At 3 dpi, four metabolism-related terms (purine metabolism, choline metabolism in cancer, tryptophan metabolism, and glycerophospholipid metabolism) were also enriched (Figure 4C). Finally, KEGG terms purine metabolism, tryptophan metabolism, and axon regeneration were enriched for the DEMs from 5 dpi (Figure 4D). Many of the enriched terms were involved in carbohydrate, nucleotide, and amino acid metabolism, indicating the different metabolism patterns between fish of different ages after virus infection. The enriched KEGG terms for the DEMs are shown in Table S9.




Figure 4 | KEGG enrichment analyses of DEMs and the top ten significant DEMs from from intergroup comparisons before (A) and at 1 (B), 3 (C), and 5 (D) days after GCRV infection. In each time points, the top ten enriched terms were shown as dots. The size of dots indicated the enriched metabolite number and the labeled dots represented the significant enriched KEGG terms (p < 0.05).



DEMs from intragroup comparisons were subjected to KEGG enrichment analysis. For the FMO fish groups, the KEGG terms choline metabolism in cancer and glycerophospholipid metabolism were significantly enriched at all time-points after GCRV infection (Table 2). Because most of the DEMs were downregulated in FMO fish, we propose that the two pathways were inhibited in FMO fish after GCRV infection. For the TYO fish, arachidonic acid metabolism was the most significantly enriched KEGG term after GCRV infection, followed by serotonergic synapse, inflammatory mediator regulation of TRP channels, and purine metabolism at different time points (Table 2). These pathways may have been activated because most DEMs in this group were upregulated after GCRV infection. These results further support different metabolic patterns between fish of different ages.


Table 2 | KEGG enrichment analysis of DEMs from intragroup comparisons.





Identification of Significant DEMs Between Two Groups

It is generally recognized that more significant DEMs may play an important role in response to stimulation; therefore, the top 10 significant DEMs (upregulated and downregulated) from intergroup comparisons at each time point were identified. Before GCRV infection, the top 10 upregulated DEMs were mainly classified into three classes: organic acid and its derivatives (citraconic acid and kinic acid), amino acid metabolomics (tryptophan betaine, citric acid, and hippuric acid), and glycerophospholipids (lysoPE 22:4 [2n isomer1], lysoPC 18:3 [2n isomer2], lysoPC 18:3 [2n isomer1], and lysoPE 20:3). The top 10 downregulated DEMs were divided into two classes: carnitines (carnitine [CAR] C12:1-OH, and CAR C8:1), oxidized lipid or other lipid (5S,15S-dihydroxy-6E,8Z,10Z,13E-eicosatetraenoic acid [5(S),15(S)- DiHETE], lipoxin A4, 14S-hydroxy-4Z,7Z,10Z,12E,16Z,19Z-docosahexaenoic acid [14(S)-HDHA], 24,25-Dihydrolanosterol, and (±)-5-hydroxy-6E, 8Z,11Z,14Z,17Z -eicosapentaenoic acid [(±)5-HEPE]) (Figure 5A). At 1 dpi, for the top 10 upregulated DEMs, most of them were glycerophospholipids (lysoPC 20:1 [2n isomer], lysoPC 20:1, lysoPE 20:2, lysoPC 18:3 [2n isomer1], lysoPC 18:3 [2n isomer2], and lysoPC 20:2), while the others were tryptophan betaine, Indole-3-acetamide, CAR C15:DC*, and xanthosine. The top 10 downregulated DEMs were divided into three classes: oxidized lipid or other lipids (24,25-Dihydrolanosterol, 5(S),15(S)-DiHETE, lipoxin A4, (±)5-HEPE, and 14(S)-HDHA), amino acid metabolomics (4-Hydroxy-L-Glutamic acid, N2-Acetyl-L-ornithine, and L-arginine), and others (CAR C8:1 and ADP-ribose) (Figure 5B). Most of the top 10 upregulated DEMs at 3 dpi were also glycerophospholipids, followed by Indole-3-acetamide, tryptophan betaine, and CAR ph-C1. The top 10 downregulated DEMs were CAR C8:1, 5(S),15(S)-DiHETE, ADP-ribose, 24,25-Dihydrolanosterol, d-glucosamine 6-Phosphate, guanosine 3’,5’-cyclic monophosphate, glycylphenylalanine, Sn-Glycero-3-Phosphocholine, CAR C21:2, and LipoxinA4 (Figure 5C). For the last period (5 dpi), half of the top 10 upregulated DEMs were also glycerophospholipids (lysoPC and lysoPE), while the others were carnitines (CAR C15:DC* and CAR ph-C1), tryptophan betaine, Indole-3-acetamide, and biliverdin. The top 10 downregulated DEMs contained organic acid derivatives (2-Methylsuccinic acid, glutaric acid, ethylmalonate, and ethylene glycol sulfate) and others (CAR C8:1, ADP-ribose, 24, 25-Dihydrolanosterol, d-glucosamine 6-Phosphate, glycylphenylalanine, and biotin) (Figure 5D). Apparently, glycerophospholipids (lysoPC and lysoPE) were significantly upregulated in TYO fish at all time-points, indicating it is an important role in defense against virus infection.




Figure 5 | The top ten significant DEMs (up-regulated and down-regulated) from from intergroup comparisons before (A) and at 1 (B), 3 (C), and 5 (D) days after GCRV infection. The red bars represented the up-regulated metabolites while the green bars indicated the down-regulated between intergroup comparisons.





DEMs Related to the Metabolism of Carbohydrates, Amino Acids, Glycerophospholipids, and Nucleotides

The expression patterns of metabolites involved in the metabolism of carbohydrates, amino acids, glycerophospholipids, and nucleotides were compared between the two age groups. Figure 6 shows that for the four metabolite categories, most of them showed no significant difference between the two groups before GCRV infection (Figure 6). However, more than half of them were upregulated at 1, 3, and 5 dpi in the TYO fish, with only a few being downregulated. The upregulation of metabolites in TYO fish indicated their ongoing transcription, translation, and biosynthesis to defend against viral infection, whereas in FMO fish, the downregulation of metabolites indicated that the host translation machinery was hijacked by the virus, resulting in death.




Figure 6 | Scatterplots of gene expression pattern of DEMs in the reprehensive metabolism pathways. Scatterplots showing the log2fold change values of DEMs from intergroup comparisons in in the reprehensive metabolism pathways (carbohydrate metabolism, amino acids metabolism, glycerophospholipids, and nucleotides metabolism). The red dots indicated DEMs with log2fold change ≥ 1, the green dots represented DEGs with |log2foldchange| ≤ 1, and the blue dots stand for DEGs with log2foldchange < -1.





The Anti-Viral Effects of DEMs

The above results showed that many metabolites were differentially expressed between the two age groups, whereas their role during virus infection was unclear. Three DEMs, arachidonic acid, L-tryptophan, and adenosine, were selected for further analysis. The CCK-8 assay indicated that the three metabolites showed no cytotoxicity at concentrations of 100 μM, 5 mM, and 500 μM, respectively (Supplementary Figure 4). Therefore, cells were treated with three metabolites at these concentrations to investigate their role during viral infection. As shown in Figure 7, all three metabolites inhibited GCRV replication in a dose-dependent manner, especially adenosine. RT-qPCR revealed that the copy number of NS80 and VP7 in metabolite-treated cells was significantly lower than that in untreated cells (Figure 7A and Supplementary Figure 4). The plaque assay also showed that the number of plaques in the metabolite-treated cells was significantly less than that in the untreated cells (Figures 7B, C). Moreover, to further investigate the role of metabolites during virus infection in vivo, FMO grass carp were injected with different doses of metabolites or the same volume of PBS (control group) and then subjected to viral challenge experiments. Figure 7D shows that all three metabolites reduced the mortality of grass carp after GCRV infection, whereas PBS did not. Specifically, the mortality rates in the arachidonic acid, L-tryptophan, and adenosine injected groups were 58.0%, 60.1%, and 48.5%, respectively, while mortality in control group was up to 83.0%. Collectively, these results indicate the antiviral effects of differentially expressed metabolites.




Figure 7 | The anti-viral effects of differential expressed metabolites. (A) The relative copy number of GCRV nonstructural protein gene NS80 in different metabolites treated cells or in untreated cells. (B) Plaque assay of different metabolites treated cells or in untreated cells. (C) The plaque numbers of different groups that calculated from three biological duplications. 1: PBS treated group; 2: arachidonic acid treated group; 3: L-tryptophan treated group; 4: adenosine treated group. (D) Survival curve of different metabolites treated or PBS treated fish after GCRV infection. Significant difference (P < 0.05) between the control and treated groups was indicated with asterisks (*).






Discussion

The grass carp is an important farmed fish in China, accounting for approximately 16% of global freshwater aquaculture. Their significant economic value is threatened by their susceptibility to viral infections, has raised concerns among scientists (14, 24–26). Before this study, it was known that grass carp showed age-dependent susceptibility to GCRV, with those less than one year old considered susceptible, and those older than three years of age resistant. However, the mechanisms causing this discrepancy remained poorly understood. In this study, we compared susceptible FMO fish with resistant TYO fish using different methods to elucidate the mechanisms underlying this phenomenon.


Immune Response

It is well known that the immune response plays an important role in host defense against pathogen invasion. Properly regulated immune responses can eliminate invading pathogens, while a disordered or immoderate immune response can lead to organism damage (14, 27, 28). The transcriptome sequencing results from this study are particularly interesting. At 0, 1, and 3 dpi, the immune-related terms, including proteasome, lysosome, phagosome, antigen processing and presentation, and chemokine/cytokine activity were enriched in upregulated genes of TYO fish. Moreover, other terms, such as glutathione metabolism, iron ion homeostasis, and drug metabolism-cytochrome P450, were also enriched in upregulated genes at the same time points. It is known that glutathione plays important roles in antioxidant defense, cell proliferation and apoptosis, signal transduction, cytokine production, and immune responses and iron ion homeostasis is important for host defense against pathogen infection (29–32). The expansion of the cytochrome P450 gene family was accounted for the koala’s ability to detoxify eucalyptus foliage (33). The upregulation of these terms, combined with the immune-related terms in the TYO fish group, suggests that the fish could recognize the virus rapidly and then initiate the immune response to eliminate the invading virus. Nevertheless, the immune-related pathways were not activated until 5 dpi in the younger fish group, implying that the immune response was repressed to benefit virus replication. Therefore, these results may be one of the reasons for age-dependent susceptibility to GCRV.



Carbohydrate and Amino Acid Metabolism

Carbohydrates are the main energy source for cells and other life processes. Amino acids play several roles, including functioning as building blocks of proteins and taking part in the synthesis of ATP and metabolites with various biological functions (34, 35). Many of the metabolites related to carbohydrate and amino acid metabolism showed no significant difference in expression levels between the two fish groups before GCRV infection. Additionally, most DEMs, especially the metabolites involved in amino acid metabolism, were upregulated in the TYO fish group. Of relevance is a study on virus-infected olive flounder fish, whereby it was found that amino acid metabolism was suppressed in viral hemorrhagic septicemia for the biosynthesis of viral proteins (36). Another study found that glucose was the most crucial biomarker between survival and death in tilapia, and that glucose enhances their defense against Edwardsiella tarda infection through metabolome reprogramming (37, 38). Considering that the TYO fish were resistant while FMO fish were susceptible to GCRV, we proposed that TYO fish respond to virus infection effectively, resulting in the upregulation of carbohydrates and amino acids to provide materials and energy for improved defense against the virus. Nevertheless, the FMO fish failed to defend against virus infection and the cell components may be utilized by viruses for viral protein synthesis, leading to the downregulation of metabolites involved in carbohydrate and amino acid metabolism.



Glycerophospholipid Metabolism

Metabolomics showed that the glycerophospholipid metabolism pathway was activated in TYO fish and repressed in FMO fish. The expression patterns of DEMs related to glycerophospholipid metabolism were upregulated in TYO fish. Glycerophospholipids are ubiquitous in nature and play a crucial role as components of cellular membranes or subcellular organelle membranes (39). Moreover, glycerophospholipids act as binding sites for intracellular and intercellular proteins and are involved in metabolism and signaling (40). Coincidently, we also observed cell necrosis in the spleen of FMO fish, indicating that the cell membranes were broken in FMO fish after virus infection, resulting in the downregulation of the glycerophospholipid metabolism pathway. Nevertheless, the activation of pathways related to membrane-structure organelles (proteasome, lysosome, and phagosome) in TYO fish indicated the formation of membrane-structured organelles to eliminate the virus. Therefore, these results highlight the important role of glycerophospholipids in host defense against viral infections.



Nucleotide Metabolism

The nucleotide metabolism-related pathways (pyrimidine metabolism and purine metabolism) were activated in TYO fish after virus infection, and DEMs related to these pathways were mainly upregulated in this group. Nucleotides are central to biological signaling and the transfer of genetic information, which are essential for DNA and RNA synthesis, and therefore, for protein synthesis (41, 42). The upregulation of these pathways in TYO fish may be due to them responding positively to virus infection and the initiation of DNA replication, RNA transcription and translation, as well as protein synthesis, in order to eliminate the virus. The downregulation of these pathways in FMO fish implies that the host translation machinery is hjjacked or shut down by GCRV to facilitate the replication and spread of the virus. Similarly, the nucleotide metabolism-related pathways were downregulated in classical swine fever virus-infected piglets (43), and purine metabolism was downregulated in bisphenol A-treated zebrafish (44, 45). Collectively, these results show the vital role of nucleotide metabolism in response to virus infection or toxicity stimulation.



Arachidonic Acid Metabolism

We found that the arachidonic acid metabolism pathway was also significantly upregulated in TYO fish after virus infection. Arachidonic acid is a polyunsaturated omega-6 fatty acid and a precursor in the biosynthesis of prostaglandins, thromboxanes, and leukotrienes. Additionally, arachidonic acid has been reported to act as a key inflammatory intermediate and play an important role in the immune response (46). As found for carbohydrate and amino acid metabolism, virus-infected olive flounder fish had increased levels of arachidonic acid with viral hemorrhagic septicemia, suggesting an inflammatory response occurred (36). Arachidonic acid also showed an elevated trend in the serum of adult human patients with primary dengue infection (47), and in hepatitis C-infected tree shrews, metabolomic analysis revealed that arachidonic acid is one of the most significant differential metabolites (48). Therefore, the upregulation of the arachidonic acid metabolism pathway in TYO fish after virus infection may be responsible for the elevated immune response and inflammatory response in this group at the early stage of infection, which is beneficial for host defense against virus invasion.

In summary, based on the results obtained in this study, we concluded that not only the immune system, but also host biosynthesis and metabolism, account for the age-dependent susceptibility to GCRV in grass carp. As shown in Figure 8, The FMO fish failed to recognize the invaded virus, failed to initiate the immune response immediately, and the host translation machinery was hijacked by the virus for viral protein synthesis, resulting in death. However, the older, TYO fish recognized the virus immediately, rapidly activated the immune response, and elevated host translation machinery involved in DNA replication, RNA transcription and translation, as well as biosynthesis and metabolism to defend against viruses (Figure 8).




Figure 8 | The schematic diagram of the reasons for the age-dependent viral susceptibility in grass carp. The downward dark blue arrows indicated these representative pathways were down-regulated in FMO fish groups, while the upward red arrows represented these pathways were up-regulated in TYO fish.
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Anti-disease breeding is becoming the most promising solution to cyprinid herpesvirus-3 (CyHV-3) infection, the major threat to common carp aquaculture. Virus challenging studies suggested that a breeding strain of common carp developed resistance to CyHV-3 infection. This study illustrates the immune mechanisms involved in both sensitivity and anti-virus ability for CyHV3 infection in fish. An integrative analysis of the protein-coding genes and long non-coding RNAs (lncRNAs) using transcriptomic data was performed. Tissues from the head kidney of common carp were extracted at days 0 (the healthy control) and 7 after CyHV-3 infection (the survivors) and used to analyze the transcriptome through both Illumina and PacBio sequencing. Following analysis of the GO terms and KEGG pathways involved, the immune-related terms and pathways were merged. To dig out details on the immune aspect, the DEGs were filtered using the current common carp immune gene library. Immune gene categories and their corresponding genes in different comparison groups were revealed. Also, the immunological Gene Ontology terms for lncRNA modulation were retained. The weighted gene co-expression network analysis was used to reveal the regulation of immune genes by lncRNA. The results demonstrated that the breeding carp strain develops a marked resistance to CyHV-3 infection through a specific innate immune mechanism. The featured biological processes were autophagy, phagocytosis, cytotoxicity, and virus blockage by lectins and MUC3. Moreover, the immune-suppressive signals, such as suppression of IL21R on STAT3, PI3K mediated inhibition of inflammation by dopamine upon infection, as well as the inhibition of NLRC3 on STING during a steady state. Possible susceptible factors for CyHV-3, such as ITGB1, TLR18, and CCL4, were also revealed from the non-breeding strain. The results of this study also suggested that Nramp and PAI regulated by LncRNA could facilitate virus infection and proliferation for infected cells respectively, while T cell leukemia homeobox 3 (TLX3), as well as galectin 3 function by lncRNA, may play a role in the resistance mechanism. Therefore, immune factors that are immunogenetically insensitive or susceptible to CyHV-3 infection have been revealed.
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Introduction

Cyprinid herpesvirus-3 (CyHV-3) infection is a major threat to common carp aquaculture (1), leading to widespread mortality and substantial economic loss. CyHV-3 is thought to cause death by weakening the host’s immune system, resulting in susceptibility to pathogenic microbes (1). In common carp, clinical signs of the disease develop rapidly and may induce morbidity and mortality within a period of 6 to 10 days following infection (2).

Carp that survive a primary infection with CyHV-3 can be resistant to future infection with this virus. Since latency and persistent carrying of CyHV-3 exist in carp (2–4), genetic backgrounds are crucial in developing an understanding of resistance against the virus. Experimental infections of carp from pure lines or crosses have indicated the existence of a genetic background of resistance by divergent survival rates (2). For example, a markedly higher expression of immune-related genes involved in pathogen recognition, complement activation, major histocompatibility complex class I (MHC I)-restricted antigen presentation, and the development of adaptive mucosal immunity was noted in the more resistant R3 line. Higher activation of CD8+ T cells was also observed (5). The diallelic cross of four European carp lines, including Polish ‘K’ and ‘R6’, Hungarian ‘R7’ and French ‘F’ also has been done to select the resistant fish, and then found that MH class II B genes of carp can affect immunity against CyHV-3 infection (6). Additionally, carp strains of Asian origin, particularly Amur wild carp, were shown to be more resistant to CyHV-3 than strains originating from Europe, such as the Prerov scale carp or koi carp from a breed in the Czech Republic (7).

The immune response of carp to CyHV-3 involves both innate and adaptive aspects with the outcome of the disease largely depending on whether the balance is tipped in favor of the host’s immune response or virus’s evasion strategy (2). In general, transcriptomic analysis has revealed that three immune-related pathways, namely the mitogen-activated protein kinase (MAPK) signaling pathway, the innate immune response, and the cytokine-mediated signaling pathway, were highly involved in the infection with CyHV-3 (8). In red common carp × koi, the expression of interleukin 12 (IL12) p35, interferon (IFN) αβ, and toll-like receptor 9 (TLR9) may provide potential genes related to resistance against KHV (another term for CyHV-3) (9). However, the magnitude of type I IFN response did not correlate with a higher resistance in CyHV-3-infected carp, during the challenge test among different strains, although CyHV-3 infection can induce type I IFNs (7, 10). Regarding the innate resistance in carp, the mapped CyHV-3 survival quantitative trait loci have been reported mainly in IL10 and MHC II (11). Recently, by quantitative trait locus mapping and genome-wide association study, tumor necrosis factor-alpha (tnfa), hypoxia inducible factor 1 subunit alpha (hif1a), galectin-8 (LGALS8), rootletin, and paladin, have also been related to resistance against CyHV-3 (12). Adaptive immunity through both cytotoxicity and immunoglobulin (Ig) secretion may be involved in resistance. Matthew et al. revealed that, in the anterior kidney, Ig secretion plays an important role in the resistance during the persistent infection or reactivation phases of CyHV-3 (1). In addition, CyHV-3 profoundly influences the expression of host miRNA, although the regulation of immune processes by miRNA in the clinical and latent phases differs (4). This suggests an important role of non-coding RNAs in anti-CyHV-3 immunity.

Transcriptomic studies have been a widely used tool to reveal molecular pathology (13, 14) and even pathogen discovery (15) during fish viral infection. This could facilitate understanding the pathogenic mechanisms of diseases and the immune system of fish (16). For CyHV-3 infection, the first transcriptional analysis of carp anterior kidney mainly pointed out the important role of humoral immune responses, especially those related to immunoglobulin (1). Spleen transcriptomic analyses comparing the susceptible and resistant common carp revealed that the susceptible fish elicited a typical anti-viral interferon response, while the upregulated IL-8 attracted innate immune cells and related response may play an essential role in resistant fish (17). Recent studies have demonstrated that lncRNAs are widely modulated during fish viral or bacterial infections (18–21). As for virus infection, lncRNAs could be involved in regulating the host response during ISAV infection in salmon (18). In zebrafish, SVCV could induce both immune and antiviral processes related to LncRNA (21). The widespread differential expression of lncRNAs in response to infections with different types of pathogens suggested that lncRNAs are pivotal players during immune responses in fish. However, the specific LncRNA modulation of the immune response during CyHV-3 infection has not been accessed in carp.

German mirror carp selection G4 is a strain of common carp cultivated widely in China, yet with high mortality caused by the CyHV-3 virus. Based on our previous study, a strain of common carp from German mirror carp selection G4 has already shown a higher survival rate after breeding for three generations. Among fish from the G3 generation, 1,000 individuals were genotyped by four SNP loci, including carp065309, carp070076, carp183811 and carp160380, and then four main groups, with genotypes of GG/GT/GG/AA, GG/TT/TT/AA, AG/TT/AG/AT and GG/GG/GG/AA, whose survival rates were 89.9, 94.7, 88.0 and 92.7% respectively, were propagated (22). While the unselected mirror carp was 62.6%. Since decreased viral load in tissues directly indicates resistance to CyHV-3 (23), the fact that it has displayed a better immunological index as well as a reduced virus load in immune organs, such as the kidneys and spleen (24, 25), strongly suggests resistance to CyHV-3 in current breeding strain. In detail, acid phosphatase in the spleen, glutathione and total antioxidation capacity in the kidney, lysozyme and immunoglobulin M in the serum, and alkaline phosphatase in the spleen and kidney also showed significant differences between G1 and G3 or G1 and G2/G3. Meanwhile, the survival rate after the CyHV-3 challenge increased generation by generation. The strong resistance to CyHV-3 has been stable for G3 (24). Recently, Sun has revealed that virus genes TK and ORF72 in the G4 were expressed at levels significantly lower than those in the non-breeding strain (25). Thus, the resistance to CyHV-3 in G4 was strongly deduced.

However, there is a lack of systemic studies focusing on a detailed network of the immune system for the anti-CyHV-3 immune mechanism in this resistant strain. The third-generation sequencing method, such as PacBio, can decode the genetic sequences that are markedly longer compared with the second-generation method, such as Illumina (26). Therefore, a higher quality assembly of transcripts, including both mRNA and non-coding RNAs, may provide a more detailed understanding of the mechanism of genetic resistance.

In this study, to reveal the immune mechanisms involved in anti-CyHV3 breeding for common carp, integrative transcriptomic analysis was performed for both mRNA and long non-coding RNA (lncRNA) during the CyHV-3 challenge, using the strategy shown in Figure 1. Immune-related transcripts, from both survivors and healthy controls of either breeding or non-breeding strains, were analyzed. By comparing data from different groups for different strains obtained through both Illumina (New England Biolabs, Ipswich, MA, USA) and Pacific Biosciences (PacBio) sequencing, both immune-related differentially expressed genes (DEG) and lncRNA have been revealed for the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and/or Gene Ontology (GO) terms involved. The immune gene-related lncRNA was also explored. This study may shed some light on molecular breeding for virus-resistant fish strains.




Figure 1 | The strategy of integrative transcriptomic analysis for revealing immune mechanisms involved for resistance or sensitivity for current anti-CyHV3 breeding in common carp. During stage I, the disease modelling for CyHV3 infection was established using immersion of virus-containing tissue homogenate and then validated by checking the expression of virus genes. The transcriptomic sampling was done on day 7 post-infection for sequencing using both Illumina and Pac-Bio platforms. In stage II, the bioinformatic analysis was carried out for the transcriptomic data. DEG was generated from five comparison groups, including SvC-B, SvC-N, SvS-BvN-D7, CvC-BvN-D0, and SvI-B&N. The fish with severe illness swam very slowly or even floated on the water. The revealed DEGs were annotated by GO terms and KEGG pathways. Further, a common carp immune gene library was constructed for further immune-related analysis. Additionally, to reveal the LncRNA regulation, WGCNA was used to reveal the interaction between differential expressed transcripts and LncRNA in immune-related module. Thereafter, the resistance or sensitivity related immune mechanisms involved in common carp anti-CyHV3 breeding could be enlightened accordingly.





Materials and Methods


Ethics Statement

All procedures involving animals in this study were conducted according to the guidelines for the care and use of laboratory animals of Heilongjiang River Fisheries Research Institute, Chinese Academy of Fishery Sciences (Harbin, China). The studies involving animals were reviewed and approved by the Committee for the Welfare and Ethics of Laboratory Animals of Heilongjiang River Fisheries Research Institute, Chinese Academy of Fishery Sciences.



Animals and Virus Challenge

German mirror carp selection G4 used in this study were obtained from Kuandian Research Base of Heilongjiang River Fisheries Research Institute (Liaoning, China). The breeding strain was the fourth generation after the selection of resistance to CyHV-3 (25). Two G4 groups with survival rates of 94.7 and 92.7% were mixed with the ratio 1:1 and used as the experimental populations in this study. Both the breeding strain G4 and non-breeding strain were used for the virus challenge. Since CyHV-3 has a mucosal route of infection mainly via the skin rather than the gut (2), this study induced infection with CyHV-3 by adding the homogenate solution of internal organs from sick fish into the water of the tanks following the previously published methods (24, 25, 27). The homogenate solution was prepared using organs from 10 severely sick fish, which swam very slowly or floated on the water. Before using the homogenate to infect fish, the head kidney tissues from those sick fish were checked for the CyHV-3 infection by PCR of virus genes TK and Sph following the method described in the industry-standard SC/T 7212.1-2011 (28). The CyHV-3 that contained internal organs from sick fish was homogenized to generate 100 ml homogenate, which contained 1.5 × 107 copy CyHV-3 per mg homogenate by PCR-checking virus gene Sph. Then the homogenate was used to infect the experimental fish, 17 ml homogenate was used for each tank. For either the breeding or non-breeding strains, the virus challenging group (using diseased fish tissue’s homogenate) was paralleled with the control group (using saline instead). For each treatment groups, three replicates have been done. In each tank (1.6 m × 1.2 m × 0.6 m), which contained around 1 m3 water, healthy juvenile common carp (~70 g; N = 100 fish) were used. The water temperature during the experiment was maintained at 25 ± 1°C.



Sampling and Pathological Analysis

A selection of common carp, from either the breeding or non-breeding strains, were sacrificed. Head kidney samples were obtained at days 0 and 7 after challenge, representing the control and survivor carp. For each tissue sample, three fish were used. For transcriptomic analysis, the samples (N = 3) were collected immediately and soaked in 10 volumes of RNAlater (Qiagen, Hilden, Germany), for sequencing using Illumina (New England Biolabs). Further, to better sequence and generate the lncRNAs, PacBio sequencing was applied to analyze the mixture of liver, spleen, and kidney, with two sample replicates. Additionally, for the validation of transcriptomic data, the qPCR samples (N = 3) were also collected using RNAlater. The number of dead fish during the experiment was counted daily to calculate the mortality rate. Meanwhile, to analyze the degree of swelling of inner organs, the proportion of trunk kidney to the whole trunk area was calculated by ImageJ (https://imagej.en.softonic.com/). In detail, the area of both trunk kidney and trunk regions were selected and measured, and the percentages between them were calculated based on eight survivors of breeding or non-breeding strain. T-tests were applied to test the significance of the difference.



RNA Extraction

RNA was isolated using the AllPrep DNA/RNA FFPE Kit (Qiagen, Hilden, Germany), according to the instructions provided by the manufacturer. RNA degradation and contamination were monitored on 1% agarose gels. RNA purity was checked using the NanoPhotometer spectrophotometer (Implen Inc., Westlake Village, CA, USA). RNA concentration was measured using the Qubit RNA Assay Kit in a Qubit 2.0 Flurometer (Life Technologies, Carlsbad, CA, USA). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA).



Library Preparation and Sequencing for Transcriptomic Analysis

Optimized RNA-Seq strategies, including both PacBio and Illumina (New England Biolabs) sequencing (29), were used to more precisely resolve the sequence of transcripts. Firstly, the total RNA isolated from the head kidney was used to construct the cDNA library. Subsequently, the library was sequenced on a PacBio RS II platform (Biomarker Technologies, Beijing, China). For the PacBio Long Read Processing, raw reads were processed into error-corrected reads of insert using Iso-seq pipeline with minFullPass = 0 and minPredictedAccuracy = 0.90. Next, full-length, non-chemiric transcripts were determined by searching for the polyA tail signal and the 5’ and 3’ cDNA primers in reads of the insert. Iterative Clustering for Error Correction (ICE) was used to obtain consensus isoforms, and full-length consensus sequences from ICE were polished using Quiver. High-quality transcripts with post-correction accuracy of >99% were retained for further analysis.

The illustration of transcripts obtained from the results of PacBio could provide reference transcriptional sequences for the assembly of Illumine sequencing data, to improve sequencing quality. Therefore, Illumina (New England Biolabs) sequencing was performed on all head kidney samples. The procedure used for the preparation of the gene library and sequencing of the transcriptome followed previously published methods (30). Briefly, sequencing libraries were generated using the NEBNext UltraTM RNA Library Prep Kit for Illumina (New England Biolabs), and the library quality was assessed on the Agilent Bioanalyzer 2100 system. The library preparations were sequenced on an Illumina platform, and 150 bp paired-end reads were generated.



Annotation and Functional Analysis of Transcripts by Public Databases

All reads in the transcriptome data were mapped on the common carp genome (https://asia.ensembl.org/Cyprinus_carpio_german_mirror/Info/Index) (31) for annotation. In detail, GMAP (Genomic Mapping and Alignment Program) and BLAST (version 2.2.26) were applied for mapping the transcriptome data to carp genome and obtaining annotation respectively. The data from the Illumina platform were also used to check and replace errors by proovread (version 2.14.1) in the data from the PacBio platform. Both the annotation of genes and lncRNAs were subsequently generated. The protein-coding transcripts were annotated by NR, swissprot and Pfam database. DEGs were detected from five comparison groups, including intra-strain comparison groups SvC-B (survivors vs. controls in the breeding strain) and SvC-N (survivors vs. controls in the non-breeding strain), inter-strain comparison groups SvS-BvN-D7 (the comparison between survivors at day 7 for the two strains to compare survivors from the breeding to non-breeding strain) and CvC-BvN-D0 (the comparison between control fish at day 0 for the two strains to compare controls from the breeding to non-breeding strain), and group SvI-B&N. The vital genes for survival were investigated through group SvI-B&N, in which the DEGs with no significant differences (p >0.05) were compared between the survivors from the two strains with the transcripts from fish with severe illness. The revealed DEGs were annotated by GO terms and KEGG pathways, following a previously published protocol (30, 32). In brief, functional annotation and the classification of genes were determined by both employing local genes blasts against GO Consortium (http://geneontology.org/) and KEGG (https://www.kegg.jp/kegg/pathway.html). Enrichment of the KEGG pathways was carried out for both upregulated and downregulated genes for all comparison groups. Then to demonstrate the immune DEGs involved pathways more clearly, the gene list of the current construct common carp immune gene library was used as follows. In addition, the LncRNAs were also annotated by GO terms.



Construction of the Common Carp Immune Gene Library

The common carp immune library was constructed by following our previously published method, which was applied to grass carp (30) and tilapia (32), with some adjustment for viral infection-related immune genes. The modifications were based on gene information obtained by blasting each sequence to databases, including NCBI NR database, as well as Swiss-Prot and Pfam databases. The common carp immune gene library contained information for immune genes at two levels. For the first level, nine categories of immune processes, namely “acute phase reactions”, “pattern recognition”, “antigen processing and regulators”, “complement system”, “inflammatory cytokines and receptors”, “adapters, effectors and signal transducers”, “innate immune cells related”, “T/B cell antigen activation”, and “other genes related to immune response”, were proposed. Subsequently, many categories of immune genes for each immune process (detailed in Table S1) were applied for the second level. The library was used to filter transcriptome data and obtain details of the immune processes and particular immune genes for each comparison group, during the GO term and KEGG pathway enrichment.



Statistical Analysis

The DEG was generated by comparing the RPKM (Reads Per Kilobase of transcript, per Million mapped reads) using the DESeq2 R package (1.16.1). The resulting p values were adjusted using the Benjamini and Hochberg approach for controlling the false discovery rate. Genes with an adjusted p <0.05 found by DESeq2 were assigned as being differentially expressed. The following bioinformatics analysis was performed to select immune-related transcripts from the common carp immune gene library and construct the bar plots for the major immune processes and immune categories. The t-test was used to assess differences, with a false discovery rate adjusted p <0.05. Qualitative comparisons were performed between samples by counting the number of DEG. The data were rearranged in Microsoft EXCEL, and applied to plot charts by ggplot2 (2.2.1) using R language.



Correlation Analysis Between LncRNA and Genes Involved in Immune-Related GO Terms

The weighted gene co-expression network analysis (WGCNA) was performed using the R package “WGCNA” (33). Specifically, all genes with an expression variance ranked in the top 75 percentile of the data set were retained (34). The R package WGCNA was used to construct the weighted gene co-expression network (35). A matrix of signed Pearson correlations between all gene pairs was computed, and the transformed matrix was used as input for linkage hierarchical clustering. All transcripts in current transcriptome data with similar expression patterns were clustered together as one module. Subsequently, using the R package clusterProfiler (36), enriched GO terms for lncRNA-related protein-coding genes were generated for the DET list of every module. The p values of enriched GO terms were produced from the Kolmogorov–Smirnov test. To elucidate the detailed lncRNA-mRNA network, the immune-related GO term containing module was selected, and the relationship of involved top 100 transcripts and related lncRNAs were shown by the cystoscope software. In addition, the immune DETs (differentially expressed transcripts) involved in the immune-related module were classified into comparison groups SvC-B, SvC-N and SvS-BvN-D7, to reveal the LncRNA modulation of immunity at the aspect of surviving from CyHV-3 infection.



Quantitative Reverse Transcription Polymerase Chain Reaction (qPCR)

The mRNA samples used for transcriptome sequencing were also subjected to qPCR validation (n = 3), using SYBR Green PCR master mix (Bio-Rad) and CFX real-time PCR detection system (Bio-Rad), following a previously published protocol (37, 38). After RNA isolation, reverse transcription and qPCR experiments were carried out for 11 genes. Gene-specific primers (Table S4) were designed with the Primer Premier 5.0 software. Housekeeping gene 18s RNA was used to normalize data, and 2-DDCt formula was used to calculate the relative expression.




Results


Virus Identification, Mortality Rate and Pathological Appearance

The successful infection of CyHV-3 has been validated using PCR, to check the expression of virus genes (TK and Sph), in randomly sampled severely sick fish (N = 10) at day 7 after challenge (Figure 2A). Further, to reveal the mortality, the number of dead fish was recorded from days 1 to 15 after challenge (Table S1), the mortality rate was then calculated for all groups (Table S2). For the challenged non-breeding strain (Figure 1B), the mortality rate increased daily, except for a decrease observed on day 5. Mortality peaked at day 7 (69%) and decreased to a markedly low level thereafter. For the challenged breeding strain (Figure 2B), the mortality rate remained at a markable low level, with the highest value (11%) recorded at day 7. The mortality rates of the two challenged groups were very significantly different (p <0.01). The number of dead fish for each day is listed in Table 1 for the breeding or non-breeding strain, while in the two unchallenged controls, there were no dead fish (data not shown). Compared with the organs in survivors of the breeding strain, pathological swelling and hyperemia of the internal organs (particularly the kidney) were obvious in survivors from the non-breeding strain on day 7 (Figure 2C). In detail, the proportion of kidney area to the whole trunk area in the breeding strain was significantly different from that of the non-breeding strain (p <0.01) (Figure 2D). The reduced immune organ swelling was reflected by the ratio of 0.44 comparing the proportions between the breeding and non-breeding strains (Table S2).




Figure 2 | Differential appearance of general mortality and pathology between fish from the breeding and non-breeding strains. (A) The PCR validation of the CyHV-3 virus genes TK and Sph. Lane 1-2 represents the negative control, and afterwards, lane 3-22 represents the result for tested 10 virus infected fish. The lanes of odd and even numbers showed the PCR result of TK and Sph genes, respectively. M is the abbreviation of “marker”. (B) Comparison of daily mortality between the breeding and non-breeding strains. The mortality was monitored within 15 days post challenge. N=300 per group. (C) The degree of swelling trunk kidney was limited in the survivors from the breeding strain (a) compared with the markedly enlarged trunk kidney observed in fish from the non-breeding strain (b). The arrow indicates the trunk kidney region. “**” means the very significant difference (p < 0.01) between current compared two groups.




Table 1 | The number of dead fish for each day during the CyHV-3 challenging for breeding or non-breeding stain.





Quality and Validation of Transcriptomic Data

Sequencing was performed with both the PacBio RS II and Illumina platforms to analyze the gene information of the common carp. Through PacBio sequencing, 19.49 G data were obtained. Of the 258,346 ccs, 79.79% were full-length sequences, and 17,769 polished high-quality isoforms were also revealed (Table S3, sheet 1). Meanwhile, the Illumina data were also characterized by high quality, and the information for each sample is provided in Table S3 (sheet 2). To validate the transcriptomic data, qPCR was conducted. A total of 24 reactions were performed to validate the transcripts of 11 genes, most of which were immune genes. The correlation analysis showed that fold changes between transcriptome and qPCR results correlated well (R2 = 0.929718564). The gene ID, annotation, primers, and fold-change information are listed in Table S4.



GO Analysis of Immune-Related DEGs Among Tested Fish

According to the enriched general GO terms (Figure 3) of immune-related DEGs, there are “immune system process” and “antioxidant activity” for all comparison groups, “chemoattractant activity” only in comparison group SvC-B, “rhythmic process” only in comparison group SvC-N, “cell killing” in both comparison groups SvC-B and SvS-BvN-D7, and “virion” in both comparison groups SvC-N and SvS-BvN-D7. The detailed significant enriched GO terms involved in biological processes (BP), cellular components (CC), and molecular functions (MF) were detailed in Tables S5–S9 for all comparison groups. The immune-related significant regulated BP terms (p <0.01) were in the largest number (Table 2), for example, “positive regulation of cell migration” in group SvC-B; “activation of MAPK activity”, “regulation of protein ubiquitination involved in ubiquitin-dependent protein catabolic process”, “oxication-reduction process” and “positive regulation of cell migration” in group SvC-N; “activation of MAPK activity” and “dopaminergic neuron differentiation” in group SvS-BvN-D7. Besides, the CC terms (p <0.01) includes “Pre-autophagosomal structure membrane” in group SvC-B, SvC-N, CvC-BvN-D0 and SvI-B&N, and the MF terms (p <0.01) includes “NF-KappaB binding” and “lysozyme activity” in group SvC-N; “cytokine activity” in group SvS-BvN-D7; “Lysozyme activity”, “MAP kinase activity” and “ubiquitin-like protein binding” in group CvC-BvN-D0.




Figure 3 | GO (Gene Ontology) terms of comparison groups SvC-B, SvC-N, and SvS-BvN-D7. The different colors of the bar indicate the comparison of the GO terms between all genes and immune-related genes. In detail, red and pink bars represent all genes and immune-related genes respectively for the biological process (BP, in part A), green and light green bars represent those for the cellular component (CC, in part B), blue and light blue bars represent those for the molecular function (MF, in part C). The immune-related terms are labeled with stars.




Table 2 | Featured immune-related GO biological process terms for all comparison groups.





KEGG Analysis of DEGs Among Tested Fish

Compared with group SvC-B, there were markedly more genes involved in immune and related pathways in group SvC-N. Current revealed immune pathways in group SvC-B were “phagosome”, “regulation of autophagy”, “ubiquitin mediated proteolysis”, and “plant-pathogen interaction” (Figure 4Aa). Meanwhile, there are four immune pathways, including “endocytosis”, “phagosome”, “FoxO signaling pathway”, “ubiquitin mediated proteolysis”, “DNA replication”, “fructose and mannose metabolism”, “oxidative phosphorylation”, and “plant–pathogen interaction” in group SvC-N (Figure 4Ab). To get a better understanding of the different survival mechanism, the pathways revealed in group SvS-BvN-D7 includes “endocytosis”, “phagosome”, “ubiquitin mediated proteolysis”, “DNA replication”, “fructose and mannose metabolism”, and “oxidative phosphorylation” (Figure 4Ac, left).




Figure 4 | KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways revealed for all comparison groups. In part (A), the enriched pathways for comparison group SvC-B (a), SvC-N (b) and SvS-BvN-D7 (c) were shown mainly in bar plots. In addition, for the comparison group SvS-BvN-D7, the babble plot of pathways for immune-related DEG was also given in the right to illustrate the rich factor. In part (B), the pathways of immune-related DEG for both comparison group CvC-BvN-D0 (a), which compared controls of both stains, and group SvI-B&N (b), which has compared similar genes of survivors from both strains with protein-coding transcripts of severely sick fish, were demonstrated in babble plots. The immune-related terms are labeled with arrows. Red and purple arrows indicate the immune and related pathways representatively.



To better illustrate the immune and related pathways more clearly, filtering of DEG was conducted using the gene list of the common carp immune gene library (Table S1), and then a bubble chart was used to clarify both the enrichment factors and gene numbers for revealed immune pathways. For group SvS-BvN-D7, which reflected differential surviving mechanism [Figure 4A (c, right)], the revealed immune pathways include “TNF signaling pathway”, “T cell receptor signaling pathway”, “inflammatory mediator regulation of TRP channels”, “Epstein–Barr virus infection”, “Toll-like receptor signaling pathway”, “NOD-like receptor signaling pathway” and “cytokine-cytokine receptor interaction”. In addition, “dopaminergic synapse” was also found. While, groups CvC-BvN-D0 and SvI-B&N, revealed the difference and similarity for maintaining basic homeostasis, respectively. The most enriched immune pathways were the “p53 signaling pathway”, “NOD-like receptor signaling pathway”, “lysosome”, “oxidative phosphorylation”, and “proteasome” in group CvC-BvN-D0 (Figure 4Ba), yet only “phagosome” in group SvI-B&N (Figure 4Bb).



Classification of DEG From Different Comparison Groups Into Immune Process and Immune Gene Category

The current construction of the common carp immune gene library (Table S4) was used to classify the revealed immune transcripts and refine the involved immune processes and immune gene categories. The details of DEG involved in all comparison groups were provided in Tables S5–S9. At the level of immune processing, in group SvC-B (Figure 5A, Tables 3A and S5), most immune mRNAs were upregulated in the immune processes of “pattern recognition”, “inflammatory cytokines and receptors”, and “T/B cell antigen activation”, while downregulated in the immune process of “inflammatory cytokines and receptors”, “complement system”, “adapters, effectors and signal transducers”, and “pattern recognition”. Interestingly, there were no genes in “antigen processing and regulators” for group SvC-B. In addition, there were only downregulated genes in “acute phase reactions”, as well as only upregulated genes in “innate immune cells related” in group SvC-B. In group SvC-N (Figure 5A, Tables 3A and S6), immune genes were upregulated in the immune processes, such as “other genes related to immune response”, “inflammatory cytokines and receptors”, and “adapters, effectors and signal transducers”. Meanwhile, the downregulated genes were involved in the immune processes, such as “pattern recognition”, “inflammatory cytokines and receptors” and “other genes related immune response”. The largest number of immune mRNAs was observed in group SvS-BvN-D7 (Figure 5A, Tables 3A, and S7). The upregulated immune DEGs (BS-advantage) were mainly involved in “inflammatory cytokines and receptors”, “other genes related to immune response”, “T/B cell antigen activation”, “pattern recognition”, and “adapters, effectors and signal transducers”, whereas the downregulated immune DEGs (NBS-advantage) were mainly involved in “other genes related to immune response”, “adapters, effectors and signal transducers”, “inflammatory cytokines and receptors”, “T/B cell antigen activation”, “pattern recognition”, and “antigen processing and regulators”. Meanwhile, in group CvC-BvN-D0 (Figure 5A, Tables 3B and S8), the upregulated immune DEGs (BS-advantage), were found mostly in “adapters, effectors and signal transducers”, and noted in “antigen processing and regulators” and “T/B cell antigen activation”, while downregulated immune DEGs (NBS-advantage), were mostly involved in “inflammatory cytokines and receptors”, and also noted in “pattern recognition” and “complement system”. In group SvI-B&N (Figure 5B, Tables 3B and S9), among the revealed six processes, “T/B cell antigen activation” and “other genes related to immune response” exhibited the greatest DEG number. To illustrate the immune process, the involved immune gene categories of the immune-related DEG in all comparisons were listed in Table 3.




Figure 5 | The analysis of immune processes of DEG among different comparison groups. (A) The bar plots of gene number for the involved immune processes of up or down-regulated DEGs in groups SvC-B, SvC-N, SvS-BvN-D7, and CvC-BvN-D0; (B) The barplot of gene number for the involved immune processes in group SvI-B&N; (C) The Venn diagram of gene number for all comparison groups. DEG, differentially expressed gene.




Table 3A | Immune gene categories involved in differentially expressed mRNA for comparison groups SvC-B, SvC-N, and SvS-BvN-D7.




Table 3B | Immune gene categories involved in differentially expressed mRNA each comparison group CvC-BvN-D0 and SvI-B&N.





Venn-Regional Analysis of Immune-Related DEG From Different Comparison Groups

A Venn diagram was created to demonstrate the relationship between the immune-related DEG among all comparison groups (Figure 5C). The details for all regions were in Table S10. Though the region-specific DEGs accounted for a large proportion of each comparison group, with immune gene categories for region-specific DEG underlined in Table 3, the overlapping DEGs (Table 4), which contained important genes, were listed with the corresponding immune process and immune gene category.


Table 4 | The immune process and immune gene category for overlapping genes in the Venn regional analysis.





Immune-Related GO Terms as Well as Network Correlation Between LncRNAs and Genes in Immune-Related Module

The results of “WGCNA” were selected to determine the biological processes involved in CyHV-3-induced modulation of genes by lncRNAs, from an immune perspective. Among the currently divided 35 gene modules (Figure 6A), 12 modules were found with immune-related GO terms (Figure S1). Generally, “double-stranded DNA binding”, “receptor-mediated endocytosis”, “response to bacterium”, “lysosome”, “defense response to fungus”, “killing of cells of other organism”, “oxygen carrier activity”, “oxygen binding”, “defense response to bacterium”, “killing of cells of other organism”, “NuA4 histone acetyltransferase complex”, “defense response to gram-negative bacterium”, “defense response to gram-positive bacterium”, “immune response”, “regulation of cytokine secretion”, “cytolysis”, “execution phase of apoptosis”, “cellular response to gamma radiation”, “nucleic acid metabolic process”, “TOR signaling”, “DNA replication”, “ubiquitin-dependent protein catabolic process”, “granulocyte differentiation”, and “macrophage differentiation” were revealed after the “WGCNA” analysis. The top five immune-related modules containing most immune-related GO terms (Figure 6B) were analyzed for the relationship between LncRNA and transcripts by PPI networks in cystoscope (Figure 6C, with details in Table S11). The LncRNA regulated genes, which upregulated in group SvS-BvN-D7, such as Semaphorin-4E in the blue module, can be the factor associated with the resistance in the breeding strain. The LncRNA regulated genes, which downregulated in group SvS-BvN-D7, such as Lgals3l in the grey60 module, can be the factor associated with less accessibility to CyHV-3 in the breeding strain. The LncRNA regulated genes, which was upregulated in group SvC-N and downregulated in group SvS-BvN-D7, such as natural resistance-associated macrophage protein (Nramp), plasminogen activator inhibitor (PAI) in the brown module, could be the key clues for susceptibility of CyHV-3 in the non-breeding strain. Specifically, for detailed correlations of lncRNAs and DEG in groups SvC-B, SvC-N, and SvS-BvN-D7 (Table S12), T cell leukemia homeobox 3 (TLX3) and LGALS3 were revealed, respectively, in the survivors of the breeding strain.




Figure 6 | Gene ontology analysis and cystoscopes of key matched lncRNA and transcripts in the immune-related module. (A) the cluster dendrogram of all gene module. (B) The GO terms involved in the immune-related module, including the blue, brow, and the grey60 module, which contain the matched lncRNA and transcripts involved in current analyzed comparison groups. The star, triangle, and arrow represent the revealed GO term for comparison groups SvC-B, SvC-N, and SvS-BvN-D7, respectively. (C) Cystoscopes of key matched lncRNA and transcripts in the immune-related module, as shown for blue, brow and grey60 module, respectively. The PPI network here just showed the pattern of closely related genes and LncRNAs, and to access the detailed information of genes and LncRNAs, please refer to Table S11.






Discussion

This study demonstrated that the anti-CyHV-3 immune mechanisms of a breeding strain of common carp. This demonstrated dramatically decreased levels of mortality and less inner tissues swelling together with the previously revealed reduced virus load of tissues (24, 25), proving resistance to CyHV-3. The current studies of biological processes and pathways discovered through transcriptomic analysis have been merged to improve clarity. Afterwards, by comparing the survivors and healthy fish in either breeding or non-breeding strains, key genes and related lncRNAs involved in immune processes were also revealed. Accordingly, the immunogenetically insensitive or susceptible factors to CyHV-3 infection were determined.

From the aspect of cell surface receptors, which could participate in virus-host interaction, current comparison results suggested potential components involved in virus entry and downstream proinflammatory signaling. Firstly, integrin acts as a herpesvirus receptor (39), and the integrin-dependent signalosome in herpesvirus-infected cells mediated or coactivated numerous inflammatory responses and signaling transductions (39). Therefore, the finding that there was more expression of integrin beta 1 (ITGB1) in the survivors from non-breeding strain compared with those from the breeding strain, even during the steady status, may indicate that ITGB1 facilitates the binding of herpes virus glycoprotein for entry (40). This coincides with the finding that integrin signaling promotes the release of intracellular calcium stores and contributes to viral entry and cell-to-cell spreading via glycoprotein H, during herpes simplex virus infection in humans (41). Recent reports have also demonstrated that some integrins on lymphocytes, such as B cells, could facilitate mucosa-specific homing (42). Secondly, higher TLR expression in survivors of the non-breeding strain compared with that of the breeding strain also indicated its role in facilitating the virus infection. Of note, TLR4 signaling leads to the production of proinflammatory cytokines in human lymphatic endothelial cells (39). In addition, fish-specific and virus-responding TLR18 (43, 44) (the most overlapping gene among groups) was downregulated in the comparison group SvC-B, whereas it was upregulated in group SvC-N. Also, TLR18 was higher in steady-state in the nonbreeding strain. This suggested its possibility to enhance the severity of CyHV-3 infection. MAPK signaling, as the downstream process of pattern recognition receptors, could facilitate the tnf-alpha-induced suppressor of cytokine signaling 3 (SOCS3) expression. This can lead to both pro-inflammatory immune response and failure in growth (45), according to the upregulated DEGs upon infection observed in the group SvC-N.

To reveal the breeding driven improvement for the resistance from CyHV-3 infection, by comparing the survivors from different strains, DEGs of the inflammatory status also provide clues for how to block the virus. Non-specific binding of the virus by lectins played a protective role in preventing virus entry. Both upregulated ladderlectins and higher galectin expression were detected in survivors of breeding strains compared with non-breeding strains. This is suggestive of their blocking ability for viral proteins (46, 47), such as glycoprotein (48). Moreover, as the head kidney is one of the major reticuloendothelial systems in fish (49), mucin was also found to be upregulated as the anti-virus barrier. This was shown in the comparison group SvC-N as the gel-forming mucin 5B (MUC5B) (50) was upregulated in the survivors of the non-breeding strain. However, higher expression levels of membrane-bound MUC3 (51) were found in survivors of the breeding strain versus the non-breeding strain. Additionally, as shown in the comparison group SvS-BvN-D7, the complement system functioned differently. BS-advantage complement components C8 indicate the formation of terminal complement complex (52), while NBS-advantage CD59, which is the inhibitor of complement membrane attack complex (MAC) (52), suggesting the inhibition of f complement-dependent cytotoxicity (CDC). Thus, the effective CDC may be more helpful for surviving. These findings suggested that more mucus was secreted, thereby causing tissue swelling upon CyHV-3 infection in the non-breeding strain. For the survivors of the breeding strain, the membrane-bound mucin could effectively bind the virus with no gel.

For the anti-viral biological process for the breeding strain, the lectin complement pathway has been involved in the clearance of apoptotic cells, reflected by the GO term “cell killing” in both comparison groups SvC-B and SvS-BvN-D7, as well as more types of lectins in survivors from breeding strains. Hence, in survivors of the breeding strain, the complement components reported in the acute phase in common carp during CyHV-3 infection (53), could facilitate the phagocytic process via binding of MRC (Mannose-Receptor C) in fish (54). The interleukin 21 receptor (IL21R), which was found regulated in the survivors of the breeding strain for group SvC-B and the healthy control of the non-breeding strain for group SvC-N, indicated the control of inflammation by suppressing STAT3 signaling (55). The upregulated IL23R in the survivors of the breeding strain for group SvC-B can promote cytotoxic ability (56), which may immediately kill infected cells. The lack of antigen presentation in comparison group SvC-B suggested that the infection was overcome before the amplification of CyHV-3 in the breeding strain. As to the BS-advantage interferon related genes in group SvS-BvN-D7, the activator of IRF7 (57) as well as MX, the inhibitor of virus replication, may elicit the interferon antiviral response. Meanwhile, for proinflammatory cytokine, echoed with upregulated IL-1, IL-6, and IL-8 in group SvC-N, the NBS-advantage proinflammatory signaling dominated in the survivors from non-breeding strain, and also numerous upregulated genes were involved in antigen presentation in the non-breeding strain in group SvC-N. Therefore, the survivors from breeding strains overcame the infection mainly through phagocytosis and cytotoxicity at the cellular level and may elicit IFN response, without activating the typical process of proinflammation as in survivors from the non-breeding strain.

Thus, there are different signatures between the two strains, regarding the survival strategy. For the survivors in the breeding strain, self-repairing related autophagy was detected as both the KEGG pathways “regulation of autophagy” and autophagy-related fish antiviral tripartite motif (TRIM) protein (58) were found in group SvC-B. These findings were in line with TRIMs, which were found regulated in the survivors of breeding strain for group SvC-B and in the healthy control of non-breeding strain for group SvC-N. The above finding of TRIM is coincident with one of the recently revealed CyHV-3 resistant related DEGs with identified QTLs (17). In the survivors from the breeding strain, the higher PI3K also suggests higher autophagy, since the PI3K/AKT/mTOR pathway enhances this process (59). In the breeding strain, the suppressed IFN activation was also suggested, for that fish TRIM may inhibit the activation of IFN and attenuate IFN regulatory factor (IRF) (60, 61). The factor that there was more expression of TRAF6 in survivors of breeding strain compared with those of non-breeding strain, is in line with the resistant related SNP on TRAF6 (62) and suggests the possible repression on the production of type I IFN (63). In addition, nuclear factor, interleukin 3 regulated (NFIL3) can control Treg cell function via directly binding to and negatively regulates the expression of Foxp3 (64), and has been revealed stimulating both proinflammatory (e.g., NF-kappa B [NF-κB]) and anti-inflammatory factors (e.g., IL10) in carp (65). Thus, the upregulated NFIL3 in the survivors of the breeding strain for group SvC-B may suggest the extensive activation of immune cells, with diminished immune regulation. The directed lymphocytes response could be present as there was upregulation of IL23R, which significantly enhances the expression of cytotoxic mediators (56), as well as cathepsin L (a component of lysosomes) (66). This indicated an enhanced activation of the cytotoxic ability of T cells in survivors from the breeding strain. For B cells, the secretion of Ig-related genes (e.g., polymeric immunoglobulin receptor [PIGR], Ig heavy chain and light chain) was also upregulated in the survivors of breeding strain for group SvC-B. To fight the virus, the survivors from the non-breeding strain developed typical inflammatory cascades, including pro-inflammatory cytokines (e.g., IL-1, IL-6, and IL-8), as well as MAPK signaling, which is profoundly involved in cell survival functions during viral infection (67). For the control of inflammation, the survivors from the common strain exhibited suppression of the IFN response, which was also reflected by the upregulated IRF1 and IRF8, the inhibitor of the MYD88-mediated NF-κB signaling pathway (68, 69). Downstream hypoxia was also found, as indicated by the “p53 signaling pathway” and “oxidative phosphorylation”. The hypoxic status could also protect survivors of the non-breeding strain from death since p53 suppresses cell apoptosis (70), and HIF1A regulates virus-induced glycolytic genes (71).

Furthermore, the DEGs generated by comparing the survivors from the two strains in comparison group SvS-BvN-D7, which can provide clues for how to develop the resistance to CyHV-3 infection. The BS-advantage semaphorin, which was also regulated by LncRNA, is related to immunoregulation (72, 73). This indicated a possible tolerance of viral replication or latency after primary infection in the survivors (2), while had no negative effects on the proliferation of host cells (74). There was less cyclin-dependent kinase inhibitor 1D (CDKN1D) in survivors from the breeding strain compared with the non-breeding strain. This indicated that there was an interrupted circadian cell-cycle timing in the survivors from non-breeding strains (75). The higher levels of STAT3 and possible its upregulated integrins (76) in survivors from the non-breeding strain may facilitate the effect of enhanced IL6 signaling. Apart from the typical immune signals in comparison group SvS-BvN-D7, there was relatively higher PI3K activity, which was involved in the KEGG pathway “dopaminergic synapse”. This indicated that dopamine inhibited inflammation (77) in survivors from the breeding strain. This is because PI3K is dependent on the accumulation of DOPA decarboxylase, the enzyme involved in the production of dopamine, which is reduced by a viral infection (78). Additionally, genes responsive to the secretion of immunoglobulin (e.g., PIGR and Ig light chain), which is important for anti-virus immunity, were common (in comparison group SvI-B&N) between the two strains.

Additionally, the comparison of two strains with health status in group CvC-BvN-D0 suggested the differential basal properties for immune homeostasis. Among BS-advantage immune DEGs, which was related to the healthy control of breeding strain, the expression of NACHT, LRR, and PYD domains-containing protein 3 (NALP3) indicated a stronger ability to form the inflammasome in the breeding strain. The higher levels of NLR family CARD domain containing 3 (NLRC3), which is a negative regulator of the DNA sensor STING, suggest less sensitivity to the DNA virus in the breeding strain. The higher levels of MHC I indicate greater potential to activate response by cytotoxic CD8+ T cells upon herpes virus infection, as previously revealed in the resistant strain R3 (79). For the potential T helper cell differentiation-related JAK/STAT pathway, the upregulation of both STAT3 and histone deacetylase (HDAC) indicated an easier differentiation of both T helper 17 and regulatory T directions (80), respectively, in the breeding strain even in the steady state (81, 82). Upregulation of HDAC in the healthy control of breeding strain for group CvC-BvN-D0, which could inhibit the function of macrophages in fish (83), also suggests a more delicate immune regulation during the steady state in the breeding strain. The macrophage related MRC (Mannose-Receptor C) in fish could potentially induce the phagocytic process if necessary (54). However, among NBS-advantage immune DEGs, which indicated higher expression in the non-breeding stain at a steady state, myeloid-associated differentiation marker-like protein 2 (myadml2) suggested the basic more differentiation of monocyte cell types (84) As the surface receptor, TLR18 and ITGB1 suggested susceptibility to virus binding. Moreover, C-C motif chemokine ligand 4 (CCL4), which can protect infected cells with the viral burden (85), may be a risk factor for the non-breeding strain. In addition, the downregulated DEGs in group SvC-B and SvC-N also provided clues for how to maintain immune homeostasis, which can prevent the virus challenge. Among the downregulated DEGs in group SvC-B, both the existence of C3 and IFI suggested a restricting effector on the virus, since that C3b can bind directly to purified glycoprotein C of herpesvirus (86), and interferon-induced protein 44 (IFI44) may restrict virus replication (87). These factors were also revealed in NBS-advantage immune DEGs in group CvC-BvN-D0. Therefore, upon steady state, C3b and IFI44 also served as the basic defense function even in the virus carrier state, which could be especially important for the non-breeding strain.

The revealed regulation of resistance to CyHV-3 by lncRNA involved numerous biological processes. Among the revealed GO terms in comparison group SvC-N, “DNA replication” could indicate virus proliferation in the non-breeding strain. In survivors from the non-breeding strain, the lncRNA-regulated genes were mainly involved in innate immune cell function (e.g., macrophage protein and cathepsin, as components of lysosomes) and cell apoptosis. Nramp and PAI were found regulated by LncRNA in comparison groups SvC-N (up) and SvS-BvN-D7 (down). This finding indicates the more expression of Nramp and PAI in the survivors of non-breeding strain, could facilitate virus infection and proliferation for infected cell respectively, since that Nramp may serve as a virus receptor (88), meanwhile, PAI can inhibit apoptosis in cell lines infected with viruses (89). While, in survivors from the breeding strain, the only lncRNA-modulated gene, TLX3, is strongly methylated. This indicates that TLX3 expression was suppressed during hepatitis B virus-related cancer (90). This suggests that TLX3 in survivors from the breeding strain may play a protective role, and participate in lymphocyte proliferation in the head kidney. Meanwhile, echoing with the recent finding of the participation of zebrafish galectin proteins in immunity against viral infection (48, 91), in comparison group SvS-BvN-D7 the LncRNA regulated transcripts Lgals3l (down) and Lgals3bpa (up), as well as BS-advantage Lgals3bpa and galectin 3 suggested the regulation of galectin-3 related biological activities could be related to reduce the viral attachment for survivors of the breeding strain.

Therefore, based on the present findings, a hypothesis has been proposed for the immune mechanisms involved in both healthy controls and survivors from infection in both strains (Figure 7). In conclusion, the breeding strain of common carp showed a better ability to maintain immune homeostasis in both steady and inflammatory states and displayed enhanced blockage of CyHV-3 infection compared with the non-breeding strain. Thus, this strain could be termed as a resistant strain accordingly. Since the modulation of mRNA and lncRNA expression dynamics currently remains a hypothesis, further molecular evidence is needed to elucidate the mechanism of both resistance and susceptibility. In addition, the finding that both the inhibition of inflammation by dopamine in the breeding strain and the disrupted bio-clock in the non-breeding strain upon CyHV-3 infection suggested better growth performance for the breeding strain. Therefore, the possible advantage of this resistant strain for growth performance warrants further study. 




Figure 7 | Hypothesis of the carp immune mechanism in both breeding (resistant) and non-breeding (normal) strains, either at the steady-state or upon surviving for CyHV-3 infection. (A) Healthy control in the steady state in the breeding strain. (B) Survivors in an inflammatory state in the breeding strain. (C) Healthy control in the steady state in non-breeding strain. (D) Survivors in an inflammatory state in the non-breeding strain. The words in italics, bold, and green represent the biological process, cell type, and lncRNA-modulated immune genes, respectively. The arrow denotes facilitation or promotion, and --- denotes inhibition. The dashed line indicates a possible correlation.
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TRIF, an important adaptor downstream of Toll-like receptor signaling, plays a critical role in the innate immune response. In this study, the full-length coding sequence of TRIF from common carp (Cyprinus carpio L.) was cloned and characterized. Bioinformatics analysis showed that common carp TRIF exhibited a conserved TIR domain and had the closest relationship with grass carp TRIF. Expression analysis revealed that TRIF was constitutively expressed in the examined tissues of common carp, with the highest expression in the spleen and the lowest expression in the head kidney, and could be upregulated under Aeromonas hydrophila and poly(I:C) stimulation in vivo and under poly(I:C), LPS, PGN, flagellin, and Pam3CSK4 stimulation in vitro. Laser confocal microscopy showed that common carp TRIF colocalized with the Golgi apparatus. A luciferase reporter assay showed that carp TRIF elicited the activity of ifn-1 and nf-κb through the C-terminal domain. Additionally, crystal violet staining and qPCR assays revealed that carp TRIF inhibited the replication of SVCV in epithelioma papulosum cyprini (EPC) cells. Then, the signaling downstream of carp TRIF was investigated. Coimmunoprecipitation and Western blotting analysis demonstrated that carp TRIF interacted with TBK1 and augmented the expression of TRAF6 and phosphorylation of TBK1. Overexpression of carp TRIF significantly enhanced the expression of interferon-stimulated genes and inflammatory cytokines. Furthermore, flow cytometric (FCM) analysis suggested that carp TRIF induced apoptosis through the activation of caspase-8. In summary, our study indicated that TRIF plays an essential role in the innate immune responses of common carp against bacterial and viral infection.
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Introduction

Innate immunity plays a crucial role as the first line of defense protecting both lower and higher eukaryotes against pathogenic invasion (1). The mechanism of innate immunity relies on a family of proteins characterized by a highly specialized structure often termed pattern recognition receptors (PRRs) that recognize conserved pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) (2). Toll-like receptors (TLRs), an evolutionary ancient family of PRRs, have been extensively studied over the recent decades (3). Upon the recognition of microbes, TLRs immediately recruit and bind distinct Toll/IL-1 recruitment (TIR) domain-containing adaptor molecules in the cytoplasm (4). To date, six adaptors of TLRs have been identified, although the Toll receptor–associated molecule (TRAM) is absent in teleost genomes (5).

Toll-interleukin 1 receptor domain-containing adaptor molecule (TICAM-1, also named TRIF) is the third TIR domain-containing adaptor protein to be described (6). It has been well documented that TRIF is essential for the TLR3- and TLR4-mediated production of type-I IFN and other proinflammatory mediators in mammals (6, 7). Mammalian TRIF consists of an N-terminal proline-rich region (PRR), a highly conserved TIR domain, and a C-terminal domain that harbors a receptor-interacting protein 1 (RIP1) interaction motif (RHIM) (8). TNF receptor-associated factor (TRAF) 6 and TANK-binding kinase (TBK)-1 interact with TRIF through the N-terminal portion of TRIF, which is crucial for IRF3 and NF-κB activation (7, 9). The TIR domain of TRIF interacts with the TIR domain of TLR3 as well as the TLR4-bridging adaptor TRAM (6, 10). The C-terminal RIP homotypic interaction motif (RHIM) is crucial for NF-κB activation and apoptosis (11–13).

The first sequence of nonmammalian TRIF was found in the catfish genome (14). To date, the complete coding sequence of TRIF has been reported only in the channel catfish (Ictalurus punctatus) (15), zebrafish (Danio rerio) (16), grass carp (Ctenopharyngodon idella) (17), orange-spotted grouper (Epinephelus coioides) (18), large yellow croaker (Larimichthys crocea) (19), fugu (Takifugu rubripes) (20), and black carp (Mylopharyngodon piceus) (21). An increasing number of studies have recognized that fish TRIF gene expression can be modulated by bacterial PAMPs, including channel catfish, orange-spotted grouper, and large yellow croaker (15, 18, 19). In other teleost fish, such as zebrafish and grass carp, TRIF can respond to poly(I:C) and grass carp reovirus (GCRV) stimulation (16, 22). In addition, as an adaptor, fish TRIF can execute signal transduction by associating with TBK1 and then phosphorylating IRF3/7, inducing the transcription of IFN-β and other IFN-regulated genes (8). Furthermore, fish TRIF was reported to inhibit virus replication (17, 18). However, the mechanism remains unclear.

Common carp (Cyprinus carpio L.) is one of the most important freshwater aquaculture species and an important economic asset for angling and fisheries (23). However, various viruses and bacteria cause serious diseases in common carp, resulting in a high mortality rate and enormous economic losses to the aquaculture industry (24). Therefore, it is imperative to study the immune-related genes of common carp to develop useful treatment strategies for disease prevention and control in common carp (25). In this study, the TRIF gene from common carp was cloned. Its gene expression pattern and immune modulation function were analyzed. In addition, the role of common carp TRIF in the host innate immune responses was studied. These results can lay a foundation for research on the mechanisms of resistance to pathogens and help us to better understand the biological characteristics of TRIF in teleosts.



Materials and Methods


Animals and Immune Challenge

Healthy common carp (average weight: 180 g) were purchased from a local fish farm and cultured at 22–25°C in recirculating tap water with commercial fish feed for more than one week prior to experimental use. The immune challenges method and concentration were performed according to the previously described protocols (26). Briefly, fish were injected intraperitoneally with formalin (overnight at 4°C in 0.5% formalin), inactivated Aeromonas hydrophila (2 × 107 CFU per fish) and poly(I:C) (1.6 mg/ml) in a volume of 500 μl. Fish in the control group were injected with the same amount of PBS. The samples were collected from three infected fish at different time points after stimulation (0, 3, 6, 12, 24, 72, and 168 h). Tissue samples were stored in liquid nitrogen until subsequent analyses.



Ribonucleic Acid (RNA) Extraction, Complementary DNA (cDNA) Synthesis, and Real-Time Polymerase Chain Reaction (PCR)

The total RNA of cells and various tissues were extracted using the RNA simple Total RNA Kit (Tiangen, China) according to the instructions of the manufacturer. The total RNA concentration and quality were measured by ultraviolet spectrophotometry (Thermo Fisher Scientific, USA). First-strand cDNA was then synthesized using the FastQuant RT Kit (with gDNase) (Tiangen) following the protocol of the manufacturer. The mRNA expression of target genes was quantified using the SYBR Premix Ex Taq II reagent (Takara, China) and a LightCycler 96 real-time PCR system (Roche, Switzerland). The amplification scheme was as follows: incubation for 30 s at 94°C followed by 40 cycles of 5 s at 94°C, 30 s at 60°C, and 50 s at 70°C. The mRNA expression levels of tissues and cells were normalized to the expression levels of s11 and EF-1α, respectively. The data were analyzed using the 2−ΔΔCT method as described previously (27). Primers are listed in Supplementary Table 1.



Gene Cloning and Plasmid Construction

To obtain the full-length cDNA of the sequence of common carp TRIF, the partial sequence of TRIF was cloned from common carp using a pair of primers specific to the conserved region of the reported TRIF sequence. Then, 5′ and 3′ RACE-PCR were performed using a 3′-full RACE core set (Takara, China) and SMARTer® RACE 5′ Kit (Clontech, USA) according to the instructions of the manufacturer.

To construct the expression of plasmid for GFP-tagged, carp TRIF, or truncated forms including △N (deletion of amino acids 9–158), △TIR domain (deletion of amino acids 324–451), and △C (deletion of amino acids 452–578) were amplified by PCR and inserted into the pEGFP-N1 vector through the appropriate enzyme digestion site to obtain the TRIF-FL-EGFP, TRIF-△N-EGFP, TRIF-△TIR-EGFP, and TRIF-△C-EGFP vectors, respectively. The open reading frames (ORFs) of carp TBK1 was subcloned into the pCMV-HA vector and obtained HA-tagged TBK1 plasmid. For dual-luciferase reporter assays, the 5′ flanking region upstream of the start codon ATG in the ifn-1 gene was cloned into the PGL4.10 basic plasmid. The generated recombined plasmid was named Luci-ifn-1. All constructs were verified by DNA sequencing. The primers used in this study are listed in Supplementary Table 1. The luciferase reporter plasmid of nf-κb was kindly provided by GuangXun Meng (Institute Pasteur of Shanghai, Chinese Academy of Sciences, China).



Sequence Analysis

The protein structures of the target genes were predicted by NCBI and SWISS-MODEL. Multiple alignment analysis was performed using Clustal W, and the results were viewed and edited with the BioEdit software. A phylogenetic tree was constructed using the neighbor-joining method and MEGA 6.0 software. To derive the confidence value for the phylogenetic analysis, boot-strap trials were replicated 1,000 times. The GenBank accession numbers for these sequences are shown in Supplementary Table 2.



Isolation and Stimulation of Common Carp Peripheral Blood Leukocytes (PBLs)

Common carp PBLs were prepared by density gradient centrifugation with Percoll (Sigma-Aldrich, Germany) according to a previous protocol (27). Briefly, for the isolation of PBLs, diluted blood was layered on top of 65% Percoll and centrifuged. After 25 min of centrifugation at 800 × g, the cells present on the interface of the gradient were collected and washed three times with PBS. The cells were resuspended in complete L-15 (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco). Approximately 107 cells/well were seeded in 24-well plates with 500 μl of complete medium. After recovering overnight at 25°C, drug treatment was performed using poly(I:C) (a synthetic analogue of double-stranded RNA) (5 μg/ml, Sigma-Aldrich), LPS (a component of the outer membranes of gram-negative bacteria) (10 µg/ml, Sigma-Aldrich), peptidoglycan (PGN) (the main PAMP of gram-positive bacteria) (10 μg/ml, Sigma-Aldrich), flagellin (a principal component of bacterial flagella) (10 ng/ml, Sigma-Aldrich), and Pam3CSK4 (a synthetic triacylated lipopeptide that can be recognized by TLR1/2) (10 ng/ml, Invitrogen, USA) at different time points (3, 6, 12, and 24 h) according to the previously described protocols (28). The cells in the control group were stimulated with the same amounts of PBS (denoted by 0 h).



Cell Culture, Transfections, and Virus

The 293T and HeLa cells maintained in our laboratory were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco) in an incubator at 37°C and 5% CO2. Epithelioma papulosum cyprini (EPC) cells were cultured at 25°C in M199 medium (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco). Lipofectamine 2000 (Invitrogen), Fugene HD (Promega, USA), and jetPRIME reagent (Polyplus, France) were used for 293T, HeLa, and EPC cell transfection, respectively.

Spring viremia of carp virus (SVCV) were kept in the lab and propagated in EPC cells. Viral titers were measured according to the method of Reed and Muench (29). Cytopathic effect (CPE) was observed by crystal violet staining. Briefly, EPC cells were seeded in 24-well plates and transfected with the indicated plasmids. After 24 h, the cells were infected with SVCV for 24 h. The infected EPC cells were washed with PBS and fixed with 4% formaldehyde for 30 min at room temperature, stained with 1% (w/v) crystal violet for 10 min, and then washed with PBS and observed for CPE by a microscope.



Luciferase Activity Assays

To determine the effects of carp TRIF on the regulation of nf-κb and ifn-1 activity, luciferase assays were performed. 293T cells were seeded in 96-well plates 12 h before transfection. Cells were transfected with Luci-ifn-1 or Luci-nf-κb and pRL-TK (internal control) along with different carp TRIF-overexpressing plasmids. After 24 h of transfection, cells were lysed and analyzed for luciferase activity by Dual-Glo® Reagent (Promega). The relative luciferase activity was calculated by normalizing Firefly to Renilla luciferase activity. All experiments were performed in triplicate and repeated at least three times.



Confocal Fluorescence Microscopy

HeLa cells were seeded onto coverslips in 24-well plates. After reaching 70–90% confluence, cells were transfected with TRIF-FL-EGFP, TRIF-△N-EGFP, TRIF-△TIR-EGFP, and TRIF-△C-EGFP for 24 h, respectively. Then, cells on coverslips were washed once with PBS, fixed with 4% paraformaldehyde for 30 min, and stained with WGA (cytomembrane-Tracker) (InvivoGen, France) for 10 min and DAPI (Sigma-Aldrich) for 15 min. For Golgi staining, the cells were washed once with HBSS and stained with Golgi-Tracker (Beyotime, China) at 4°C for 30 min. Finally, the coverslips were washed with PBS and observed by the Leica laser scanning confocal microscope. The results were indicated from three independent replicates.



Coimmunoprecipitation (Co-IP) and Western Blotting Analysis

For immunoprecipitation (IP) experiments, 3 μg of the indicated plasmids were transfected into 293T cells, which were cultured in 6-well plates overnight. After 48 h of transfection, the medium was removed carefully and washed twice with PBS. Then, the cells were lysed with 600 μl of lysis buffer (1% NP-40, 50 mM Tris-HCl, 150 mM NaCl, 15 mM EDTA, 1 mM NaF, 1 mM Na3VO4, pH 8.0) containing a protease inhibitor cocktail at 4°C for 30 min. The cellular fragments were separated by centrifugation at 12,000 × g for 10 min at 4°C. After centrifugation, the supernatants were transferred into a new centrifuge tube (50 μl of cell lysate was designated as the input). The remaining cell lysates were incubated with protein A/G agarose (Santa Cruz, USA) and monoclonal anti-GFP (Solarbio, China, K106580P, 1:10 diluted with lysis buffer) overnight at 4°C with soft agitation. The agarose-protein complex was harvested and washed three times with a lysis buffer and resuspended in 15 μl of 2 × SDS-PAGE loading buffer (designated as IP). Equal loadings of samples (IP and input) were analyzed by Western blot (WB) with anti-GFP and anti-HA (Abcam, England, ab9110) Abs, respectively.

The generated cell lysates were boiled for 10 min, subjected to 10% SDS-PAGE, and transferred onto PVDF membranes (Sigma-Aldrich). The membranes were blocked with 5% nonfat milk (diluted in TBST buffer; 150 mM NaCl, 3 mM EDTA, 0.1% Tween-20, 50 mM Tris-HCl, pH 8.0) for 1 h at room temperature and incubated with primary antibodies: anti-GFP, anti-TRAF6 (Abcam, ab245319), anti-pTBK1 (CST, USA, D52C2), anti-HA, anti-caspase-8 (CST, 8592S), and anti-β-actin (Solarbio, K200058M) (1:1,000 dilution in blocking milk solution) at 4°C overnight. The membrane was washed three times with TBST and probed with the relevant horseradish peroxidase (HRP)-conjugated secondary antibodies (Proteintech, USA) (1:10,000 dilution in 1% BSA dissolved in TBST) for 1 h at room temperature. Finally, the membrane was washed three times with TBST and processed for ECL Western blotting Detection Reagents (Meilunbio, China). The experiments were performed at least three times.



Flow Cytometric (FCM) Detection of Apoptotic Cells

Apoptotic cells were evaluated using the Annexin V-mCherry apoptosis detection kit (Beyotime, C1070S). The staining procedure was carried out according to the instructions of the manufacturer. In brief, the EPC cells were seeded in 24-well plates overnight and transfected with pEGFP-N1 or carp TRIF-EGFP. At 24 h post-transfection, cells were harvested, then washed with PBS, and resuspended in Annexin V-mCherry Binding Buffer. Stained cells were incubated with 5 μl of Annexin V-mCherry for 10 min at room temperature in the dark. Then, the stained cells were checked with the FACS Calibur system (BD Biosciences, USA) and evaluated with the FlowJo software (TreeStar, Ashland, OR, USA). The results were calculated from three independent replicates.



Statistical Analysis

Values are presented as the mean ± SD of three independent experiments with technical replicates for each experiment. Data are processed using one- or two-way ANOVA or Tukey’s test. A value of P < 0.05 was considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001).




Results


Identification of the TIR-Domain-Containing Adapter-Inducing Interferon-β (TRIF) Gene in Common Carp

In this study, we cloned and identified a novel TRIF cDNA sequence from common carp (C. carpio L.). The complete sequence of the carp TRIF cDNA (GenBank accession No. MZ169546) was 2,667 bp, containing a 5′ untranslated terminal region (UTR) of 343 bp, a 3′ UTR of 590 bp, and an open reading frame (ORF) of 1,734 bp encoding a polypeptide of 578 amino acids (aa) (Supplementary Figure 1). The protein structure predicted by SWISS-MODEL showed that carp TRIF exhibited the typical characteristics of an N-terminal domain, a TIR domain close to its C-terminus, and a C-terminal domain (Figures 1A, B). Multiple sequence alignment showed that the TIR domain of TRIF was conserved between common carp and other species, containing three highly conserved regions: Box 1, Box 2, and Box 3. In addition, carp TRIF lacks the N-terminal and C-terminal proline-rich domains (Figure 1C and Supplementary Figure 2).




Figure 1 | Alignment of TRIF TIR domain sequences and phylogenetic tree. (A) A schematic diagram showing the domain architecture of common carp TRIF. (B) Modeled three-dimensional structure of common carp TRIF shown as a cartoon. (C) The sequences were aligned using the Clustal W method. The identical, conserved, and highly conserved substituted amino acid residues were indicated in (*), (.), and (:) respectively. The three boxes of the TIR domain were outlined in black. (D) Phylogenetic analysis of TRIF amino acid sequences. The phylogenetic tree was constructed using amino acid multiple alignments generated by the neighbor-joining method within the MEGA 6.0. program. Black box denoted carp TRIF. The GenBank accession numbers of these sequences are listed in Supplementary Table 2. A “*” represents amino acid residues identical among all the nine species in the designated site. One "*" represents amino acid residues identical among all the nine species in the column. "**" or “****” indicates that the amino acid residues of the two or four consecutive sites are identical.



To examine the evolutionary relationships of TRIF in common carp and other species, a phylogenetic tree was constructed using the neighbor-joining method based on the MEGA 6.0 program. Phylogenetic analysis showed that fish TRIF members formed an independent cluster and carp TRIF had the closest relationship with TRIF in Ctenopharyngodon idella and Danio rerio (Figure 1D). In addition, the identities of TRIF between common carp and other teleosts were 22.3–73.1%. Carp TRIF was highly similar to C. idella TRIF (73.1%) and had the lowest identity with Takifugu rubripes TRIF (30.5%) (Supplementary Table 3).



Tissue Expression Profile and Cellular Localization of TIR-Domain-Containing Adapter-Inducing Interferon-β (TRIF)

The expression patterns of TRIF were detected by qRT-PCR in 11 tissues of healthy common carp, including the liver, spleen, head kidney, foregut, hindgut, gills, gonad, skin, muscle, buccal epithelium, and brain. The results showed that carp TRIF mRNA was detected in all examined tissues, with the highest expression in the spleen, the lowest expression in the head kidney, and moderate expression in the other nine tissues (Figure 2).




Figure 2 | Tissue expression of TRIF in normal common carp. The mRNA expression of carp TRIF in the liver, spleen, head kidney, foregut, hindgut, skin, gills, gonad, muscle, buccal epithelium, and brain was detected by real-time PCR. The 40S ribosomal protein s11 was amplified in each tissue sample as an internal control, n = 3.



To gain a better understanding of the functions of carp TRIF, its subcellular localization was investigated. HeLa cells were transfected with the TRIF-FL-EGFP, TRIF-△N-EGFP, TRIF-△TIR-EGFP, and TRIF-△C-EGFP recombinant vectors and then visualized by confocal microscopy. As illustrated in Figure 3A, carp TRIF was localized near the nuclear membrane with the formation of speckle-like structures. The site and structure were likely to be the Golgi apparatus. However, truncated carp TRIF segments had different localizations. The mutant in which the N-terminal domain was deleted showed the same localization as TRIF-FL-EGFP. The two mutants with truncated C-termini or TIR domains were ubiquitously distributed in the cytoplasm. To further investigate whether carp TRIF was accurately localized to the Golgi apparatus, transfection and laser confocal imaging were conducted. The results demonstrated that TRIF-FL and the segment deleting the N-terminal domain were colocalized with the Golgi apparatus, while the two segments with truncated C termini or TIR domains were not similar (Figure 3B). These results reveal that carp TRIF is a Golgi-localized protein, and the sequence spanning the TIR domain and C-terminus contributes to its unique subcellular localization.




Figure 3 | Localization of full-length and truncated forms of carp TRIF. (A) Different mutants of carp TRIF, including TRIF-EGFP, TRIF-△N-EGFP, TRIF-△TIR-EGFP, or TRIF-△C-EGFP, were transfected into HeLa cells. At 24 h post-transfection, the cells were stained with WGA (cell membrane marker) and DAPI, then visualized by confocal laser microscopy. Red, green, and blue represented the cell membrane, carp TRIF, and nucleus, respectively. (B) HeLa cells were transfected with different mutants of carp TRIF, including TRIF-EGFP, TRIF-△N-EGFP, TRIF-△TIR-EGFP, or TRIF-△C-EGFP. At 24 h post-transfection, the cells were stained with Golgi-Tracker Red and imaged using a laser scanning confocal microscope. Green indicated the TRIF protein. The Golgi complex was stained in red.





Expression Profiles of Carp TIR-Domain-Containing Adapter-Inducing Interferon-β (TRIF) After A. hydrophila and Poly(I:C) Injection

A. hydrophila, a well-known fish-pathogenic bacterium, is primarily found in temperate and freshwater environments and causes infections in various organisms (27). The expression profile of carp TRIF was examined in immune-related tissues after bacterial challenge. As illustrated in Figure 4, a significant upregulation of TRIF was observed in the spleen, foregut, hindgut, and skin, whereas a downregulation was observed in the liver and head kidney. In the spleen and skin, TRIF expression was initially reduced, then increased and reached a peak at 168 h (1.8-fold) and 72 h (2.7-fold), respectively (Figures 4B, F). The expression of TRIF in the foregut and hindgut was significantly elevated and reached maximum levels at 3 h (2.0-fold and 7.5-fold, respectively) (Figures 4D, E). However, in the liver and head kidney, the expression of TRIF was downregulated (Figures 4A, C). These data suggest that TRIF, as an important adaptor of the TLR signaling pathway, has an important role in antibacterial immune responses.




Figure 4 | The relative expression of carp TRIF in various tissues of common carp after intraperitoneal injection with A. hydrophila. The expression of carp TRIF in the liver (A), spleen (B), head kidney (C), foregut (D), hindgut (E), and skin (F) at different time points are shown. The results were calculated relative to the expression of the 40S ribosomal protein s11. Data were presented as a fold increase compared to the unstimulated control group (denoted by 0 h). Means ± SD (n = 3), *P < 0.05, **P < 0.01.



Poly (I:C) is a synthetic analogue of double-stranded RNA (dsRNA) that is usually used as a viral infection mimic to induce the immune response (28). The role of carp TRIF in antiviral immunity was investigated. Common carp were injected intraperitoneally with poly(I:C), and the mRNA expression level of carp TRIF was detected at 3, 6, 12, 24, 48, 72, and 168 h post injection. After injection with poly(I:C), a significant upregulation of carp TRIF was observed in the liver, spleen, head kidney, foregut, and skin and reached the highest expression level at different time points (1.9-fold in liver, 5.4-fold in spleen, 3.1-fold in head kidney, 1.8-fold in foregut, and 1.8-fold in skin). No significant differences in carp TRIF expression was observed in the hindgut (Figure 5).




Figure 5 | The relative expression of carp TRIF in various tissues of common carp after intraperitoneal injection with poly(I:C). The mRNA expression levels of carp TRIF in the liver (A), spleen (B), head kidney (C), foregut (D), hindgut (E), and skin (F) at different time points are shown. Gene expression results were calculated relative to the expression of 40S ribosomal protein s11. Data were presented as the fold changes based on the unstimulated control group (denoted by 0 h). Means ± SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001.





Carp TIR-Domain-Containing Adapter-Inducing Interferon-β (TRIF) mRNA Expression in Response to Different Stimuli In Vitro

As a TLR adapter, it was examined whether carp TRIF gene can respond to TLR ligands. Then, carp TRIF expression was determined after treatment with different immunostimulants in isolated PBLs. As shown in Figure 6, the expression of carp TRIF was significantly upregulated at 3 h and peaked at 6 and 12 h (53.54-fold, 3.12-fold) after stimulation with poly(I:C) and PGN, respectively (Figures 6A, C). After a challenge with LPS and Pam3CSK4, the expression of carp TRIF increased and reached the highest level at 12 h (4.79-fold and 5.77-fold, respectively) (Figures 6B, E). In addition, carp TRIF expression was induced at 3 h and reached a peak value at 24 h (8.43-fold) after flagellin stimulation (Figure 6D).




Figure 6 | The relative expression of carp TRIF in the PBLs after treatment with poly(I:C) (A), LPS (B), PGN (C), flagellin (D), and Pam3CSK4 (E) at different time points. The results were calculated relative to the expression of 40S ribosomal protein s11. Data were presented as the fold change based on the control group (denoted by 0 h). Means ± SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001.



These results indicate that carp TRIF plays a critical role in the immune responses triggered by bacteria and viruses.



Carp TIR-Domain-Containing Adapter-Inducing Interferon-β (TRIF) Activates IFN and NF-κB Through the C-Terminal Domain

To further elucidate the mechanisms by which carp TRIF induces an inflammatory response, a luciferase reporter assay was used to test the promoter activities of ifn-1 and nf-κb. As illustrated in Figure 7A, carp TRIF-expressing plasmids significantly induced the luciferase activity of ifn-1 and nf-κb, and this induction occurred in a dose-dependent manner in the ifn-1 promoter activity assay. Moreover, we tested the effects of different carp TRIF mutants on ifn-1 and nf-κb promoter luciferase activities. The results showed that carp TRIF-FL, TRIF-△N, and TRIF-△TIR had significantly increased the relative activity of ifn-1 and nf-κb; however, TRIF-△C showed no influence compared with that of the control group (Figure 7B). As shown in Figure 7C, TRIF-FL, TRIF-△N, TRIF-△TIR, and TRIF-△C proteins were strongly expressed in 293T cells at 48 h post-transfection. These results imply that carp TRIF relies on the C-terminal domain to activate the transcription factors.




Figure 7 | Carp TRIF enhances the promoter activities of ifn and nf-κb through the C-domain. (A) 293T cells were transfected with pEGFP-N1 (control) or different amounts (50 and 100 ng) of carp TRIF-EGFP together with ifn-1 or nf-κb promoter luciferase reporter vector and pRL-TK. After transfection for 48 h, Firefly and Renilla luciferase activities were measured. (B) 293T cells were transfected with the indicated plasmid. After transfection for 48 h, Firefly and Renilla luciferase activities were measured. (C) 293T cells were seeded in 6-well plates and transfected with the pEGFP-N1 (control) and different mutants of carp TRIF (TRIF-△N-EGFP, TRIF-△TIR-EGFP, or TRIF-△C-EGFP) for 48 h. The cell lysates were subjected to Western blot analysis with anti-GFP and anti-β-actin Abs. All data represented the means ± SD (n = 3) from three independent triplicate experiments, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns, no significant.





Carp TIR-Domain-Containing Adapter-Inducing Interferon-β (TRIF) Involved in the Antiviral Response via the TRAF6-TBK1 Axis

To further investigate the impact of carp TRIF on the antiviral activity, EPC cells were transfected with plasmid expressing carp TRIF and subjected to SVCV infection for 24 h. Crystal violet staining showed apparent CPE in the control cells, whereas the CPE was markedly reduced in TRIF-overexpressing cells after SVCV infection (Figure 8A). As shown in Figure 8B, the transcriptional levels of two SVCV genes (SVCV-G and SVCV-N) were significantly attenuated in carp TRIF-overexpressing cells at 3 and 6 h after SVCV infection, which suggest that carp TRIF can inhibit SVCV replication. To further explore the antiviral mechanism of carp TRIF, the expression of TRAF6 and TBK1, the downstream signaling of TRIF, was measured by WB analysis at 48 h post-transfection. As shown in Figure 8C, an enhanced Western blotting band was detected for TRAF6 and the phosphorylated form of TBK1 in carp TRIF-overexpressing cells. To further investigate the role of carp TRIF in the downstream signaling, EPC cells were stimulated with poly(I:C), in which poly(I:C) induced the expression of TRAF6 and phosphorylation of TBK1. The densitometric analysis of protein bands using the ImageJ software confirmed the results. Previous studies demonstrated that human TRIF forms a complex with TBK1 and TRAF6 (9). However, fish TRIF lacks the TRAF6 binding motif. Then, the interaction between carp TRIF and TBK1 was examined. Coimmunoprecipitation experiments indicated that carp TRIF was directly bound to TBK1 (Figure 8D). Next, the expression of IFN-stimulated genes and proinflammatory cytokines was detected in the carp TRIF-mediated immune response. After SVCV stimulation, the expression of ifn, viperin, isg15, mx, and proinflammatory cytokines such as il-1β and tnf-α were significantly upregulated in the carp TRIF-overexpressing group compared with the control (Figure 8E). These results indicate that carp TRIF is involved in the antiviral response via the TRAF6-TBK1 axis.




Figure 8 | Carp TRIF involved in the antiviral response via the TRAF6-TBK1 axis. (A) EPC cells were seeded in 24-well plated overnight and transfected with pEGFP-N1 (control) or carp TRIF-EGFP. At 24 h post-transfection, the cells were infected with SVCV (MOI = 0.01) per well and incubated at 25°C for 24 h. This experiment was divided into two groups. (A) One group of cells stained with crystal violet for CPE. The cell monolayers were stained with crystal violet, and CPE was observed. (B) The second group of cells was used to extract the total RNA. The expression levels of SVCV-G and SVCV-N transcripts of SVCV by qRT-PCR analysis. (C) Cells were transiently transfected with above-mentioned plasmids in six-well plates. After 24 h of transfection, poly(I:C) stimulation was administered for 24 h, and then immunoblotted was conducted with the indicated antibodies. β-actin was used as a loading control. TRAF6/β-actin and p-TBK1/β-actin levels were quantified by the Image J software. (D) 293T cells were transfected with the indicated plasmids. At 48 h post-transfection, cell lysates were immunoprecipitated with anti-GFP, and immunoblotted analyzed with the indicated Abs. (E) EPC cells were transiently transfected with the indicated plasmids and harvested to quantify the relative expression levels of IFN-stimulated genes and proinflammatory genes at 6 h post SVCV infection. The results were calculated relative to the expression of EF-1α. All experiments were repeated at least three times with similar results. **P < 0.01, ***P < 0.001, ****P < 0.0001.





Carp TIR-Domain-Containing Adapter-Inducing Interferon-β (TRIF) Induces Apoptosis Through the Caspase-8 Axis

Apoptosis is a host defense against pathogen invasion. To investigate whether carp TRIF can mediate apoptosis, EPC cells were transfected with carp TRIF and the early apoptosis was examined. The results demonstrated that the number of early apoptotic cells significantly increased in carp TRIF-overexpressing cells (97.8%) compared with the control group (62.2%) (Figure 9A). To better define the mechanism by which carp TRIF initiates apoptosis, we examined the expression of caspase-8. As shown in Figure 9B, carp TRIF promoted caspase-8 activation. Hence, carp TRIF induces apoptosis through the caspase-8 axis.




Figure 9 | Carp TRIF induces apoptosis. (A) EPC cells in 24-well plates were transfected with pEGFP-N1 (control) or carp TRIF-EGFP. The early apoptosis cells were stained with Annexin V-mCherry. Flow cytometric analysis was undertaken to detect Annexin V in cells. The percent of apoptotic cells were determined using the FlowJo software. (B) 293T cells were transfected with pEGFP-N1 (control) or carp TRIF-EGFP. After transfection for 24 h, the cell lysates were collected. Western blot was performed with anti-caspase-8 Abs. The level of caspase-8 was quantified by densitometry analysis of the band intensity using the Image J software, and normalized to the β-actin. Data were shown as the mean ± SD of the relative ratios of the intensity (caspase-8/β-actin). All experiments were repeated at least three times. *P < 0.05.






Discussion

TRIF is an essential adaptor protein required for innate immune responses mediated by TLRs (30). In teleost fish, several fish-specific TLRs, such as Tlr22 and Tlr19, can recruit TRIF and subsequently activate the TRIF-dependent pathway (20, 31), collectively implying that fish TRIF has an important role in the defensive immune responses. In the current study, the TRIF gene of common carp was cloned and characterized. Carp TRIF lacks the N-terminal and C-terminal proline-rich domains, which was reported in zebrafish, large yellow croaker, black carp, and orange spotted grouper (16, 18, 19, 21). Furthermore, multiple sequence alignment of the TIR domain among different species showed that carp TRIF displayed a typical TIR domain and had three highly conserved regions, Box 1, Box 2, and Box 3, which are conserved in mammalian TRIF and essential for TRIF- and MyD88-mediated signal transduction (6). In addition, phylogenetic analysis revealed that carp TRIF clustered with other fish TRIF and was highly similar to grass carp.

Tissue expression analysis showed that carp TRIF was constitutively expressed in several studied tissues of healthy common carp, with the highest expression levels detected in the spleen, indicating a possible role of TRIF in the immune defense system of common carp. However, the expression pattern was different in various species. Grass carp TRIF is highly expressed in the foregut and skin (17). Channel catfish TRIF has the highest expression in the ovary and spleen (15). In the amphioxus, transcripts of TRIF are strongly detected in the epithelial cells of the gut, skin, and gill (32). In zebrafish, a high TRIF transcript level is found in the liver (33). The differences in tissue distribution imply that TRIF performs divergent roles in various organs in different species. TLRs and their adaptors have a specific localization in the cells for their functions (34). In the current study, carp TRIF localized to a unique site near the nuclear membrane and was a Golgi apparatus-localized protein, which was consistent with demonstrations in other species, such as zebrafish (16) and orange-spotted grouper (18).

Bacteria are pathogenic agents of fish disease, and fish TRIF is reported to play important roles in the innate immune responses against bacterial pathogens. Channel catfish TRIF mRNA shows an enhanced expression in the head kidney and spleen after Edwardsiella ictalurid infection (15). The mRNA expressions of TRIF from orange-spotted grouper and mandarin fish are upregulated after LPS stimulation (18, 35). The transcription of amphioxus TRIF is upregulated after a challenge with gram-negative and gram-positive bacteria (32). Similarly, in the current study, the transcription of carp TRIF was upregulated in immune-related tissues after it was challenged with killed A. hydrophila, except in the liver. Additionally, fish TRIF is found to take part in the antiviral immune response. For example, the miiuy croaker TRIF contributes to IFN antiviral immunity following infection with Siniperca chuatsi rhabdovirus (SCRV) (36). In addition, TRIF expression was significantly upregulated in immune-related tissues in grass carp (17), large yellow croaker (34), zebrafish (16), and orange-spotted grouper (18) after poly(I:C) stimulation. Similarly, carp TRIF was upregulated after poly(I:C) stimulation in vivo and in vitro. These results indicate that fish TRIF exhibits extraordinarily broad roles in host antibacterial and antiviral innate immunity, which may be related to TLR recognition (20, 31).

To characterize the antiviral effects of carp TRIF, antiviral activity was investigated in carp TRIF-overexpressing cells. The results demonstrated that carp TRIF can inhibit the replication of SVCV in vitro. Similarly, in grass carp TRIF-overexpressing cells, the viral load and titer are significantly lower than those in the controls after GCRV challenge, and viral replication is obviously inhibited (17). Overexpression of grouper TRIF in grouper brain cells restrains the replication of red-spotted grouper nervous necrosis virus (RGNNV) (18). The possible mechanism of host defense against pathogens is inducing the expression of proinflammatory cytokines or interferon-stimulated genes. It is reported that mammalian TRIF can induce NF-κB and IFN-β (11). The activation of NF-κB in the TRIF-dependent pathway is verified to occur through the recruitment of TRAF6 and RIP1 by the TRAF6 binding motif and C-terminal RHIM domain, respectively (37–39). However, fish TRIF lacks the TRAF6 binding motif and C-terminal RHIM domain. Interestingly, carp TRIF significantly activated NF-κB, which was consistent with the findings in zebrafish, orange-spotted grouper, and large yellow croaker (16, 18, 34), implying the conserved function of fish TRIF in the NF-κB-mediating signaling cascade. Additionally, zebrafish TRIF is documented to associate with RIP1 but not TRAF6, and mutation of the TRIF RHIM domain disrupts NF-κB activation (16). Similarly, the absence of the C-terminus in carp TRIF suppressed the activation of NF-κB, indicating a fish TRIF-dependent NF-κB signaling via interaction with RIP1.

Mammalian TRIF is demonstrated to induce the production of IFN-β via the association of TRIF-TBK1 through the TBK1 binding motif (9). However, the TBK1 binding motif mentioned above is not conserved in fish TRIF. Intriguingly, carp TRIF could interact with TBK1, as found in zebrafish, indicating the conserved TRIF-TBK1 signaling cascade in teleost fish. Moreover, carp TRIF was capable of activating type I IFN, and a similar phenomenon was also observed in large yellow croaker (19), suggesting that type I IFN signaling pathways are involved in the TRIF-mediated immune response. Notably, it has been revealed that mutation of the C-terminal RHIM domain in common carp diminishes the activation of IFN, as shown in zebrafish (16), indicating that not only does the TBK1-mediated signaling cascade participate in TRIF-induced type I IFN production, but other molecules, such as RIP1, may also be involved in IFN activation. These results collectively suggest that fish TRIF may have different ways to induce IFN responses.

Apoptosis is a host defense against pathogen invasion that can be triggered by TLR ligands (40). Apoptosis occurs through the activation of members of the caspase family of cysteine proteases (41). Studies in mammals have demonstrated that protein-protein interactions resulting from the death domain (DD) are often involved in caspase activation (42). However, TRIF, which lacks DD, efficiently induces apoptosis (11). In this study, we found that carp TRIF overexpression induced apoptosis in EPC cells. Additionally, mammalian TRIF-induced apoptosis occurred through the activation of the FADD-caspase-8 axis (11). Similarly, carp TRIF overexpression enhanced the expression of caspase-8, suggesting that carp TRIF can induce apoptosis via the caspase-8 axis.

In summary, this study reported the identification and characterization of the TRIF gene from common carp. Carp TRIF participated in antibacterial and antiviral immune responses. In addition, overexpression of carp TRIF activated interferons and proinflammatory cytokines via the ifn and nf-κb pathways and inhibited SVCV replication in EPC cells. Furthermore, carp TRIF induced apoptosis through the activation of caspase-8. These results contribute to developing strategies for defense against virus infections in teleosts.
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Polyploidy and subsequent diploidization provide genomic opportunities for evolutionary innovations and adaptation. The researches on duplicated gene evolutionary fates in recurrent polyploids have seriously lagged behind that in paleopolyploids with diploidized genomes. Moreover, the antiviral mechanisms of Viperin remain largely unclear in fish. Here, we elaborate the distinct antiviral mechanisms of two viperin homeologs (Cgviperin-A and Cgviperin-B) in auto-allo-hexaploid gibel carp (Carassius gibelio). First, Cgviperin-A and Cgviperin-B showed differential and biased expression patterns in gibel carp adult tissues. Subsequently, using co-immunoprecipitation (Co-IP) screening analysis, both CgViperin-A and CgViperin-B were found to interact with crucian carp (C. auratus) herpesvirus (CaHV) open reading frame 46 right (ORF46R) protein, a negative herpesvirus regulator of host interferon (IFN) production, and to promote the proteasomal degradation of ORF46R via decreasing K63-linked ubiquitination. Additionally, CgViperin-B also mediated ORF46R degradation through autophagosome pathway, which was absent in CgViperin-A. Moreover, we found that the N-terminal α-helix domain was necessary for the localization of CgViperin-A and CgViperin-B at the endoplasmic reticulum (ER), and the C-terminal domain of CgViperin-A and CgViperin-B was indispensable for the interaction with degradation of ORF46R. Therefore, the current findings clarify the divergent antiviral mechanisms of the duplicated viperin homeologs in a recurrent polyploid fish, which will shed light on the evolution of teleost duplicated genes.
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Introduction

Genome sequencing explosion has highlighted a profound impact of polyploidy and subsequent post-polyploid diploidization (PPD) on evolutionary innovations and adaptation. As the impact might lead to genomic diversity, variability, and complexity, polyploidy is generally considered to have far-reaching consequences in shaping species speciation, diversification, and ecological adaption (1–10). The evolutionary fates of duplicated genes are dynamic and complex and include pseudogenization or gene deletion, subfunctionalization, or neofunctionalization under relaxed purifying selection (3). In animals, the evolution of duplicated genes has been documented in more easily discernible paleopolyploids, which are characterized by highly diploidized genomes after several rounds of whole-genome duplications (WGD) at the root of the vertebrate (11, 12). However, research on recurrent polyploids, which are much more difficult to disentangle bioinformatically and experimentally, has seriously lagged behind that on animal paleopolyploids (13).

Viperin (also known as Vig1 in rainbow trout) was first identified as an antiviral protein induced by human cytomegalovirus in 2001 (14, 15). It belongs to the radical S-adenosylmethionine (SAM) enzyme family (14, 16, 17) and is composed of three distinct domains (18). Its N-terminal domain contains an amphipathic α-helix, which localizes Viperin to the ER, lipid droplets, or mitochondria (19–21). The central SAM domain has a characteristic CxxxCxxC motif responsible for binding proteins containing an iron-sulfur cluster (22, 23). The C-terminal domain is highly conserved, but its role remains poorly defined (24). This domain has been proposed to be involved in protein–protein interactions (19).

Viperin is known as an interferon (IFN)-stimulated gene (ISG) with broad-spectrum antiviral activities. Its expression can be induced by lipopolysaccharide (LPS), polyinosinic:polycytidylic acid [poly (I:C)], or various viruses (19, 25). Studies on mammalian Viperin have shown that its antiviral mechanisms appear to be virus-specific, owing to the distinct infection routes and replication strategies of different viruses (26). Recently, Ghosh and Marsh (2020) listed the different viruses reported to be restricted by viperin and the known mechanisms of restriction, and summarized two major ways of the antiviral activities of viperin (27). Viperin has been found to interact with a wide variety of host and viral proteins, and the complex network of interactions inhibits viral RNA transcription and replication (28–30), interrupts viral particle assembly and maturation (14), or impairs viral budding and release (20, 31, 32). Another way relies on the catalytic activity of Viperin to generate 3′-deoxy-3′,4′-didehydro-CTP (ddhCTP), which can directly interfere with RNA synthesis and the replication of flaviviruses (33). Similar to mammal, fish viperin is considered an important antiviral gene because its expression is also induced by LPS, poly(I:C), or viruses (15, 34–40). However, little is known about the molecular mechanism underlying the antiviral effect of fish Viperin.

Gibel carp (Carassius gibelio), widely distributed across the Eurasian continent, can reproduce by unisexual gynogenesis or sexual reproduction (41–43). Along with a large-scale culture of several improved varieties, such as allogynogenetic gibel carp “CAS III” (clone A+) and “CAS III” (clone F) (44, 45), gibel carp has become one of the most important aquaculture species in China with about 3 million tons of annual production capacity (46). However, a serious outbreak of an epizootic disease caused by CaHV has resulted in enormous economic losses since 2012 (47). In previous studies, we identified distinct immune responses and the differential expression of innate and adaptive immune genes among three clones (A+, F, and H) after CaHV challenge (48–51). Eight IFN system genes, including viperin, were identified as candidate resistant-related genes for disease-resistance breeding of gibel carp. Viperin was sharply upregulated among three clones at post infection (52). Additionally, gibel carp has over 150 chromosomes and is considered an auto-allo-hexaploid in comparison with goldfish (Carassius auratus) with 100 chromosomes (53, 54). It had been speculated that two rounds (2R) of polyploidy events, an allotetraploidy and an autotriploidy, occurred during its evolution (55). Viperin unigenes in transcriptomic data have been classified into two divergent homeologs with biased expression after CaHV infection (52). It is necessary to further analyze expression and function divergence of the two viperin homeologs. Therefore, in this study, we first characterized two gibel carp viperin homeologs (Cgviperin-A and Cgviperin-B), and then investigated their divergent antiviral mechanisms through subcellular localization, overexpression, Co-IP, and in vitro ubiquitination assay.



Materials and Methods


Cells, Gibel Carp, and Virus

Fish cell line Carassius auratus L. blastulae embryonic (CAB) cell was cultured at 28°C in 5% CO2 in medium 199 (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Invitrogen) as described previously (56–58). Female gibel carp clone F (about 67.68 ± 2.16 g) were obtained from the National Aquatic Biological Resource Center (NABRC), Institute of Hydrobiology (IHB), Chinese Academy of Sciences (CAS). CaHV was provided by Prof. Q. Y. Zhang (Institute of Hydrobiology, Chinese Academy of Sciences) and propagated by intraperitoneal injection into healthy gibel carp. The isolation method of CaHV was used as previously described (48, 59). Before sampling, fish were deeply euthanized by overdosed anesthesia styrylpyridine (30–50 mg/L; Aladdin, Shanghai, China) and immediately cut off spinal cord adjacent to the head. All procedures were approved by the Institutional Animal Care and Use Committee of IHB, CAS (protocol number 2016-018).



Gene Identification and Sequence Analysis

According to the genome sequences of gibel carp clone F (CI01000363_00413629_00414546 and ENSONIP00000026093-D2), specific primers (Supplementary Table S1) were designed to amplify viperin from gibel carp clone F head kidney cDNA library by 3’ and 5’ rapid amplification of cDNA ends (RACE) (SMARTer® RACE 5’/3’ Kit, Clontech).

The cDNA sequences of six viperin transcripts were deposited in GenBank (accession numbers from MZ055409 to MZ055414). The specificity of RACE primer was confirmed by sequence analysis. The sequence assembly was performed by DNAstar software, and the assembly validation was confirmed by full-length sequence amplification and sequence analysis. The validation of open reading frame (ORF), multiple sequence alignments, and neighbor-joining (NJ) phylogeny construction were analyzed by using ORF finder (https://www.ncbi.nlm.nih.gov/orffinder/), ClustalW program, and MEGA 7.0 software, respectively.



Chromosome Preparation and Fluorescence In Situ Hybridization

The bacterial artificial chromosome (BAC) clones containing Cgviperin-A and Cgviperin-B were screened by Polymerase Chain Reaction (PCR). Then, Cgviperin-A-BAC-DNA and Cgviperin-B-BAC-DNA were labeled by Biotin-Nick Translation Mix (Roche) and DIG-Nick Translation Mix, respectively. Chromosome preparation and FISH analyses were performed as described previously (55, 60). All metaphase chromosomes were counterstained with 4’, 6-diamidino-2-phenylindole (DAPI).



RNA Extraction and Quantitative Real-Time PCR

RNA extraction and qPCR were performed as described previously (51, 52). Total RNAs from 10 adult tissues (including intestine, gill, muscle, head-kidney, trunk kidney, liver, spleen, thymus, gonad, and brain) were isolated using SV Total RNA isolation System (Promega) according to the manufacturer’s protocols. Subsequently, the primeScript™ RT reagent Kit with gDNA Eraser (TaKaRa) was used to solve the DNA contamination of total RNA. The quantity of total RNA was detected by Nanodrop 2000 (Thermo Scientific), and the quality was assessed by agarose gel electrophoresis. One µg of total RNAs was used to synthesize first-strand cDNAs in a 20 µl reaction volume following the protocol of GoldScript cDNA synthesis Kit (Invitrogen).

qPCR was performed by using iTaq™ Universal SYBR® Green Supermix (Bio-Rad) according to the manufacturer’s protocol. The reference gene, eukaryotic translation elongation factor 1 alpha 1, like 1 (eef1a1l1) (M value=0.74 < 1.5) was selected as the normalizer for qPCR as described previously (52). The primers (Supplementary Table S1) used for qPCR analysis were designed with http://biotools.nubic.northwestern.edu/OligoCalc.html. The specificity of each pair of primers was analyzed by sequencing, and the primer efficiency and R2 were assessed by constructing standard curve using the dilutions of cDNA as the template. All samples (n = 3) were analyzed in triplicate. The relative gene expression levels were calculated using the 2−ΔΔCT method. IBM® SPSS® statistics 20 software was used for statistical analysis. A probability (p) of <0.05 was considered statistically significant.



Plasmid Constructs

According to the genome sequences of gibel carp clone F (Wang et al., unpublished data), 5’ flanking sequences and partial sequences of exon 1 of Cgviperin-A and Cgviperin-B (accession numbers from MZ055415-MZ055420) were also amplified from gibel carp clone F. For luciferase activity assays, these sequences were cloned into Kpn I/Xho I sites of pGL3-Basic luciferase reporter vector (Promega) to construct promoter-driven luciferase vector, respectively. For overexpression, the wild type (WT) Cgviperin-A ORF, Cgviperin-B ORF, and their corresponding sequences of mutants with a C-terminal hemagglutinin (HA)-tag or a C-terminal Flag-tag were cloned into pcDNA3.1(+) vector, respectively. The Cgviperin-A ORF and Cgviperin-B ORF were also inserted into pEGFP (enhanced green fluorescent protein)-N3 and pDsRed-N1 vector, respectively. The ORF of CaHV gene ORF46R with a C-terminal HA-tag, Flag-tag, or Myc-tag were cloned into pcDNA3.1(+) vector, respectively. CaIFN-Luc, IFN-stimulated response elements (ISRE)-Luc, and ER-DsRed were constructed previously (61). All constructs were confirmed by sequence analysis.



Transfection and Luciferase Activity Assays

Luciferase activity assays were performed as described previously (49, 50). CAB cells were seeded in 24-well plates overnight and co-transfected with various plasmid constructs at a ratio of 10:10:1 (promoter-driven luciferase plasmid/expression plasmid/Renilla luciferase plasmid pRL-TK) using FuGENE HD Transfection Reagent (Promega). Empty vector pGL3-Basic luciferase reporter vector (Promega) was used as control. If necessary, the cells were transfected again with poly (deoxyadenylic-deoxythymidylic) acid sodium salt [poly (dA:dT)] (Invivogen) or poly (I:C) (Sigma-Aldrich) (1μg/ml) at 24 h post-transfection. Then, the cells were harvested at 24 h post-transfection and lysed according to the Dual-Luciferase Reporter Assay System (Promega). Luciferase activities were measured by a Junior LB9509 luminometer (Berthold, Pforzheim, Germany) and normalized to the amounts of Renilla luciferase activities. The results were representative of more than three independent experiments, and each was performed in triplicate. The significant differences were calculated by IBM® SPSS® statistics 20 software.



Co-IP Assay and Western Blotting

Co-IP and western blotting were performed as described previously (62). Briefly, the CAB or 293T cells were seeded into 10 cm2 dishes overnight, and transfected with different plasmids (a total of 10 μg) indicated on the Figure using FuGENE HD Transfection Reagent (Promega). At 24 h post-transfection, the cells were lysed by radioimmunoprecipitation (RIPA) lysis buffer with protease inhibitor cocktail (Sigma-Aldrich). After removing cellular debris, the supernatants were incubated with 15 μl anti-Flag or anti-Myc affinity gel (Sigma-Aldrich) overnight at 4°C. Immunoprecipitated proteins were resuspended in 100 μl SDS-PAGE protein loading buffer (Beyotime) after collecting by centrifugation and washing three times with lysis buffer. The whole cell lysates (WCL) or immunoprecipitated proteins were separated by 10–15% SDS-PAGE and then transferred to polyvinylidene fluoride membranes (Bio-Rad). The membranes were incubated with anti-β-actin (Cell Signaling Technology) at 1:3,000, anti-Flag/HA (Sigma-Aldrich) at 1:3,000, or anti-Myc (Santa Cruz Biotechnology) at 1:3,000, and then hybridized with the secondary HRP-conjugated anti-mouse IgG or anti-rabbit IgG (Thermo Scientific) at 1:5,000. Results are captured by using an ImageQuant LAS 4000 system (GE Healthcare) and are representative of three independent experiments.



In Vitro Ubiquitination Assay

Ubiquitination assay was performed as described previously (62, 63). Briefly, CAB cells were transiently co-transfected with different overexpression plasmids (a total of 10 μg) indicated on the Figure and 1 μg HA-Ub or HA-Ub-K63O expression plasmids. At 18 h post-transfection, the cells were treated with 20 mM MG132 (Sigma-Aldrich) for 6 h and then were lysed using a RIPA lysis buffer containing 1% SDS and denatured by heating for 10 min. After denaturing and diluting, the supernatants were immunoprecipitated overnight at 4°C with 30 μl anti-Flag or anti-Myc agarose conjugate (Sigma-Aldrich). The whole cell lysates or immunoprecipitated proteins were analyzed by western blot as above described.




Results


Molecular Characterization and Biased Expression Patterns of Cgviperin Homeologs

Six Cgviperin transcripts were cloned from the head-kidney of gibel carp clone F using RACE-PCR (Supplementary Figure S1). Analysis of multiple nucleotide alignments and their locations in the assembled genome (Wang et al., unpublished data) showed that they were clustered into two homeologs, each possessing three alleles (Supplementary Figure S1). The average identities among the three Cgviperin-A and Cgviperin-B alleles are 99.5 ± 0.3 and 99.4 ± 0.1%, respectively, while the average identity between the Cgviperin-A and Cgviperin-B homeologs is 91.3 ± 0.1%. The cDNAs of Cgviperin-A and Cgviperin-B were predicted to encode one CgViperin-A protein (359aa, CgViperin-A1/A2/A3) and three CgViperin-B proteins (371aa, CgViperin-B1, CgViperin-B1 and CgViperin-B3), respectively. Only two amino acid differences were observed among the three CgViperin-B proteins. CgViperin-A and CgViperin-B have about 90.1 ± 0.3% amino acid identity (Supplementary Figure S2). Phylogenetic analysis (Figure 1B) confirmed that Cgviperin-A and Cgviperin-B might be a pair of homeologs derived from early allotetraploidy (4R), and they both have three alleles because of late autotriploidy (5R).




Figure 1 | Molecular characterization of Cgviperin-A and Cgviperin-B in gibel carp. (A) Genomic structure of six Cgviperin genes. Exons and introns are depicted by rectangle boxes and thick lines, respectively, and ORFs are highlighted by black boxes. Sizes (bp) are indicated upon or below themselves. (B) Phylogenetic tree of vertebrate Viperin. (C) Localization of Cgviperin-A and Cgviperin-B on gibel carp metaphase chromosomes. Cgviperin-A-BAC-DNA probe was labeled with DIG (green signals) or Biotin (red signals) (indicated by arrows), and Cgviperin-B-BAC-DNA probe was labeled with DIG (indicated by arrowheads). All metaphase chromosomes (blue) were counterstained with DAPI. (D) Gene synteny of vertebrate viperin. Conserved gene blocks are represented in matching colors. Transcription orientations are indicated by arrows.



Subsequently, the genomic structure and syntenic alignment were analyzed. Cgviperin-As and Cgviperin-Bs all contain six exons and five introns, and major differences between Cgviperin-A and Cgviperin-B homeologs exist in the introns (Figure 1A). The lengths of five introns vary between the two homeologs, especially the length of first and second introns. The average identity of the corresponding introns among three alleles is 99.3 ± 0.3%, but the average identity between two homeologs is 75.1 ± 0.1%, which is remarkably lower than that of the cDNAs (91.3 ± 0.1%). Cgviperin-As and Cgviperin-Bs are located on chromosome CgA17 and CgB17 of the gibel carp assembled genome, respectively, and the three alleles of each homeolog in three homologous chromosomes were confirmed by FISH. Three red Cgviperin-As signals and three green Cgviperin-Bs signals were observed on three different homologous chromosomes when Cgviperin-A-BAC-DNA and Cgviperin-B-BAC-DNA were simultaneously used as probes (Figure 1C). The Cgviperin homologous genes were found in zebrafish chromosome (Danio rerio) 17 (chr17), human (Homo sapiens) chr2, mouse (Mus musculus) chr12, chicken (Gallus gallus) chr3, and tropical clawed frog (Xenopus tropicalis) chrLG172761.1 with a conserved gene cluster (CMPK2-RSAD2/viperin-RNF144AA) (Figure 1D). Compared to zebrafish chr17, gibel carp CgA17 and CgB17 both retain most of the zebrafish homologous genes except ywhaq.

To confirm the potential antivirus activities of Cgviperin-A and Cgviperin-B, we compared their expression differences in the adult tissues of healthy individuals (Figure 2). Cgviperin-A and Cgviperin-B were constitutively expressed in the 10 tissues examined. However, obvious expression differences between Cgviperin-A and Cgviperin-B were observed. Both Cgviperin-A and Cgviperin-B showed high expression in immune tissue spleen. Additionally, Cgviperin-A and Cgviperin-B had differentially biased expression among different tissues. Cgviperin-A was abundantly expressed and showed higher expression than Cgviperin-B in the spleen and liver, while Cgviperin-B was highly expressed in the gill.




Figure 2 | qPCR analysis of Cgviperin-A and Cgviperin-B expression in adult tissue from healthy gibel carp clone F. Eukaryotic translation elongation factor 1 alpha 1, like 1(eef1a1l1) was used as control. Each bar represents mean ± standard deviation (SD) (n = 3). *P < 0.05, **P < 0.01.





CgViperin-A and CgViperin-B Both Interact and Colocalize With ORF46R at ER

To further uncover their antiviral mechanisms, we analyzed the roles of different CgViperin domains and tried to determine their viral interactome. Firstly, we analyzed subcellular the localization of CgViperin-A and CgViperin-B in CAB cells (Figure 3). After co-transfection of CgViperin-A- EGFP or CgViperin-B-EGFP with ER-DsRed, confocal microscopy revealed that both CgViperin-A and CgViperin-B (green) mainly overlapped the red ER signals (Figure 3A). Then, we performed domain mapping to determine which domain was necessary for CgViperin-A and CgViperin-B ER localization. Three mutants of CgViperin-A and CgViperin-B were constructed, i.e., Vip-A-ΔN (lacking aa 1-74 in the N-terminal α-helix domain), Vip-A-ΔM (lacking CxxxCxxC motif in the middle SAM domain), and Vip-A-ΔC (339–359) (lacking aa 339-359 in the C terminus) (Figure 3B). Similar to WT CgViperin-A, Vip-A-ΔM and Vip-A-ΔC could localize at the ER, but Vip-A-ΔN was diffusely distributed in the cytoplasm and nucleus (Figure 3C). Similar subcellular localization was observed in the mutants of CgViperin-B (Figure 3D). The results indicate that the N-terminal α-helix domain is necessary for the localization of CgViperin-A and CgViperin-B at the ER.




Figure 3 | CgViperin-A and CgViperin-B colocalize at ER through N-terminus domain. (A) Subcellular localization of WT CgViperin-A, CgViperin-B, and ER-DsRed. CAB cells were plated onto coverslips in six-well plates and co-transfected CgViperin-A-EGFP or CgViperin-B-EGFP with ER-DsRed. After 24 h, the cells were fixed and observed under confocal microscopy. Nuclear was stained with DAPI. Scale bars = 5 μm. (B) Diagrammatic representation of WT and three mutants of CgViperin-A or CgViperin-B. (C, D) Subcellular localization of three mutants of CgViperin-A (C) or CgViperin-B (D) with ER-DsRed.



Subsequently, to clarify the relevance of CgViperins and CaHV, the Co-IP experiments were performed, which demonstrated that both CgViperin-A and CgViperin-B were efficiently associated with CaHV ORF46R (Figure 4A). Next, the subcellular locations of CgViperins and ORF46R were monitored in CAB cells. Confocal microscopy revealed that the signals of ORF46R were mainly overlapped with those of CgViperin-A and CgViperin-B (Figure 4B), indicating that both CgViperin-A and CgViperin-B partly colocalize with ORF46R at the ER. Finally, we analyzed which domain was essential for the colocalization of CgViperins with ORF46R. Interestingly, the signals of ORF46R almost overlapped with those of Vip-A-ΔN and partly colocalized with Vip-A-ΔM, but was not with Vip-A-ΔC (Figure 4C), and similar subcellular localization was observed among three mutants of CgViperin-B (Figure 4D). These data imply that the C-terminal domain of CgViperin-A and CgViperin-B is indispensable for the colocalization with ORF46R.




Figure 4 | Both CgViperin-A and CgViperin-B interact with ORF46R of CaHV. (A) Co-IP of Vip-A-Flag or Vip-B-Flag with Myc-ORF46R in CAB cells transfected with the indicated plasmids. Anti-Flag Ab was used for Co-IP. (B) Subcellular localization of WT CgViperin-A, CgViperin-B, and ORF46R. CAB cells were plated onto coverslips in six-well plates and co-transfected CgViperin-A-EGFP or CgViperin-B-EGFP with ORF46R-DsRed. After 24 h, the cells were fixed and observed under confocal microscopy. Nuclear was stained with DAPI. Scale bars = 5 μm. (C, D) Subcellular localization of three mutants of CgViperin-A or CgViperin-B with ORF46R-DsRed. Scale bars = 5 μm.





CaHV ORF46R Blocks IFN Induction

To obtain a clear picture of the functions of CgViperin-A and CgViperin-B in the cellular antiviral immunity, the role of ORF46R for immune response was investigated. As shown in Figure 5A, poly(dA:dT) and poly(I:C) could induce the activation of the crucian carp CaIFN promoter (64). However, such induction was significantly impeded by ORF46R in a dose-dependent manner. ISRE, a transcription factor binding motif in the IFN promoter region, facilitates gene transcription (64). Consistently, the same results were also observed in ISRE (Figure 5B). For viperin, which was focused in this study, had been identified as an antiviral factor, their promoter activities were checked under ORF46R overexpression as well. The six Cgviperin promoters stimulated by poly(dA:dT) or poly(I:C) were blunted ORF46R as expected (Figures 5C, D). These results suggest that CaHV ORF46R serves as a negative regulator to block host IFN production or this suppression happened following an induction.




Figure 5 | CaHV ORF46R blocks poly (dA:dT) or poly (I:C)-triggered activation of CaIFN promoter (A), ISRE luciferase reporter (B), and six Cgviperin promoters (C, D). CAB cells seeded overnight were co-transfected the empty vector or ORF46R (250 ng) and 25 ng pRL-TK plus 250 ng CaIFNpro-luc or ISRE-luc. At 24 h post-transfection, cells were untreated (null) or transfected with 1 μg poly (dA:dT) or poly (I:C). The luciferase activities were monitored 24 h after stimulation. Each bar represents mean ± standard deviation (SD) (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.





CgViperin-A and CgViperin-B Promote CaHV ORF46R Proteasomal Degradation via Decreasing Lysine 63 (K63)-Linked Ubiquitination

To determine the effect of CgViperin-A and CgViperin-B on the ORF46R of CaHV, Vip-A-Flag or Vip-B-Flag was co-transfected with ORF46R-HA. The overexpression of CgViperin-A and CgViperin-B caused a significant reduction of ORF46 protein in a dose-dependent manner, respectively (Figures 6A, B). We also used the mutants to determine which domain was indispensable for the capacity of CgViperin-A or CgViperin-B to influence the stability of ORF46R. Consistent with WT CgViperin-A, Vip-A-ΔN and Vip-A-ΔM still could reduce the expression of ORF46R, whereas such an effect was abrogated in the Vip-A-ΔC group (Figure 6C). Similar results were obtained in the three mutants of CgViperin-B (Figure 6D), implying that the C-terminus of CgViperin is necessary for the regulation on ORF46R stability.




Figure 6 | Overexpression of CgViperin-A and CgViperin-B induce the reduction of CaHV ORF46R protein via its C-terminus. (A, B) Overexpression of CgViperin-A (A) or CgViperin-B (B) induced the reduction of ORF46 protein in a dose-dependent manner in CAB cells. CAB cells were transfected with the indicated expression vectors and harvested for western blot analysis after 18–24 h (C, D) Domain mapping for CgViperin-A (C) or CgViperin-B (D) domains acting on ORF46R. CAB cells were transfected with the indicated expression vectors (2 μg/well) and harvested for western blot analysis after 18–24 h Diagrammatic representation of three mutants of CgViperin-A or CgViperin-B is shown in Figure 3B. Data are presented based on three independent experiments.



To determine how CgViperin-A and CgViperin-B regulate ORF46R at the protein level, a proteasome inhibitor (MG132), two lysosomal inhibitors [NH4Cl and CQ (Chloroquine)], and an autophagosome inhibitor 3-methyladenine (3-MA) were used to examine the manner of CgViperin-A and CgViperin-B-mediated ORF46R degradation. In comparison with the control group (DMSO treatment), MG132 could effectively inhibit the degradation of ORF46R induced by CgViperin-A (Figure 7A). Significantly, the reduction of ORF46R was rescued by MG132 dose-dependently (Figure 7B). Similar results were also observed in CgViperin-B group (Figures 7C, D). These observations suggest that both CgViperin-A and CgViperin-B could promote the proteasomal degradation of ORF46R. Protein ubiquitination is critical for the proteasomal degradation pathway (65). Whether CgViperin-A and CgViperin-B induce the polyubiquitination of ORF46R was further investigated. As shown in Figure 7E, both CgViperin-A and CgViperin-B suppressed the polyubiquitination of ORF46R. Previous studies suggested that target proteins were stabilized by K63-linked polyubiquitin chains (66, 67). Therefore, we tested a ubiquitin mutant, K63-only (K63O) (in which lysine at position 63 was ubiquitinated and linked with polyubiquitin chains, while all other lysine residues were mutated to arginine residues), to determine whether the attenuation of ORF46R was mediated by the decrease of K63-ubiquitination. Consistent with prediction, the K63-linked ubiquitination of ORF46R was significantly impaired under CgViperin-A regulation (Figure 7F). Similar results were also obtained in CgViperin-B group (Figure 7G). The above results suggest that both CgViperin-A and CgViperin-B promote ORF46R proteasomal degradation via decreasing K63-linked ubiquitination.




Figure 7 | CgViperin-A and CgViperin-B promote CaHV ORF46R proteasomal degradation via decreasing K63-linked ubiquitination. (A, C) Effects of inhibitors on CgViperin-A (A) or CgViperin-B-mediated (C) destabilization of ORF46R. CAB cells were seeded in six-well overnight and transfected with the indicated expression vectors (2 μg/well). The cells were treated with the indicated inhibitors at 18 h post-transfection and harvested for western blot analysis with the anti-Flag and anti-β-actin Abs. (B, D) ORF46R degradation induced by CgViperin-A (B) or CgViperin-B (D) was rescued by MG132 in a dose-dependent manner. CAB cells were transfected with the indicated expression vectors (2 μg/well) and treated with DMSO or MG132 (5, 10, or 20 μM) for 6 h at 18 h post-transfection. Then, the WCL were subjected to western blot analysis with the indicated Abs. (E) CgViperin-A and CgViperin-B decreased the ubiquitination of ORF46R. CAB cells were seeded in 10 cm2 dishes and transfected with 5 μg ORF46R-Myc, 4 μg CgViperin-A-Flag or CgViperin-B-Flag, and 1 μg HA-Ub and were treated with DMSO or MG132 for 6 h at 18 h post-transfection. After IP with anti-Myc-affinity gels, the immunoprecipitates and WCL were analyzed by western blot analysis with the indicated Abs. (F, G) CgViperin-A (F) and CgViperin-B (G) decreased the K63-linked ubiquitination of ORF46R. CAB cells were seeded in 10 cm2 dishes were co-transfected with the indicated expression vectors (5 μg ORF46R-Flag, 4 μg CgViperin-A-HA, or CgViperin-B-HA) and 1 μg HA-Ub or Ub-K63O-HA, and were treated with MG132 for 6 h at 18 h post-transfection. After IP with anti-Flag-affinity gels, the immunoprecipitates and WCL were analyzed by western blot analysis with the indicated Abs. Data are presented based on three independent experiments.





CgViperin-B Mediates Autophagic Degradation of CaHV ORF46R

In Figure 7C, we noticed that 3-MA could efficiently block ORF46R degradation induced by CgViperin-B, implying that CgViperin-B might promote ORF46R degradation through autophagosome pathway, which was distinguished with CgViperin-A, meaning that the CgViperin-A and CgViperin-B functional divergence occurs during the progression of ORF46R degradation. To identify our hypothesis, 3-MA treatment was employed for ORF46R degradation experiments subsequently. Consistent with the results above, increasing doses of 3-MA could not block the ORF46R degradation induced by CgViperin-A (Figure 8A), but CgViperin-B-mediated ORF46R degradation was obviously rescued by 3-MA in a dose-dependent manner (Figure 8B). These results suggest that CgViperin-B degrade ORF46R via an autophagic pathway that is absent in CgViperin-A. To further illustrate the exact mechanism in this process, we identified that the conversion of Microtubule-associated Protein 1A/1B-Light Chain 3 (LC3)-I to LC3-II was promoted by CgViperin-B, which means that autophagy is enhanced by the overexpression of CgViperin-B (Figure 8C). Co-IP assays showed that CgViperin-B interacted with many autophagic components, such as LC3, Beclin1, and autophagy-related gene 5 (ATG5) (Figure 8D). Meanwhile, interactions between ORF46R and these autophagic components were also confirmed (Figure 8E). Confocal immunofluorescence analysis showed that CgViperin-B overexpression caused the aggregation of LC3-GFP, demonstrating that cellular autophagy is enhanced (Figure 8F). These results suggest that CgViperin-B mediates the autophagic degradation of ORF46R, which is not possessed by CgViperin-A.




Figure 8 | CgViperin-B mediates degradation of CaHV ORF46R via an autophagic pathway. (A, B) Effects of 3-MA on CgViperin-A- (A) or CgViperin-B-mediated (B) destabilization of ORF46R. CAB cells were transfected with the indicated expression vectors (2 μg/well) and treated with DMSO or 3-MA (0.5, 1, 2, or 4 mM in A and 0.25, 0.5, 1, or 2 mM in B) for 6 h at 18 h post-transfection. Then, the WCL were subjected to western blot analysis with the indicated Abs. (C) Effects of CgViperin-B on the conversion of LC3B-I to LC3B-II. CAB cells were transfected with increasing amounts of CgViperin-B-Flag (0.125, 0.25, 0.5, and 1 μg), analyzed by western blot analysis with the indicated Abs. (D, E) Co-IP of Vip-B-HA (D) or ORF46R-Flag (E) with LC3-Myc, Beclin1-Myc, and ATG5-Myc in HEK 293T cells transfected with the indicated plasmids. Anti-Myc Ab was used for Co-IP. (F) Subcellular colocalization of ORF46R and CgViperin-B with LC3-DsRed. CAB cells were plated onto coverslips in six-well plates and co-transfected with the indicated plasmids. After 24 h, the cells were fixed and observed under confocal microscopy. Nuclear was stained with DAPI. Scale bars = 5 μm.






Discussion

After WGD, duplicated genes step into complex and dynamic evolutionary routes under relaxed purifying selection. One of the two duplicates may be fractionated (deleted), or both may be retained, or diverge and evolve (sub- or neofunctionalization) (3). Recently, we revealed the biased expression and sub-/neofunctionalization of multiple duplicated foxl2 homeologs and alleles in gibel carp (60). Innate immunity plays a vital role in the first barrier protecting the host from invading viruses (68). In this study, we focused on viperin, which is increasingly considered as a central player in the mammal antiviral response (27), and elucidated the divergent antiviral mechanisms of two homeologs in a polyploid fish.

In addition to the “fish-specific” (3R) WGD event about 320–350 million years ago (Mya), gibel carp was supposed to be experienced two extra rounds of polyploidy [an early allo-polyploidy (4R) and a late auto-polyploidy (5R)] at approximately 18.49 and 0.51 Mya, respectively (55, 60, 69, 70). In this study, we identified two homeologs of Cgviperins with about 91% identity, and each homeolog has three alleles with high identities (≥99.0%) and located on three homologous chromosomes separately (Supplementary Figure S1 and Figure 1C). Compared to zebrafish, our results (Figures 1B, D) indicated that the duplication of Cgviperin, same as gibel carp other genes (i.e., dmrt1, foxl2, nanos2 and bmp15) (55, 60, 69, 70), may derive from the early allotetraploidy (4R) and a late autotriploidy (5R) event. In addition, Cgviperin-A and Cgviperin-B showed a different tissue-dependent constitutive expressions, suggesting A or B homologs might occur dominant or biased expression of homeologs during gibel carp evolution. In our previous study, we also found that Cgviperin-A and Cgviperin-B exhibited a biased expression pattern after CaHV infection. Significantly, the upregulation folds of them in clone A+, F, and H were related to their resistance ability to CaHV, progressively increasing from susceptible clone to resistant clone at 1 dpi (52), which implies that Cgviperin-A and Cgviperin-B might play an important role in the battle between gibel carp and CaHV.

Consistent with other vertebrate Viperin, both CgViperin-A and CgViperin-B contain three domains. The N-terminal domain shows considerable variability between species and aims at the localization of Viperin to the ER, lipid droplets, or mitochondria (19–21). Major sequence differences between CgViperin-A and CgViperin-B also exist in their N-terminal region (Supplementary Figure S2), and the two N-terminal truncated mutants (Vip-A-ΔN and Vip-B-ΔN) both result in the delocalization of Viperin from the ER membrane (Figure 3). The other two domains, the middle SAM and C-terminal domains, are highly conserved across species. The role of the C-terminal domain remains poorly defined (24). Mutating the C-terminal tryptophan residue of human VIPERIN could prevent its binding to iron-sulfur cluster–installing protein CIAO1 (71, 72). In this study, the C-terminal truncated mutants (Vip-A-ΔC and Vip-B-ΔC) failed to colocalize with and degrade CaHV ORF46R (Figures 4C, D, 6C, D), implying that the C-terminus is necessary for CgViperin-ORF46R interactions.

Mammalian Viperin has been found to interact with three groups of proteins: host proteins involved in innate immune signaling [i.e., Interleukin 1 Receptor Associated Kinase 1 (IRAK1), TNF Receptor Associated Factor 6 (TRAF6), Stimulator of Interferon Genes (STING), and TBK1], host metabolic enzymes [i.e., Farnesyl Pyrophosphate (FPPS) and Microsomal Triglyceride Transfer Protein (MTP)], and viral structural and non-structural proteins [i.e., Non-structural Protein 3 (NS3) and NS5A of flaviviruses] (27). The interactions between mammalian Viperin and viral proteins appear idiosyncratic. Viperin can inhibit viral RNA replication by interfering with the interactions between host proteins and viral non-structural proteins (28–30), inducing the degradation of viral proteins (27, 73), or acting through Fe‐S cluster‐dependent enzymatic activity (72). In this study, we found that both CgViperin-A and CgViperin-B could interact and promote CaHV ORF46R protein degradation (Figures 4A and 6). Our preliminary study showed that CaHV ORF46R is a negative regulator of host IFN production because the overexpression of ORF46R could inhibit activation of the CaIFN promoter and ISRE luciferase reporter activity stimulated by poly (dA:dT) (Figure 5). Up to now, the domain and exact function of ORF46R are unknown. By bioinformatics analysis, we did not find any known domain in ORF46R and any viral protein similar to ORF46R that had been studied. Further research will be required to determine which region can interact with CgViperins and to reveal the exact function of ORF46R in CaHV invasion, replication, assembly, or release, especially in CaHV evasion from the host IFN response.

Among the diverse antiviral mechanisms, one emerging theme is that Viperin seems to promote the ubiquitin-dependent proteasomal degradation of some target proteins (27). For example, human VIPERIN can promote the degradation of viral NS5A through the proteasomal degradation pathway (27). It was also found to be capable of stimulating K63-linked polyubiquitination of IRAK1, which phosphorylated interferon regulatory factor (IRF) 7 and ultimately led to IFN production (74). In this study, we found that both CgViperin-A and CgViperin-B could promote CaHV ORF46R proteasomal degradation, most likely by decreasing the K63-linked ubiquitination of ORF46R (Figure 7). Our findings suggest that CgViperin-A and CgViperin-B, like their human homologous genes, may have a general role in engaging with E3 ubiquitin ligases, which are responsible for tagging proteins with polyubiquitin chains. The ubiquitin molecule contains seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) and an amino terminus (M1), which can conjugate with other ubiquitin molecules to form polymeric chains (66, 67). Among them, the K63-based polymeric chain is one of the best described codes and mainly involves in signal transduction, protein sorting and trafficking, and enzymatic activity (67). A growing number of studies suggest that ubiquitin chains play an important role in the modulation of innate immunity (75). Altogether, our results suggest that the overexpression of CgViperin-A or CgViperin-B can decrease the K63-linked ubiquitination of endogenous ORF46R protein, which reduces the stability of ORF46R protein and ultimately results in its degradation by the proteasome. There is still much to study on this topic, including which of the ubiquitin ligases CgViperin and CgViperin-B interact with and how they cooperate to degrade viral ORF46R.

Eukaryote organisms possess two major cellular degradation machineries: the ubiquitin–proteasome system (UBS) and autophagy-lysosome pathway (ALP) (76, 77). As described above, CgViperin-A and CgViperin-B could both promote CaHV ORF46R proteasomal degradation in CAB cells (Figure 7). In this study, CgViperin-B-mediated ORF46R degradation is blocked by autophagy inhibitor 3-MA, and both of them are interacted with the same autophagic components; meanwhile the transformation of LC3 from type I to type II is increased, demonstrating autophagy is one mechanism of CgViperin-B to degrade viral protein. On the other hand, our data also suggest that ORF46R can also be eliminated by CgViperin-B during the ubiquitination. Whether there is association between these two mechanisms is still unclear. Which one exerts the major antiviral function is also unknown. Both of that need to be clarified in further study. For unknown reasons, the CAB cells and other cell lines used in our laboratory failed to proliferate CaHV. Therefore, we could not perform the antiviral studies in vitro where the proteins are overexpressed or knocked out, followed by a virus infection. In the further study, we will mutate Cgviperin-A and Cgviperin-B, respectively, in gibel carp by using CRISPR/Cas9 and compare the antiviral differences between them, which would help to complete the story and highlight their antiviral activity.

Based on the above results of functional analysis in vitro, we propose a schematic diagram for divergent antiviral mechanisms of CgViperin-A and CgViperin-B in the gibel carp resistance against herpesvirus CaHV (Figure 9). After CaHV invasion, both CgViperin-A and CgViperin-B could promote the proteasomal degradation of CaHV ORF46R via decreasing K63-linked ubiquitination. Additionally, CgViperin-B also mediated ORF46R degradation through autophagosome pathway. In conclusion, the current findings shed light on the antiviral activities of teleost Viperin as well as the divergent functions and regulative mechanisms of two duplicated viperin homeologs. Meanwhile, the above data also imply that the two viperin homeologs have subfunctionalized and cooperate to regulate antiviral response.




Figure 9 | Schematic diagram of divergent antiviral mechanisms of CgViperin-A and CgViperin-B in gibel carp resistance against herpesvirus CaHV. Both CgViperin-A and CgViperin-B directly interact and promote proteasomal degradation of CaHV ORF46R via decreasing K63-linked ubiquitination. In addition, CgViperin-B induces ORF46R degradation through autophagosome pathway.
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Transcriptomics provides valuable data for functional annotations of genes, the discovery of biomarkers, and quantitative assessment of responses to challenges. Meta-analysis of Nofima’s Atlantic salmon microarray database was performed for the selection of genes that have shown strong and reproducible expression changes. Using data from 127 experiments including 6440 microarrays, four transcription modules (TM) were identified with a total of 902 annotated genes: 161 virus responsive genes – VRG (activated with five viruses and poly I:C), genes that responded to three pathogenic bacteria (523 up and 33 down-regulated genes), inflammation not caused by infections – wounds, melanized foci in skeletal muscle and exposure to PAMP (180 up and 72 down-regulated genes), and stress by exercise, crowding and cortisol implants (33 genes). To assist the selection of gene markers, genes in each TM were ranked according to the scale of expression changes. In terms of functional annotations, association with diseases and stress was unknown or not reflected in public databases for a large part of genes, including several genes with the highest ranks. A set of multifunctional genes was discovered. Cholesterol 25-hydroxylase was present in all TM and 22 genes, including most differentially expressed matrix metalloproteinases 9 and 13 were assigned to three TMs. The meta-analysis has improved understanding of the defense strategies in Atlantic salmon. VRG have demonstrated equal or similar responses to RNA (SAV, IPNV, PRV, and ISAV), and DNA (gill pox) viruses, injection of bacterial DNA (plasmid) and exposure of cells to PAMP (CpG and gardiquimod) and relatively low sensitivity to inflammation and bacteria. Genes of the highest rank show preferential expression in erythrocytes. This group includes multigene families (gig and several trim families) and many paralogs. Of pathogen recognition receptors, only RNA helicases have shown strong expression changes. Most VRG (82%) are effectors with a preponderance of ubiquitin-related genes, GTPases, and genes of nucleotide metabolism. Many VRG have unknown roles. The identification of TMs makes possible quantification of responses and assessment of their interactions. Based on this, we are able to separate pathogen-specific responses from general inflammation and stress.
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Introduction

Since its inception at the beginning of the new millennium, transcriptomics has continued to play an essential role in fish biology and aquaculture research. The assembly and publication of the Atlantic salmon (Salmo salar L.) genome (1) have enhanced further development by standardizing gene nomenclature and provided a framework for mapping differentially expressed genes, thereby facilitating comparison among experiments. The number of sequenced bony fish genomes is rapidly increasing, and currently, 77 full genome builds are deposited in Ensembl (https://www.ensembl.org/index.html). However, functional annotations lag far behind the genomes sequencing, assembly, and identification of genes. Migrating the annotations of putative homologues is an efficient and straightforward approach, but it comes with limitations and challenges. The roles of many genes remain unknown even in the best-studied species and the presumed homology and structural similarities do not always imply preservation of functions in vertebrate evolution. Many teleost fish-specific genes remain completely unexplored, despite their active participation in various processes and responses. Transcriptome data is a valuable source of functional annotations, which still hasn’t realized the potential. The main conditions for the association between a gene and a trait or biological process are the reproducibility of responses and the magnitude of differential expression, and meta-analysis of data obtained with RNA-seq and DNA microarrays is the most appropriate strategy for approaching this problem. In addition to the annotation of genes, such a strategy works for the discovery of marker genes. Despite the rapid development of high-throughput methods, qPCR analyses of single genes or small diagnostic sets remain important. Candidate marker genes are often selected based on general knowledge of their roles without detailed information on the expression profiles. Meta-analyses facilitate the discovery of genes with strong and reproducible responses. Identification of co-regulated genes, which we refer to as transcription modules (TMs) enhances the reliability of diagnostics and reduces the risk of misinterpretation of findings. TMs include genes with various functions co-activated under specific conditions, and their composition adds to the understanding of biological processes, and strategies of adaptation and defense.

This report summarizes our research over the last decade since the launch of Nofima’s Atlantic salmon DNA oligonucleotide microarrays (2). Data from a large number of in vivo and in vitro studies of fish responses to viral and bacterial pathogens, inflammation, wound healing, and stress have reached a critical mass, which makes reliable identifications of TMs possible. The genes were ranked and divided into groups according to the scale of expression changes. Both specialized and multifunctional genes were identified. TMs enable the quantitative assessment of complex transcriptome responses and their separation into biologically meaningful components. Identification and ranking by the stability and magnitude of differential expression aids in selection of candidate marker genes for diagnostics. The first practical outcome of this activity was the development of multi-gene expression assay for assessment of the immune status of Atlantic salmon smolts and growers (3).



Material and Methods

Nofima’s bioinformatic pipeline STARS (4)  is used to process and manage transcriptome data and functional annotation of fish genes. It currently houses 127 experiments with Atlantic salmon that used 6440 microarrays, mainly SIQ-6 (GPL1655 and 30031) containing probes to 15k genes selected by their expression profiles and the functional roles, and 44k genome-wide Salgeno (GPL28079 and 28080) with probes to all identified protein-coding genes. In each experiment, we save one or several lists of differentially expressed genes that fit the standard criteria (>1.75-fold and p < 0.05) and contrasts – expression differences, such as differences between the treatment and control groups, time-points, developmental stages etc. Contrasts from exemplary studies with large gene expression changes served as material for the search for co-regulated genes. Microarray data (signal intensity) were also used for the assessment of tissue distribution of transcripts. We used experiments that were published or submitted to NCBI GEO Omnibus (Table 1). These trials are described in detail elsewhere, so here we restrict ourselves with brief summaries. The trials were divided into four groups, and four TMs were compiled.


Table 1 | Summary of studies included in search of transcription modules (TM).



-Virus responsive genes (VRG). The research included five pathogens (four RNA and one DNA virus): salmonid alphavirus (SAV) causing pancreas disease (PD) (16), piscine orthoreovirus (PRV) causing heart and skeletal muscle inflammation (HSMI) (17), the recently identified salmon gill poxvirus (SGPV) causing gill disease (18), infectious pancreatic necrosis virus (IPNV) causing infectious pancreatic necrosis (IPN) and infectious salmon anaemia virus (ISAV), causing infectious salmon anaemia (ISA). Double-stranded synthetic RNA polyinosinic: polycytidylic acid (poly I:C) is a widely used synthetic analog capable of inducing strong antiviral responses (19).

-Bacteria responsive genes (BACT). We have performed challenges with three bacteria: Moritella viscosa, the aetiological agent of winter-ulcer disease (20), Tenacibaculum finnmarkense inducing skin lesions and mouth erosions (21, 22), and Piscirickettsia salmonis (23), causing piscirickettsiosis, a severe disease with high mortality.

-Inflammation responsive genes (INFL). The main data sets were time-course of wound healing in skin and melanized foci in skeletal muscle. In addition, we included exposures of primary cultures of head kidney leukocytes to PAMP – TLR agonists CpG oligodeoxynucleotides and gardiquimod, and analyses of skeletal muscle injected with bacterial DNA (plasmids).

-Stress responsive genes (STR). A suite of genes was activated in the heart and spleen after acute swimming exercise, in the skin after crowding, and in the skin of salmon with cortisol implants.

The meta analyses were performed in three stages. In trials with bacterial and viral challenges, infected tissues with strong expression changes were selected (tissue that do not harbor pathogens show only weak unspecific responses). The log2-expression ratios were first averaged across trials and then between trials with the same pathogen or treatment. In several trials with few contrasts and high variance, medians were calculated instead of means. Genes that showed significant differential expression in several independent trials and higher than 2-fold mean expression changes were included in TMs. To rank the genes, the magnitude of expression changes in each TM was divided into three (VRG, BACT, and INFL) or two (STR) equal intervals. The list of genes with ranks is in Supplementary File. Enrichment analysis compared the numbers of genes per functional category (GO) and pathway (KEGG) in TM and on the genome-wide Salgeno platform. Significance was assessed with Yates’ corrected chi-square (p < 0.05).



Results


An Overview

A total of 902 Atlantic salmon genes were annotated (Supplementary File 1). All down-regulated and most of the upregulated genes were assigned to only one TM (Figure 1A), suggesting relatively high specificity of responses. However, there was some overlap, smallest for VRG and largest for INFL and a suite of multifunctional genes involved in more than one TM was found (Figure 1B). One gene, cholesterol 25-hydroxylase a, was included in all TMs, though its responses to viruses were much greater than to other challenges. This enzyme, which is induced with infection and inflammation (24), restricts the propagation of viruses, including ARS-CoV-2 (25). Of 22 genes present in three TMs, the greatest expression changes have been shown by two matrix metalloproteinases, mmp 9 and 13, suggesting remodeling of extracellular matrix as an essential strategy of salmon responses to pathogens and stressors. The list includes three chemokines and tnf decoy receptor, which showed a high correlation with histopathology in SAV infected heart (5). Two pleiotropic transcription factors (jund1 and ceb/p beta) and two immune regulators (irf8 and nfkb inhibitor) can orchestrate expression changes of multiple genes. Of acute phase proteins, the structure and functions of serum amyloid a are well conserved in all vertebrates (26), while natterin-like proteins are specific for fish (27). The multifunctional genes also included free radicals producing neutrophil cytosolic factor 1, two enzymes of polyamine and nitric oxide metabolism (ornithine decarboxylase and diamine transferase), regulators of cell adhesion plasminogen activator inhibitor and e-selectin and chaperone hsp90 alpha. The immune role of perilipin, a protein of lipid droplets, to our knowledge, has not been reported in fish. Enrichment analysis was performed in four TMs. Most part of the enriched GO terms and KEGG pathways are associated with the immune and related systems (e.g. angiogenesis, hemopoiesis), and encompass communication, signal transduction, cell differentiation and migration, humoral and cellular effectors (Table 2).




Figure 1 | Transcription modules. (A) numbers of up-regulated genes and overlap between TMs. The down-regulated genes are specific for each TM, no sharing between TMs. (B) multifunctional genes assigned to at least three TMs.




Table 2 | Enrichment of functional categories (GO) and pathways (KEGG).





Virus Responsive Genes

The antiviral responses of salmonid fish have been described better than any other functional group of the immune system, for a review, see (28–30). The identification of VRG is facilitated by strong and highly reproducible responses to viruses and dsRNA. Transcriptome analyses performed by our (4) and K. Miller’s teams (31, 32) revealed the core set of Atlantic salmon VRG, and the body of knowledge has increased over the past decade. The construction of the genome-wide Salgeno platform expanded the search, while multiple challenge trials with different pathogens provided a more rigorous selection of genes with emphasis on stability of responses. The ranking of 161 VRG by the mean expression changes outlined the core: 19 and 40 genes with correspondingly high and intermediate ranks. This group includes two large multi-gene families: trim-7 and fish-specific gig-2 (33) and many paralogs (Figure 2A), suggesting duplication and diversification of antiviral genes as the main evolutionary scenario in this part of the salmon immune system. VRGs cover three tiers of immune responses: pathogen detection, signal transduction, and effector containing 3%, 15%, and 82% genes, respectively (Figure 2B). Although various pathogen recognition receptors have been identified in Atlantic salmon (28), only RNA helicases rig1 (2 genes), lgp2, and dhx58 have consistently demonstrated strong transcription responses to viruses. Signal transducers include irf1, irf3, irf7 (2 genes), stat1 (4 genes), and the lesser-known srk2. It should be noted that fewer terms are enriched in VRG than in BACT and INFL (Table 2), indicating that most VRGs are highly specialized for antiviral defense. Enrichment analysis indicated the key effector mechanisms associated with ubiquitin metabolism, histone binding, and lipid particles. Further inspection outlined other functional groups: metabolism of nucleotides and RNA and GTPase-mediated activity (Figure 2C), the functions of at least twenty salmon VRG are unknown.




Figure 2 | Composition of antiviral TM (VRG). (A) genes with more than two paralogs and multi-gene families. (B) tiers of antiviral responses with numbers of genes. (C) distribution of antiviral effectors by roles.



The most differentially expressed VRG are in Figure 3A. About half of these genes have been investigated and characterized, but the roles of VRG that respond to viruses only in fish are much less known. This is true for receptor transporting protein 3 (rtp3), VRG with the highest rank in Atlantic salmon showing strong responses to viruses in different fish species, including phylogenetically distant sturgeons (34, 35); its mammalian ortholog is involved in olfaction. Gene ranking improves the credibility of diagnostics: up-regulation of highly specialized VRG from the core set strongly suggests a viral infection. Such samples are clearly visible in transcriptome analyses. VRG are active in all tissues, although several highly ranked genes show elevated expression in erythrocytes (Figure 3B) in line with the important role of these cells in antiviral defense (6, 36). The increase in their transcripts may happen due to the stimulation of blood circulation, but the scale is much lower in comparison with infections. In theory, diagnostics can also be confounded with responses to bacterial DNA and TLR agonists. However, stimulation was observed in experiments with exposure of cells to PAMP (9) and muscle injection of plasmid DNA (12, 13) at doses that are probably never reached in naturally infected salmon. Several VRG were upregulated in our studies of pathogen-free inflammation but overlap with BACT was minor. RNA and DNA (salpox) viruses and dsRNA induce expression changes that are similar by magnitude (Figure 3A). The bias for the two pathogens with smaller (ISAV) and larger (IPNV) changes may be due to small datasets.




Figure 3 | (A) Genes with the strongest antiviral responses. Here and in subsequent heat maps, data are the mean folds to intact controls. Information on tissues, cells and time-points is in Table 1. For each virus and poly(I:C) all data (contrasts) were averaged. (B) highly ranked VRG with preferential expression in erythrocytes (microarray data), log2-Expression Ratios to means of nine tissues and cell types.





Bacterial Diseases and Inflammation

BACT includes genes involved in stable and reproducible responses to bacterial pathogens that are manifested at high infection loads. Expression changes comparable with those induced with T. finnmarkense and P. salmonis were observed in skin ulcers caused by M. viscosa, but not in less severely damaged tissues (Figure 4). Responses are similar by scale, or even stronger, than those caused by viruses. Unlike VRG, a suite of genes with the highest ranks either have unknown roles (saxitoxin and tetrodotoxin-binding protein and catechol o-methyltransferase domain – number one and three in the list) or have not been reported in association with salmon diseases, for example, cell adhesion molecule ceacam20 (37) and regulator of immune metabolism irg1 (aconitate decarboxylase) (38). Both enrichment analysis and the gene composition of BACT indicate high complexity and diversity of responses to bacteria. TM includes a homolog of bacteria flagellin activated tlr5 (39), chemokines, cytokines and receptors, and genes involved in the metabolism of lipid mediators, extracellular proteins, such as emblematic markers of inflammation serum amyloid a and cathelicidin and less investigated c1q and tnf domain proteins, members of a large multi-gene family, which has been known mainly in association with adipocyte differentiation and obesity (40). Mmps and enzymes of the polyamine/nitric oxide metabolism are presented as universal markers in Figure 1B. The importance of iron sequestration as an antibacterial defense strategy (41) is supported with strong responses of hepcidin, a master regulator of iron metabolism also known for antibacterial activity (42), extracellular iron transporter transferrin, and steap4 – a TNFa-induced regulator of iron and copper homeostasis (43). In addition to immune genes, highly ranked BACT genes include enzymes of amino acid (l-serine hydratase) and sugar (aldolase) metabolism and regulator of blood pressure angiotensinogen. Figure 4 presents immune genes with decreased expression. Down-regulation of il-6 and socs2, genes with anti-inflammatory action, may enhance inflammation. The similarity of inflammatory responses caused by bacterial infections and non-pathogenic factors is suggested with enrichment of the same functional categories and pathways (Table 2). However, slightly more terms were significantly enriched in BACT, mainly due to the larger number of genes. Highly ranked INFL genes (Figure 1B and Figure 5) include chemokines, cytokines and their receptors, antibacterial and acute phase proteins (lysozyme, cathelicidin and serum amyloid a), lectins and Ig receptor, ROS producing neutrophil cytosolic factors, enzymes of polyamine and nitric oxide metabolism, matrix metalloproteinases and mmp inhibitor. In addition to mmp 9 and 13, strong expression changes were shown by the fish-specific collagenase-3 like enzyme. Wound up-regulated several VRG (isg15, viperin and gig2). The roles of highly ranked cytidine deaminase and myelin-associated glycoprotein in inflammation remain unknown. Overall, pathogen-free inflammatory responses included fewer genes than those caused by disease-causing bacteria, but the changes in expression were comparable in scale.




Figure 4 | Responses to pathogenic bacteria: genes ranked by the expression changes with respect to uninfected control. Information on tissues, cells and time-points is in Table 1. Responses to T. finnmarkense and M. viscosa in whole skin and skin layers were averaged, ulcer is presented separately.






Figure 5 | Responses to inflammation not caused by pathogenic bacteria. Genes are ranked by the expression changes. Information on tissues, cells and time-points is in Table 1.





Stress Response

The term “stress” has different meanings depending on the context, and it is hardly possible to find universal stress markers. We have identified a panel of genes activated with pathogens and inflammatory agents, which were also induced with treatments not related to any infectious disease and pathology, such as acute exercise and crowding, and most of these genes also responded to cortisol, the main endocrine mediator of stress in salmonid fish (Figure 6). Inspection of these trials found several more consistently up-regulated genes that were added to stress TMs. These TMs make quantitative evaluation of stress components under different conditions possible. Of genes not shown in Figure 1B, association with stress was known only for hsp30, a chaperone not found in mammals (44), and DNA binding immediate early response – ier2 [cold-induced in embryos of the kelp grouper, Epinephelus moara (45)]. Butyrate response factor – brf1, another early response gene, regulates the decay of mRNA (46). Free heme neutralizing haptoglobins respond to chemical stress in Atlantic salmon (47). Angiopoietin-related protein 4 stimulates angiogenesis under hypoxic conditions (48) and the role of d-aspartate oxidase in stress responses is unknown.




Figure 6 | Stress genes. Information on tissues, cells and time-points is in Table 1.





Separation of the Transcriptome Into Fractions and the Contribution of TMs

Finding thematic associations with the help of functional annotations is probably the most commonly used approach to the analysis and biological interpretation of complex transcriptome responses. Its weakness lies in the implicit assumption of similar expression profiles of functionally related genes. However, this information is not available in public databases. Genes with similar molecular roles can be activated under different conditions (then co-expression is not observed) and many genes generally do not show responses at the transcription level. The identification of TM significantly enhances this approach by providing groups of genes, the responses and co-regulation of which have been confirmed on a large experimental basis. Pure cases are rare, and as a rule, transcriptome responses include several components with different contributions (Figure 7). This may help to understand poorly explored problems, such as melanized foci (dark spots) in the skeletal muscle causing heavy economical losses in Atlantic salmon aquaculture, the origin of which has been debated (14, 49). Judging by the minor contribution of antiviral and antibacterial responses, one may think a non-infectious factor probably causing them. STR allows to assess the degree of stress caused with various disturbances including infection with pathogens, wounds, and other damages. Given that a linear gene expression response to temperature has been shown (50, 51), graded effects of other stressors can be expected.




Figure 7 | Examples of transcriptome responses (contrast) with contribution of several TM shown as the mean log2-Expression Ratios.






Discussion

The potential of transcriptome data for the functional annotation of genes and discovery of biomarkers is obvious, and rapid progress in this area can be expected. The reported approach is based on the search of groups of co-regulated Atlantic salmon genes referred to as transcription modules – TMs. Our meta-analyses have revealed two types of TM. The first type includes gene sets showing consistently high correlation of expression profiles most likely due to transcriptional co-regulation, examples are Atlantic salmon myofiber proteins co-regulated with proteins of calcium and glucose metabolism, pituitary hormones, immunoglobulins, and genes involved in steroid biosynthesis (not included in this paper). The number of such groups is small and each gene is firmly anchored to only one TM. Here, we present genes that have shown differential expression under certain conditions, where each member of the TM can be relatively independent of the rest and belong to several groups. We focused on responses to bacterial and viral pathogens, inflammatory agents, and stress, due to the high importance of these issues for aquaculture and the large amount of data produced by our group. A similar search can be implemented for any biological process and trait, and the only requirement is a set of high-quality transcriptome data. In our approach, the main priority is the consistency of expression changes – each gene in the TM must show differential expression in several independent trials under the standard thresholds. The results of transcriptome analysis in similar studies, as a rule, do not coincide in detail, and even if the main trends are stable, the deviations can be large. This does not mean a weakness in the design of experiments and analysis. The instability is largely determined with the complexity and diversity of transcriptome responses combined with an imbalance between the number of measurements (genes) and the number of animals, known as the multiplicity problem. There can be several different scenarios for responding to a challenge in a population. A small sampling group can highlight genes or groups of genes that are affected in some individuals but will not overcome statistical thresholds of significance in a representative comparison of populations. Deviations between experiments can also be caused by the difference in the genetic background, age and physiological condition of fish, season, the severity of infections and damages and many other factors. Both annotations and diagnostics are based on stable responses and therefore, a meta-analysis of independent studies is essential.

The four presented TMs include many uncharacterized genes and genes whose association with responses to pathogens, inflammation and stress was unknown or not reflected in public databases. In addition, differential expression and its scale can add a new dimension to the functional annotations. The composition of TMs is useful for the understanding of protective strategy in Atlantic salmon. VRG represents a separate branch of innate immunity characterized with relatively high specificity, although they can be activated with abnormally high levels of PAMP. The similarity of responses to bacteria and non-pathogenic inflammation suggests the dominance of proactive defense in Atlantic salmon. The mission of inflammation is the clearance of infection and damaged tissues – cell debris and extracellular matrix. We see that even in the absence of infections, inflammation includes a powerful effector arm targeted at killing microorganisms. In our studies, experimentally inflicted wounds induced inflammatory responses, which were similar to bacteria-caused ulcers being much stronger in comparison with the skin of salmon infected with M. viscosa. The stress component is clearly seen in all treatments including the viral and bacterial infections and inflammation caused by non-pathogenic factors. Identification of TM enhances diagnostics. In relation to transcriptomic data, differential expression of genes representing a significant portion of TM substantially increases the confidence of conclusions and ranking of genes provides additional validation: upregulation of the core set is strong evidence. TMs allow quantification and comparison of the magnitude of responses. TMs also serve as a basis for developing biomarkers and diagnostic sets of genes for qPCR or multigene assays, such as our assay of immune competence (3, 8, 8, 52) developed on the Biomark HD platform, which was recently introduced in research with salmonid fish (31, 50, 53). These studies validated differential expression under various conditions and determined the core gene sets for various diagnostic tasks.

TMs are open to changes and improvements and new groups of co-expressed genes will be identified. The core set of VRG has been well established: we have worked with all important viral infections of concern to the Atlantic salmon industry and did not find significant differences in responses. Although no major changes are expected even if new pathogens will emerge, low-ranked VRG can be added or excluded with new experimental data. Some genes can either exceed or fall below the threshold value, but the adjustments are unlikely to go beyond fine-tuning. INFL is mainly based on studies of wound healing with support from melanized foci and exposures to PAMP. New trials with strong inflammation, free of pathogens, would be very useful to verify and strengthen this association. We can expect certain changes in the set of genes activated with pathogenic bacteria. We currently have extensive data sets for T. finnmarkense and M. viscosa only. High variation has been observed with respect to the disease stage and the severity of lesions, especially for M. viscosa. In the future, it may be necessary to split BACT or compile several groups of genes activated or suppressed with bacterial infections. The same is true for STR, because this TM was created to highlight the stress component in the challenge trials and responses that otherwise had little in common. Most genes included in TMs are highly expressed in different organs or in blood cells that infiltrate infected or damaged tissues. Currently, we do not have enough material to search for genes with tissue-specific responses. Related task is discovery of markers discriminating responses to specific stressors and pathogens (31, 50) and differential diagnostics of diseases (54, 55). Here, we report the first step in using transcriptome data for functional annotation of Atlantic salmon genes in order to demonstrate the usefulness and potential of this approach.
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Viral infections seriously affect the health of organisms including humans. Now, more and more researchers believe that microRNAs (miRNAs), one of the members of the non-coding RNA family, play significant roles in cell biological function, disease occurrence, and immunotherapy. However, the roles of miRNAs in virus infection (entry and replication) and cellular immune response remain poorly understood, especially in low vertebrate fish. In this study, based on the established virus-cell infection model, Singapore grouper iridovirus (SGIV)-infected cells were used to explore the roles of miR-124 of Epinephelus coioides, an economically mariculture fish in southern China and Southeast Asia, in viral infection and host immune responses. The expression level of E. coioides miR-124 was significantly upregulated after SGIV infection; miR-124 cannot significantly affect the entry of SGIV, but the upregulated miR-124 could significantly promote the SGIV-induced cytopathic effects (CPEs), the viral titer, and the expressions of viral genes. The target genes of miR-124 were JNK3/p38α mitogen-activated protein kinase (MAPK). Overexpression of miR-124 could dramatically inhibit the activation of NF-κB/activating protein-1 (AP-1), the transcription of proinflammatory factors, caspase-9/3, and the cell apoptosis. And opposite results happen when the expression of miR-124 was inhibited. The results suggest that E. coioides miR-124 could promote viral replication and negatively regulate host immune response by targeting JNK3/p38α MAPK, which furthers our understanding of virus and host immune interactions.




Keywords: miR-124, Epinephelus coioides, SGIV, viral replication, immune response



Introduction

Viral infections seriously affect the health of organisms including humans. It is important to study the mechanism of viral infection and control the processing of diseases induced by virus. Singapore grouper iridovirus (SGIV) belonging to genus Ranavirus, family Iridoviridae, is a double-stranded DNA virus with icosahedral symmetry and a diameter of 120–200 nm (1). As a high pathogenic virus of marine fish, SGIV can induce mortality rates of more than 90% and cause major economic losses of the aquaculture (2–6). It is important to clear the SGIV life cycle and the relationship between viral infection and host immunity for controlling the disease induced by SGIV. In recent years, the researchers found that some non-coding RNA could be involved in SGIV infection and replication (7, 8).

MicroRNAs (miRNAs) are small non-coding RNAs with about 22–25 nucleotides in length (9). Since miRNA was found in the embryonic development of Caenorhabditis elegans, multiple roles of miRNA were gradually demonstrated (10–12). By binding to the 3′ untranslated region (UTR) of mRNA, miRNA can regulate the translation and expression of genes to affect the processing of proliferation, metabolism, apoptosis, immunity, growth, and plasticity of neurons, etc. (13–15). MiRNAs can also regulate viral replication by adjusting innate immune response or apoptosis of host (16): miR-214 enhances the expression of the target gene AMPK and promotes Snakehead vesiculovirus (SHVV) replication by reducing the expression of type I interferon regulator (17); miR-731 can increase Cytomegalovirus replication in the early stage of infection by inhibiting the expression of IRF7 and p53, IFN-I response, cell apoptosis, and cell cycle arrest (18).

In mammals, miR-124 participates in the development and progression of cancer, nervous system, and host–pathogen: miR-124 inhibits cell proliferation in hepatocellular carcinoma by targeting PIK3CA and plays important roles in many cancers via the inhibition of PI3K/Akt pathway (19); miR-124 in the brain plays a key role in neurogenesis, neuronal differentiation, and synaptic plasticity in adults (20, 21); and miR-124 has a broad spectrum antiviral activity against influenza A virus (IAV) and respiratory syncytial virus (RSV) (22). To date, whether miR-124 affects the entry of virus remains unknown. In low vertebrate fish, the roles of miR-124 in the interactions of virus and host immune response need to be explored.

Epinephelus coioides is an economically mariculture fish in southern China and Southeast Asia, and SGIV can kill large numbers of E. coioides in a short time (1–6). Based on this information, the aim of this study was to explore the expression pattern of miR-124 response to SGIV infection; the role of miR-124 in the entry of SGIV, viral titers, and the expressions of viral genes; and immune response of host SGIV-induced cell apoptosis.



Materials and Methods


Cells, Virus, and MicroRNAs

The E. coioides spleen cells (GS cells, College of Marine Sciences, South China Agricultural University, China) were established in culture medium with 10% fetal bovine serum (Gibco, USA) at 28°C in Leibovitz’s L-15 medium (Gibco, USA). Because of the source, GS cells are good for studying the functions of E. coioides miRNAs (8, 23). Because SGIV cannot induce typical apoptosis in GS cells, the fathead minnow (FHM) cells have been verified to be good for analyzing SGIV-induced apoptosis (8, 23, 24). FHM cells herein were used for apoptosis analysis. FHM cells were cultured in Leibovitz’s L-15 medium (Gibco, USA) embodying 10% fetal bovine serum (Gibco, USA) at 28°C (8, 23, 24). SGIV used for viral-infection experiments was originally obtained by our lab as previously described (1). The miRNAs, including control mimics, miR-124 mimics, control inhibitors, and miR-124-specific inhibitors, were purchased from RiboBio (China).



Total RNA Extraction and cDNA Synthesis

The RNA was isolated from E. coioides tissues from the liver, spleen, intestine, trunk kidney, gills, head kidney, skin, muscle, brain, and heart using TRIzol reagent (Invitrogen, Canada) and purified with DNase I (Promega, USA). RNA from the GS cells infected by SGIV was isolated using TRIzol reagent according to the manufacturer’s instruction. The cDNA was synthesized using ReverTra Ace kit (Toyobo, Japan), and the specific miR-124 reverse transcription was obtained using miRNA RT kit (RiboBio, China). The reverse transcription was performed in a final volume of 20 µl containing 4 µl of 5× RT buffer, 1 µl of RT polymerase, 1 µl of miR-124-specific RT primer, and 14 µl of the denatured RNA. The reverse transcription condition was 42°C for 60 min, followed by 70°C for 10 min and 4°C for 15 min. The products obtained were used as a template in quantitative real-time PCR amplification (qPCR).



Expression Analysis

MiR-124 level was determined using Bulge-Loop™ miRNA qRT-PCR kit (RiboBio, China), and the U6 was used as the reference genes. qPCR was performed with SYBR Green Real-Time PCR Master Mix (Toyobo) at Applied Biosystems QuantStudio 5 Real Time Detection System (Thermo Fisher, USA). The reaction system was 10 µl including 5 µl of SYBR qPCR mix, 0.3 µl of forward and reverse bulge-loop miRNA primer, 3.4 µl of PCR-grade water, and 1 µl of diluted miR-124-specific cDNA. The reaction condition was 95°C for 5 min, followed by 40 cycles of 94°C for 5 s, 56°C for 10 s, and 72°C for 15 s. The expression of the genes was normalized to reference gene and calculated with the 2−ΔΔCt method.



Western Blotting Analysis

Cells were lysed in pierce IP lysis buffer (Thermo Fisher) and separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE); and after electrophoresis, the proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, USA). In our lab, 5% bovine serum albumin (BSA) diluted rabbit anti-MCP antibody (1:1,000 dilution) was prepared, in which the patent number was CN111363758A (8). P-JNK3(1:1,000 dilution), P-p38 mitogen-activated protein kinase (MAPK) (1:1,000 dilution), caspase-3 (1:1,000 dilution), cleaved caspase-3 (1:1,000 dilution), and rabbit anti-β-tubulin antibody (1:2,000 dilution) was purchased from Abcam. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit (1:5,000) was purchased from KPL (USA). And then we used the HRP-DAB Chromogenic Substrate Kit (Tiangen, China) to visualize according to the manufacturer’s instructions and took photos.



Confocal Microscopy and Single-Particle Imaging Assay

To explore the effect of miR-124 on the entry of SGIV, we explored the miR-124 on virus entry using confocal imaging. Fluorescence images were observed through ZEISS LSM 7 DUO confocal microscope. The fluorescent label, Alexa Fluor 647 (labelled SGIV), and 4% paraformaldehyde were purchased from Invitrogen. The lipophilic dye, DiO, which indicates the cell boundaries (green), was purchased from Biotium, USA. Fluorescence emission was collected and imaged through a 100× (numerical aperture, 1.4) oil immersion objective. A 488-nm Ar-Kr laser was used to excite DiO signals, and a 500- to 550-nm bandpass filter was used for emission. For quantification analysis, confocal images were obtained by noise filtering, edge detection, and fluorescence signal extraction using a MATLAB program. Approximately 60 cells were randomly analyzed by the MATLAB program to calculate the number of SGIV particles in the cytoplasm.



The Cytopathic Effect

To evaluate the effects of miR-124 on virus infection, control mimics, miR-124 mimics, control inhibitors, or miR-124 inhibitors (100 nM) were transfected into GS cells in 24-well plates using Lipofectamine RNAiMAX (Invitrogen, USA) according to the manufacturer’s instructions. Twenty-four hours after transfection, the cells were then infected with SGIV for 12-h point infection, and photos of the cell morphology were taken.



Virus Titer Assay

To detect the effect of miR-124 on SGIV production, the viral titer was evaluated by TCID50 analysis. GS cells were transfected with the miR-124 mimics (100 nM) in 24-well plates for 24 h and then infected with SGIV for 24 h. Cells were collected and freeze–thawed three times at −80°C. The cell lysate was then serially diluted and used for GS cell infection in 96-well plates. About 6 days after infection, the viral titer was calculated using TCID50 analysis.



Virus Gene Analysis

To evaluate the effects of miR-124 on virus infection, the miRNAs (100 nM) were transfected into GS cells in 12-well plates. Twenty-four hours after transfection, the cells were infected with SGIV for 24 h, and then the expressions of the viral genes (MCP, VP19, ICP18, and LITAF) were detected by RT-qPCR with the β-actin as the reference gene. And the Western blotting analysis was used to detect the protein synthesis of SGIV MCP.



Plasmid Construction

According to the transcriptome data and the BLAST information, the GenBank accession numbers of JNK3 and p38α MAPK were KT385696.1 and JN408831.1, respectively. The primers JNK3-3′ UTR-F/JNK3-3′ UTR-R, and p38α-3′ UTR-F/p38α-3′ UTR-R (Table 1), were designed to amplify JNK3-3′UTR and p38α-3′UTR cDNA. PCR in a final volume of 25 μl was as follows: 1 μl of template DNA, 1 μl of each primer, 12.5 μl of LA Taq polymerase (Takara), and 9.5 μl of H2O. The conditions for PCR amplification were as follows: 34 cycles of 94°C, 30 s; 57°C, 30 s; and 72°C, 30 s, followed by 72°C for 5 min. The PCR products were purified and cloned into pmiR-RB-Report™ (RiboBio, China). The restriction sites are XhoI and NotI. And the recombinant plasmid (pmiR-JNK3 and pmiR-p38α) was confirmed by DNA sequencing. And the primers JNK3-mut-3′UTR-F/JNK3-mut-3′UTR-R and p38α-mut-3′UTR-F/p38α-mut-3′UTR-R were designed to make mutant plasmid (pmiR-mut-JNK3 and pmiR-mut-p38α).


Table 1 | The primers of this study.





MicroRNA Target Prediction

The RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid), TargetScan (http://www.targetscan.org/cgi-bin/), and miRanda (http://www.microrna.org/microrna/) were used to predict the putative targets of miR-124. And the 3′ UTR regions of the target gene of miR-124 of grouper immune-related genes were collected from the National Center for Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov/).

To analyze the relationship between miR-124 and the gene JNK3/p38α MAPK, GS cells were co-transfected with miR-124 mimics/control mimics (100 nM), luciferase reporter vector (pmiR-JNK3/pmiR-p38α MAPK, 800 ng), and (pmiR-mut-JNK3/pmiR-mut-p38α MAPK, 800 ng) in 24-well plates for 24 h. Luciferase activity was detected using the Dual-Luciferase Reporter Assay system (Promega, USA). The specificity of target was ascertained by the relative luciferase activity of Firefly/Renilla.



Dual Luciferase Reporter Assays

In order to verify the role of miR-124 in the transcriptional regulation of NF-κB and activating protein-1 (AP-1), control mimics, miR-124 mimics, control inhibitors, or miR-124 inhibitors (100 nM) were co-transfected with 150 ng of NF-κB/AP-1-dependent firefly luciferase reporter plasmid and 40 ng of Renilla luciferase vectors into GS cells at 24-well plates using luciferase reporter assay for 24 h. The cells were infected with SGIV for 12/24 h and harvested using the Dual-Luciferase® Reporter Assay System (Promega, USA) to measure the luciferase activities according to the manufacturer’s instructions.



Cell Apoptosis Analysis

It was demonstrated that SGIV can induce the typical apoptosis in FHM cells (24). To explore the function of miR-124 in SGIV-induced cell apoptosis, control mimics, miR-124 mimics, control inhibitors, and miR-124 inhibitors at 100 nM were transfected into FHM cells for 24-well plates by three replicates. After 24 h of SGIV infection, the cells were harvested, and the apoptosis was detected by both the terminal deoxy nucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay using fluorescence microscope and flow cytometry using the Annexin V-FITC apoptosis detection kit (Beyotime, China) according to the manufacturer’s instructions. Each sample was analyzed in triplicate. Data acquisition and analysis were performed using a flow cytometry system (Beckman Coulter, USA) and FlowJo VX software.



Caspase-9/3 Activity Analysis

To detect the effect of miR-124 in caspase-9/3 activity, the Caspase Fluorometric assay kit (BioVision, USA) was used to test the activity of caspase-9/3 according to the manufacturer’s instructions. FHM cells at 24-well plates transfected with 100 nM of control mimics, miR-124 mimics, control inhibitors, or miR-124 inhibitors were infected by SGIV for 24 h. The cells were lysed in 50 µl of cold lysis buffer on ice for 10 min and centrifuged at 1,800 rpm for 3 min, and the supernatant was retained. The reaction system was prepared: 50 µl of the supernatant, 50 µl of 2× reaction buffer, 5 µl of caspase-9/3 fluorogenic substrate (LEHD-AFC/DEVD-AFC), and 0.5 µl of fresh DTT. After incubation at 37°C for 1 h, fluorescence was measured (excitation 400 nm, excitation 505 nm) by Thermo Scientific™ Varioskan™ LUX (Thermo Fisher, USA).



Statistical Analysis

All of the data expressed as mean ± standard error of the mean (SD) were analyzed with GraphPad Prism 7.0 software using one-way ANOVA followed by Duncan’s test. Significance was set at p < 0.05.




Results


MiR-124 Is Upregulated by Singapore Grouper Iridovirus Infection

E. coioides miR-124 was obtained by employing the Solexa deep sequencing approach in our lab (7). As shown in Table 2, the sequence was the same except for a difference of 2 or 3 bases in the end of 3′ end in the species, indicating that miR-124 is highly conserved between species.


Table 2 | Sequence of miR-124 in different species.



To obtain the tissue-specific distribution profiles of E. coioides miR-124, the total RNA of the 10 tissues from healthy E. coioides was extracted, and qPCR was used to quantify the expression of E. coioides miR-124. MiR-124 was detected in all of the tissues, and the miR-124 was specifically expressed in the brain, followed by the heart, intestine, skin, liver, gills, muscle, spleen, trunk kidney, and head kidney (Figure 1A).




Figure 1 | Expression of miR-124 in tissues and in response to Singapore grouper iridovirus (SGIV) infection in the GS cell. (A) Expression of miR-124 was detected in the 10 tissues. Data are presented as mean ± SD, N = 3. (B) Expression of miR-124 in response to SGIV infection in the GS cell. The GS cells were incubated in 24-well plates and after 24 h were infected by SGIV. U6 was used as internal reference. The control and SGIV infection groups of the miR-124 expression significant differences at each time points are indicated with * (p < 0.05). Data are presented as mean ± SD, N = 4.



In order to characterize the expression profile of miR-124 after SGIV infection, the expression of miR-124 under the stimulation of SGIV was examined by qPCR. The expression of miR-124 was upregulated during the SGIV infection (Figure 1B) (p < 0.05).



MiR-124 Promoted the Singapore Grouper Iridovirus Replication

To examine the efficiency of miR-124 mimics or inhibitors, the expression of miR-124 of the GS cells transfected with miR-124 mimics (100 nM) or inhibitors (100 nM) for 24 and 48 h was examined. As shown in Figure 2A, the significantly higher expression of miR-124 was detected in the cells with the miR-124 mimics for 48 h (p < 0.05), and the miR-124 was significantly downregulated in the cells transfected with the miR-124 inhibitor for 48 h (Figure 2B) (p < 0.05), showing that it is still efficient at 48 h post transfection with miR-124 mimics or inhibitor.




Figure 2 | Efficiency detection of miR-124 overexpression. 100nM control mimics (A), miR-124 mimics (A), control inhibitors (B), or miR-124 inhibitors (B) were transfected into the GS cells in 12 well plate. The cells at 24 h and 48 h was collected and the expression of miR-124 was detected. U6 was used as internal reference. Control mimics, miR-con; miR-124 mimics, miR-124; control inhibitors, in-con; miR-124 inhibitors, in-124. All data are presented as Mean ± SD, N = 4. Compared with the control group, significant difference of experimental group is indicated with *(P < 0.05).



To explore the effect of miR-124 on the entry of SGIV, virus entry in the cells transfected with miR-124 mimics was analyzed using confocal imaging. Compared with the cells transfected with the control mimics, cells transfected with miR-124 mimics were not significantly different on SGIV entry (Figures 3A, B), suggesting that miR-124 might not be involved in the entry of SGIV.




Figure 3 | The effect of miR-124 on the entry of Singapore grouper iridovirus (SGIV). (A) Three-dimensional confocal images of SGIV attachment in control mimics (miR-con) or miR-124 mimics (miR-124) transfected cells. The samples were stained with DiO to show the cell boundaries (green). The SGIV was labeled Alexa Fluor 647 (red). Scale bars represent 5 μm. (B) Quantification of internalized SGIV particles. Over 60 cells were randomly selected and analyzed by MATLAB program. The data are indicated as mean ± SD, N = 60.



The GS cells transfected with miR-124 mimics were infected with SGIV for 24 h. Subsequently, the SGIV-induced cytopathic effects (CPEs), the SGIV production, and expression of the viral genes were analyzed. And the CPE was increased in the cells transfected with miR-124 mimics and decreased in the cells transfected with miR-124 inhibitor (Figure 4A). The viral titer, which was used to evaluate viral production, of the miR-124 overexpression cells was significantly higher than that of the control cells, while that of the miR-124 downregulated cells was significantly lower than that of the control cells (Figure 4B) (p < 0.05). Furthermore, the transcription levels of SGIV genes (MCP, VP19, ICP18, and LITAF) were examined. The expression of viral genes MCP, VP19, ICP18, and LITAF were significantly upregulated in the cells transfected with miR-124 mimics, which were downregulated in the cells transfected with miR-124 inhibitor (Figures 4C–F). By Western blotting, the protein level of MCP in the cells transfected with miR-124 mimics (1.30) was higher than that of the control group (0.94), while the protein level of MCP in the cells transfected with miR-124 inhibitor (0.78) was lower than that of the control group (1.18) (Figure 4G), showing that overexpression of miR-124 could enhance the protein synthesis of SGIV MCP and that inhibited miR-124 could decrease the synthesis of MCP.




Figure 4 | Effect of miR-124 on virus infection and replication. (A) The cytopathic effect (CPE) of Singapore grouper iridovirus (SGIV)-infected miRNA-transfected GS cells, and the black arrows indicate the severity of CPE caused by SGIV infection at 24 h.The scale is 50 μm. (B) The viral titers in each group were measured using the TCID50 method. Data are presented as mean ± SD, N = 3. (C–F) The expression levels of SGIV genes (MCP, VP19, ICP18, and LITAF). Data are presented as mean ± SD, N = 4. Compared with the control group, significant difference of experimental group is indicated with *(P <  0.05). (G) The level of SGIV MCP proteins was detected by Western blotting, the band intensity was calculated, and ratios of target protein/β-tubulin were assessed by ImageJ software. Control mimics, miR-con; miR-124 mimics, miR-124; control inhibitors, in-con; miR-124 inhibitors, in-124.





MiR-124 Regulates Innate Immune Response of Epinephelus coioides

By bioinformatics tools, JNK3 and p38α MAPK were the putative target genes of miR-124, and the binding energy value was −27.1 and −24.4 kcal/mol, respectively. The miR-124 sequence contains a conserved sequence matching the JNK3/p38α MAPK binding 3′-UTR (Figures 5A, B). To study the role miR-124 on JNK3 and p38α MAPK, the JNK3 and p38α MAPK mRNAs were examined in the overexpression miR-124 cells by qPCR. The expressions of both JNK3 and p38α MAPK in the cells transfected with miR-124 mimics were significantly downregulated than those in the control groups (Figures 5C, D) (p < 0.05). To verify the relationship of JNK3/p38α MAPK and miR-124, JNK3/p38α MAPK 3′-UTR or JNK3/p38α MAPK mutant 3′-UTR was cloned into a luciferase reporter vector pmiR-RB-Report. The GS cells transfected with the luciferase reporter containing miR-124 mimics and JNK3/p38αMAPK wild 3′-UTR or JNK3/p38α MAPK mutant 3′-UTR were analyzed. The luciferase activities were significantly reduced in the cells containing JNK3/p38α MAPK wild 3′-UTR (Figures 5E, F) (p < 0.05), and there was no significant change in the cells of JNK3/p38α MAPK mutant 3′-UTR (p < 0.05). And the protein level of P-JNK3/P-p38α MAPK in the cells transfected with miR-124 mimics (0.33 and 0.48) was lower than that of the control group (0.49 and 0.71) (Figures 5G, H).




Figure 5 | JNK3 and p38α MAPK were identified as the targets of miR-124. (A) Diagram of JNK3 3′ UTR-containing reporter constructs. (B) Diagram of p38α 3′ UTR-containing reporter constructs. (C) The mRNA levels of JNK3 were reduced in GS cells treated with miR-124 mimics for 24 h. Actin was used as internal reference. (D) The mRNA levels of p38α were reduced in GS cells treated with miR-124 mimics for 24 h. β-Actin was used as internal reference. (E) The 3′ UTR reporter assay was performed in GS cells 24 h after transfection. (F) The 3′ UTR reporter assay was performed in GS cells 24 h after transfection. (G) The level of P-JNK3 proteins was detected by Western blotting, the band intensity was calculated, and ratios of target protein/β-tubulin were assessed by ImageJ software. (H) The level of P-p38 MAPK proteins was detected by Western blotting, the band intensity was calculated, and ratios of target protein/β-tubulin were assessed by ImageJ software. Control mimics, miR-con; miR-124 mimics, miR-124; control inhibitors, in-con; miR-124 inhibitors, in-124. All data are presented as mean ± SD, N = 4. Compared with the control group, significant difference of experimental group is indicated with *(P < 0.05), and no significant difference is indicated with ns (P > 0.05).



To study the effect of miR-124 on the transcriptional activity of NF-κB and AP-1, the control mimics, miR-124 mimics, control inhibitors, and miR-124 inhibitors at 100 nM were transfected into GS cells for 24 h; and then the cells were infected with SGIV and collected at 12 and 24 h post infection. The activations of the NF-κB and AP-1 were significantly reduced in the cells transfected with miR-124 mimics (p < 0.05), and those of the NF-κB and AP-1 were significantly upregulated in the cells transfected with miR-124 inhibitor compared with the control group (p < 0.05) (Figures 6A, B).




Figure 6 | MiR-124 inhibited NF-κB and activating protein-1 (AP-1) activation. The activities of NF-κB (A) and AP-1 (B) were analyzed by dual luciferase reporter assays. The miRNAs were transfected into the fathead minnow (FHM) cells in 24-well plates. After 24-h transfection, cells were infected with Singapore grouper iridovirus (SGIV) for 12 and 24 h. Relative luciferase activity is measured as a ratio of firefly luciferase activity to Renilla luciferase activity. Control mimics, miR-con; miR-124 mimics, miR-124; control inhibitors, in-con; miR-124 inhibitors, in-124. All data are presented as mean ± SD, N = 4. Compared with the control group, significant difference of experimental group is indicated with *(P < 0.05).



To verify the roles of miR-124 in innate immunity, GS cells transfected with control mimics/miR-124 mimics/control inhibitors/miR-124 inhibitors were infected with SGIV, and the expressions of the proinflammatory factors TNF-α, IL-6, IL-8, and IL-1β were detected. The expressions of these factors in the cells transfected with miR-124 mimics were significantly lower than those in the control group; those of the miR-124 inhibitors were significantly higher those of the control inhibitor (Figure 7) (p < 0.05), suggesting that miR-124 significantly reduced the transcription levels of the E. coioides immune-related factors.




Figure 7 | The effect of miR-124 on the transcription of proinflammatory factors. β-Actin was used as internal reference. The transcription of TNF-α (A), IL-6 (B), IL-8 (C) and IL-1β (D) were analyzed by qRT-PCR. control mimics: miR-con; miR-124 mimics: miR-124; control inhibitors: in-con; miR-124 inhibitors: in-124. All data are presented as Mean ± SD, N = 4. Compared with the control group, significant difference of experimental group is indicated with *(P < 0.05).





MiR-124 Inhibited the Singapore Grouper Iridovirus-Induced Cell Apoptosis

SGIV infection can cause cell apoptosis in FHM cells (8). To explore the influence of miR-124 on SGIV-induced cell apoptosis, miR-124 mimics/control mimics/control inhibitors/miR-124 inhibitors were transfected into FHM cells, and the cells were infected by SGIV for 24 h. Subsequently, the cells were harvested, and the apoptosis was analyzed.

By TUNEL assay, the fractured DNA was labeled using fluorescein isothiocyanate (FITC)-conjugated UTP. The apoptotic cells were counted with florescence microscope. As shown in Figure 8A, the fractured DNA fragments were decreased in the cells transfected with miR-124 mimics and increased in the cells transfected with miR-124 inhibitor. The apoptosis rates in the cells transfected with control mimics and miR-124 mimics were 27.0% and 12.7%, respectively (Figure 8B). The apoptosis rates were 15.7% and 23.3% in the cells transfected with miR-124 inhibitor (Figure 8B).




Figure 8 | The effect of miR-124 on apoptosis of fathead minnow (FHM) cells. (A) Detection of apoptosis by TUNEL assay. The green fluorescent markers indicate fractured DNA fragments, and the blue fluorescent markers represent the nucleus. The red arrows indicate the fractured DNA fragments. Scale bars represent 50 μm. (B) Comparison of apoptosis rates of FHM cells in different groups. (C) Singapore grouper iridovirus (SGIV)-induced apoptotic bodies in FHM cells. Q1: PI+, Annexin−. Q2: PI+, Annexin+. Q3: PI−, Annexin+. Q4: PI−, Annexin−. Q2 and Q3 represent the percentage of late apoptosis and early apoptosis, respectively. (D) The graph is based on the average of three parallel experimental data. (E, F) The level of caspase-3 and cleaved caspase-3 proteins was detected by Western blotting, the band intensity was calculated, and ratios of target protein/β-tubulin were assessed by ImageJ software. (G, H) The activity of caspase-9 and caspase-3 after SGIV infection. Control mimics, miR-con; miR-124 mimics, miR-124; control inhibitors, in-con; miR-124 inhibitors, in-124. All data are presented as mean ± SD, N = 3. Compared with the control group, significant difference of experimental group is indicated with *(P < 0.05).



Similar results occurred in the analysis of flow cytometry. By flow cytometry, the apoptosis rate (sum of early apoptosis and late apoptosis) in the cells transfected with control mimics or miR-124 mimics was 74.0% or 55.2%, respectively (Figures 8C, D). The apoptosis rate (sum of early apoptosis and late apoptosis) in control cells was 35.8% and 40.2% in the cells transfected with miR-124 inhibitor (Figures 8C, D).

By Western blotting, the protein level of caspase-3 in the cells transfected with miR-124 mimics (0.29) was lower than that of the control group (0.68), while the protein level of caspase-3 in the cells transfected with miR-124 inhibitor (0.39) was higher than that of the control group (0.29) (Figure 8E); the protein level of cleaved caspase-3 in the cells transfected with miR-124 mimics (0.27) was lower than that of the control group (0.40), while the protein level of cleaved caspase-3 in the cells transfected with miR-124 inhibitor (0.46) was higher than that of the control group (0.45) (Figure 8F), showing that overexpression of miR-124 could decrease the protein of caspase-3 and cleaved caspase-3 and that inhibited miR-124 could enhance the protein of caspase-3 and cleaved caspase-3. The activity of caspase-9 and caspase-3 in the cells transfected with miR-124 mimics was significantly inhibited, as compared with that in the control group (Figures 8G, H) (p < 0.05). The results indicated that miR-124 significantly suppressed SGIV-induced cell apoptosis.




Discussion

It is well known viral infections seriously affect the health of organisms. To date, non-coding RNA as a key factor has been involved in multiple biological processing including its roles in the response to pathogen stimulates. Non-coding RNA and miRNA regulated many functions of cells, including proliferation, metabolism, apoptosis, immunity, growth, and plasticity of neurons (13–15). However, the relationship of miRNA such as miR-124 and the viral entry remains unknown. In this study, the roles of marine fish E. coioides miR-124 in the infection and replication of SGIV and the innate immune response of host were explored.

Except for the difference of 2 or 3 bases in the 3′ end, E. coioides miR-124 shares the same sequences with other species from worm to humans, suggesting that its roles in these species might be similar (25, 26). In mammals, miR-124 is closely related to brain development, function, and homeostasis (27–29). However, the brain controls the spleen to regulate the function of the immune system from top to bottom; a special brain–spleen connection was recognized, enhancing humoral response autonomously and displaying immune stimulation through physical behavior, which revealed the brain’s control of adaptive immunity, and proposes the possibility of improving immune ability through behavioral intervention (30). Similarly, miR-124 here was specifically expressed in E. coioides brain.

The pathogenesis of virus is a complex process, which is the dynamic interaction of many host factors, such as miRNAs as the key factors. Viral infection can affect the expression of host miRNA. Litopenaeus vannamei miRNAs were differentially expressed after white spot syndrome virus (WSSV) infection, and the different expression of miRNAs could affect host signaling pathway of immune response (31). SGIV is an important virus of marine cultured fish causing huge financial losses, and SGIV infection can cause a series of host immune responses, including the changes of host miRNA expression (23). Previous studies in our lab have shown that the numbers of miRNA of E. coioides occurred with different expression responses to SGIV infection, and the expressions of some miRNAs were increased (7). In this study, miR-124 is upregulated during SGIV infection, indicating that miR-124 would be involved in SGIV infection and replication.

MiRNA could regulate viral infection (32). During viral infection, differential expression profiles of host miRNAs may lead to viral replication with feedback or feedforward effects (33). MiR-214 can directly interact with hepatitis E virus (HEV) RNA to enhance the replication and the genome translation of HEV, and the increase of HEV ORF2 level can upregulate the expression of miR-214 (34). MiR-1307 inhibits the replication of foot and mouth disease virus (FMDV) by the degradation of FMDV VP3 through proteasome pathway (35). In this study, SGIV infection can increase the expression of miR-124, and the upregulated miR-124 could not be involved in SGIV entry, but it could increase SGIV-induced CPE, and virus titers, transcription levels of SGIV genes, and the protein level of SGIV MCP, suggesting that miR-124 can be activated by SGIV infection, and the activated miR-124 could promote the replication of SGIV.

To further explore the roles of miR-124 in innate immune response of E. coioides, bioinformatics, gene mutants, Western blotting, etc., were used. By miRNA target prediction and the binding sties mutation of targeting genes, JNK3 and p38α MAPK were important target genes of miR-124: the 3′-UTR of JNK3/p38α MAPK contained the matched binding sequence with miR-124; miR-124 can downregulate the mRNA and protein JNK3/p38α MAPK, and JNK3/p38α MAPK 3′-UTR-contained reporter. As members of MAPK family, JNK3 and p38α MAPK can be activated; can convert the extracellular signals into intracellular signals by stress, viral infection, inflammatory cytokines, and mitotic factors (36–39); and can regulate the cell apoptosis and the viral replication (40–42). In mammals, miR-124 regulates the expression of p38α MAPK to participate in the neurons of signal transduction to translation machinery (43), and miR-124 regulates JNK to induce cell death in CD133+ HCC cells (44). Previous studies in our lab demonstrated that SGIV infection can induce the inflammation, and the immune response of host, causing the differential expression of host mRNA such as JNK and p38α MAPK (5, 45). JNK and p38α MAPK were the target genes of miR-124; the high expression of JNK and p38 MAPK would stimulate miR-124; and the expression of miR-124 was upregulated, suggesting that miR-124 could regulate SGIV infection by targeting JNK3 and p38α MAPK.

JNK and p38 MAPK could affect the activity of NF-κB and other transcription factors like AP-1 (3, 5, 8, 45). NF-κB plays key roles in response to various stress stimuli and is the main regulator and initiator of inflammatory response (46–48). Together with AP-1, the activated NF-κB participated in many cellular processes, including apoptosis, proliferation, and differentiation (49). The factors of TNF-α, IL-1β, IL-6, and IL-8 are in synergy with cytokines, which are messengers of the inflammatory cascade (50, 51). In this study, the activation of NF-κB and AP-1 and the expressions of the factors (TNF-α, IL-6, IL-8, and IL-1β) were significantly inhibited in miR-124-overexpressing cells with SGIV infection, suggesting that miR-124 inhibits the activity of NF-κB and AP-1, and the expressions of the inflammatory factors to regulate the innate immunity.

Apoptosis is an innate cellular response to inflammatory response, transmission, and expression of virus. Virus has acquired the ability to regulate host cell apoptosis, control inflammatory response, and escape immune response (52). The Giant seaperch iridovirus (GSIV) ST kinase can activate caspase-9 and caspase-3 and induce the apoptosis (53). SGIV can induce typical apoptosis and increase the activities of caspase-9 and caspase-3 in FHM cells (2, 3, 5, 8, 24). Both grouper miR-146a and miR-122 can reduce the SGIV-induced cell apoptosis and the activation of caspase-9 and caspase-3 (8, 23). To explore the roles of miR-124 in SGIV-induced apoptosis, apoptosis rates and the activation of caspase-9/3 were analyzed. A significant decrease of the SGIV-induced apoptosis was observed in the cells with overexpression miR-124; the protein levels of caspase-3 and cleaved caspase-3 were reduced; and the activity of caspase-9/3 was significantly inhibited in miR-124-overexpressing cells. It has been demonstrated that p38 MAPK mediates the activity of caspase-8/9/3 in human umbilical vein endothelial cells when apoptosis is induced by PEDF; JNK was independently involved in the upregulation of caspase-3 activity; and p38 MAPK was known to act as an upstream regulator of caspase-3 in apoptotic endothelial cells (54–56). Since JNK and p38 MAPK can active caspase-9/3 and induce the cell apoptosis, and miR-124 here can deregulate the expression of JNK and p38 MAPK by targeting 3′-UTR, we speculate that miR-124 might regulate the cell apoptosis and the activities of caspase-9 and caspase-3 via JNK and p38 MAPK.

In conclusion, in low vertebrates E. coioides, the roles of miR-124 in SGIV infection and replication, and innate immune response were analyzed in this study. The expression level of miR-124 was significantly upregulated during SGIV infection. Overexpression of miR-124 cannot affect SGIV entry but significantly increased SGIV-induced CPE, viral replication, and the expressions of SGIV key genes. MiR-124 can inhibit the activities of NF-κB and AP-1, the expressions of inflammatory factors (TNF-α, IL-6, IL-8, and IL-1β), and the SGIV-induced apoptosis by targeting 3′ UTR of JNK3 and p38α MAPK. This study demonstrated that miR-124 was not related to SGIV entry but promotes SGIV replication and negatively regulates the innate immunity, which provides new insights into understanding the roles of fish miRNAs in virus pathogenesis.
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Upon recognition of bacterial or viral components by Toll-like receptors (TLRs), cells could be activated to induce a series of reactions to produce inflammatory cytokines, type I interferon (IFN), and IFN stimulating genes (ISG). MicroRNAs (miRNAs) are an important regulatory molecules that are widely involved in the regulatory networks of mammalian inflammation and immune responses; however, in lower vertebrates, the regulatory network of miRNA-mediated immune responses is poorly understood. Here, we report two miRNAs form Miichthys miiuy, namely, miR-181b-2 and miR-21-1, that play a negative role in host antiviral and antibacterial immunity. We found that miR-181b-2 and miR-21-1 are abundantly expressed in gram-negative bacteria, as well as RNA rhabdovirus infection. Inducible miR-181b-2 and miR-21-1 suppress the production of inflammatory cytokines and type I IFN by targeting TRIF, thereby avoiding excessive inflammation. We further revealed that miR-181b-2 and miR-21-1 modulate antibacterial and antiviral immunity through the TRIF-mediated NF-κB and IRF3 signaling pathways. The overall results indicate that miR-181b-2 and miR-21-1 act as negative feedback regulators and participate in host antibacterial and antiviral immune responses; this finding could provide information for a deeper understanding of the resistance of lower vertebrates to the invasion of pathogens and to avoidance of excessive immunity.




Keywords: microRNA, TRIF, gene regulation, immune response, innate immune



Introduction

Toll-like receptors (TLRs) play an important role in the activation of innate immunity by recognizing specific patterns of microbial components; the related signaling pathways consist of the MyD88-dependent pathway and the MyD88-independent pathway. In the MyD88-dependent pathway, MyD88 binds to TLRs through their C-terminal TIR domain as a connector molecule, after which its N-terminal dead domain activates the downstream IRAKs family. Following a series of transductions, it transmits TLRs-mediated signals to the cells, which ultimately leads to the activation and translocation of nuclear factor κB (NF-κB) (1, 2). Some studies have found that lipopolysaccharide (LPS) can activate TLR4 and NF-κB (3) in MyD88 knockout mice. Therefore, a MyD88-independent pathway may be involved in the process of TLR4 signal transduction. Subsequent studies found that LPS stimulation could activate interferon (INF) regulatory factor 3 (IRF3) in MyD88 knockout cells through the TLR4 pathway and promote IFN-induced gene expression. DsRNA could also activate NF-κB and IRF3 via the TLR3 pathway, which may follow the same MyD88-independent pathway as TLR4 for signal transduction (4). How TLR4 mediates the expression of type I IFN was previously unknown until TIR-domain-containing adapter-inducing interferon-β (TRIF) was discovered. According to the results of studies on TRIF-deficient mice induced by gene targeting or N-ethyl-N-nitrosourea mutagenesis, TRIF is essential for TLR4-mediated IFN expression (5). In fact, researchers had previously identified a TRIF in the TLR3 pathway by using yeast two-hybrid technology and named it TICAM-1; TICAM-1 is a TLR that contains the TIR domain and induces INF-β (interleukin 1) linker molecule (6, 7). Other studies have proven that no activation of NF-κB or up-regulation of inflammation-related genes occurs in TRIF and MyD88-deficient MBrC cells after LPS stimulation (8). Such studies confirm that TRIF plays an important role in the TLR4-mediated MyD88-independent pathway.

The signaling pathway connected by the TRIF is called the TRIF-dependent pathway (9). In mammals, the TRIF gene is composed of an N-terminal region, a TIR domain, a C-terminal region, an N-terminal region, and a tumor necrosis factor receptor-related factor (TRAF) family protein binding activator TBK1 (TANK-binding kinase-1), which mainly activates IFNs (10, 11). The C-terminal region of TRIF recruits receptor protein 1 and induces NF-κB activation (12). The TRIF gene has been cloned and identified in zebrafish, Takifugu rubripes, and Ctenopharyngodon idella (13–15). Studies have also revealed that the TRIF gene is involved in the antiviral immune response (15, 16). The TLR3 and TLR22 genes could recognize double-stranded RNA viruses and stimulate MBrC to trigger the transduction of the TRIF gene signaling pathway and activate MAPK, NF-κB, and IRF3/7, eventually inducing the production and release of inflammatory cytokines and IFN (17, 18). At present, an increasing body of evidence indicates that TRIF and its signaling pathways play an important role in the immune response and disease regulation. For example, researchers have found that the LPS-induced TLR4/TRIF pathway can activate the NLRP3 gene and that NLRP3 can activate caspase-1, which prompts cells to secrete IL-18 to the extracellular, thereby up-regulating Fasl and TNF-α and causing liver damage (19). Other studies have confirmed that damaged tissues can recruit myeloid cells for tissue repair through TLR3/TRIF-mediated cytokine secretion (20). Given the role of TRIF in disease, this protein has become a research focus in attempts to provide new insights and ideas for understanding the etiology of various diseases. The important role of TRIF in the immune response highlights the need to study the regulation and function of this protein. TRIF can be negatively regulated to suppress an organism’s immune response, prevent the organism from producing an excessive immune response, and maintain the immune system’s homeostasis. For example, studies have reported that IRF3 can negatively regulate TRIF-mediated NF-κB signaling pathways (21). Another study found that ADAM15 acts as a negative regulator of TRIF-mediated NF-κB and IFN-β reporter gene activity and acts as an anti-inflammatory molecule by disrupting TRIF-mediated TLR signaling (22). The present article focuses on the roles of miR-181b-2 and miR-21-1 in miiuy croaker (Miichthys miiuy) in regulating TRIF and the immune response.

MicroRNAs (miRNAs) are a type of endogenous single-stranded small-molecule RNAs with a length of approximately 21-23 bases. Single-stranded RNA precursors with a hairpin structure of approximately 70-90 bases pass through Dicer. It is produced after enzyme processing, which is different from siRNA (double-stranded) but closely related to siRNA. MiRNAs present a variety of essential regulatory functions in cells, such as cell proliferation, differentiation, and apoptosis (23, 24). The complex regulatory networks connected to miRNAs can either regulate the expression of multiple genes through one miRNA or finely regulate the expression of a gene through the combination of several miRNAs. For example, miR-8159-5p and miR-217-5p can target and regulate TLR1 expression in miiuy croaker (25). In addition, miR-3570 and miR-214 may negatively regulate the expression of the MyD88 gene in mackerel, thereby inhibiting the activation of NF-κB and the production of inflammatory cytokines (26, 27). Researchers speculate that one-third of all human genes are regulated by miRNAs. Mature miRNAs are not only conserved in various gene positions in different species but also show high homology in their sequences (28–30). Recent studies have found that miRNAs in some species exhibit transboundary regulation, which presents new ideas for miRNA research. For example, studies have found that miRNAs from Cuscuta campestris can target host mRNAs across species to regulate their gene expression, thereby indicating that these miRNAs could function as pathogenic factors and play a role in the process of C. campestris parasitism (31). In addition, plant miR-159 can inhibit the development of breast cancer, exogenous plant miR-168a can specifically target mammalian LDLRAP1, and the atypical microRNA2911 of honeysuckle directly targets influenza a virus (32–34). These studies demonstrated that the transboundary regulation of microRNAs. MiRNAs can be partially paired with the 3’untranslated region (UTR) of their target gene to regulate the expression of the target gene at the post-transcriptional level. Although the number of miRNAs involved in regulating the immune response in fish is increasing, they are still rare when compared with the miRNAs of two mammals. In this study, we found that miR-21-1 and miR-181b-2 can inhibit the activation of NF-κB, IRF3, and IFN by targeting TRIF, thereby suppressing the expression of inflammatory cytokines. Double luciferase reporter experiment confirmed this conclusion for the first time, that miR-21-1 and miR-181b-2 can target TRIF-3’UTR and inhibit its expression. We then demonstrated that miR-21-1 and miR-181b-2 can inhibit TRIF mRNA expression via qRT-PCR. Our findings were confirmed by Western blotting. MiR-21-1 and miR-181b-2 can inhibit the activation of NF-κB, IRF3, IFNα, and other reporter genes by targeting TRIF, which has been verified in EPC cells. Thus, studying its evolutionary history can help improve the understand of its mechanism and function.



Materials and Methods


Sample and Challenge

Miiuy croaker (~50 g) was obtained from Zhoushan Fisheries Research Institute, Zhejiang Province, China. Fish was acclimated in aerated seawater tanks at 25°C for six weeks before experiments. The challenge experiments were conducted as follows. Briefly, fish was respectively challenged with 100 µl of V. anguillarum (1.5 × 108 CFU/ml), SCRV at a multiplicity of infection (MOI) of 5 or poly(I:C) (In vivoGen, 1mg/ml) through intraperitoneal. Afterward, fishes were respectively sacrificed at different time points and the liver and spleen tissues were collected for RNA extraction. All animal experimental procedures were performed in accordance with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals, and the experimental protocols were approved by the Research Ethics Committee of Shanghai Ocean University (No. SHOU-DW-2018-047.



Cell Culture and LPS/Poly(I:C) Stimulate

Miiuy croaker brain cell line (MBrC) were cultured in L-15 medium (HyClone) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/ml penicillin, and 100μg/ml streptomycin at 26°C. MBrC line were prepared from the brain tissue of the miiuy croaker, and the isolation process is the same as previously reported (35). HEK293 cells were cultured in DMEM high glucose medium (HyClone) containing 10%FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in 5% CO2. Epithelioma papulosum cyprini (EPC) cells were cultured in medium 199 (Invitrogen) supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin at 28°C in 5% CO2. 24 hours after miR-21-1 and miR-181b-2 were transfected into MBrC cells, LPS/poly(I: C) was added to the cell culture medium by changing the medium. After 12 hours, cells were collected and total RNA was extracted and stored in -80°C standby.



Prediction of MiR-21-1 and MiR-181b-2 Targeting Sites and Plasmid Construction

The miR-21-1 and miR-181b-2 targets were predicted using Targetscan (36), miRanda (37), and miRInspector (38) algorithms. To construct the TRIF-3’UTR reporter plasmid, miiuy croaker TRIF-3’UTR sequence was amplified using PCR and cloned into pmirGLO luciferase reporter plasmid, and the TRIF-3’UTR-MT mutant plasmid was constructed by using Mut Express II Rapid Mutagenesis Kit v2 (Vazyme Biotech). In order to construct TRIF expression plasmid, full-length coding sequence (CDS) and 3’UTR of TRIF gene in miiuy croaker were amplified by PCR with specific primers and inserted into pcDNA3.1 vector. The TAK1 3’UTR sequence was inserted into the mVenus-C1 vector to construct the green fluorescent protein (GFP) report plasmid. The pre-miR-21-1 and pre-miR-181b-2 sequence was amplified by PCR with specific primers and cloned into pcDNA3.1 vector. All plasmids were extracted by endotoxin-free plasmid DNA Miniprep kit (Tiangen) and confirmed by Sanger sequencing before using plasmids. The expression of protein was confirmed by Western blot analysis of full-length plasmid.



Transfection and Virus Infection

Cells were seeded into 24-well plates and incubated overnight. Subsequently, MBrC cells were transfected with miR-21-1 or miR-181b-2 by using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s protocols. 24 h after transfection, the MBrC were washed, the cells were infected with SCRV, and incubated at different times as indicated. Total RNA was extracted for quantitative real-time PCR (qPCR) analysis.



MiRNA Mimic and Inhibitors

miR-21-1 or miR-181b-2 mimic (dsRNA oligonucleotides) and miR-21-1 or miR-181b-2 inhibitors (single stranded, chemically modified oligonucleotides), and control oligonucleotides were ordered from GenePharma (Shanghai, China). Sequences are as follows: miR-21-1 mimic, 5’-CAACAGCAGUCUGUAAGCUGGC-3’

(sense) and 5’-CAGCUUACAGACUGCUGUUGUU-3’ (antisense); miR-181b-2 mimic, 5’-AACAUUCAUUGCUGUCGCUGGG-3’

(sense) and 5’-CAGCGACAGCAAUGAAUGUUUU-3’ (antisense); negative control mimic, 5’-UUCUCCGAACGUGUCACGUTT-3’ (sense) and 5’-ACGUGACACGUUCGGAGAATT-3’ (antisense); miR-21-1 inhibitors, 5’-GCCAGCUUACAGACUGCUGUUG-3’ (chemically modified by 29-Ome) and miR-181b-2 inhibitors, 5’-CCCAGCGACAGCAAUGAAUGUU-3’ (chemically modified by 29-Ome) and negative control inhibitors, 5’-CAGUACUUUUGUGUAGUACAA- 3’. MBrC, EPC or HEK293 cells were transfected with 50-100 nM of each oligonucleotide.



RNA Interference

The TRIF-specific small interfering RNA (si-TRIF) sequence were 5’-GAGACAACUACCUUGCUAGTT-3’(sense) and 5’-CUAGCAAGGUAGUUGUCUCTT-3’ (antisense). The scrambled control RNA sequences were 5’-UUCUCCGAACGUGUCACGUTT-3’ (sense) and 5’-ACGUGACACGUUCGGAGAATT-3’ (antisense). 100nM of each small interfering RNA (siRNA) were transfected into MBrC for up to 48 h and then stimulated with poly(I:C) or SCRV.



Real-Time Quantitative PCR

We have used Lipofectamine™ RNAiMAX (Invitrogen) transfect miR-21-1 and miR-181b-2 mimics or miR-21-1 and miR-181b-2 inhibitors, NC mimic and NC inhibitor as negative control into MBrC cells. 24 hours after transfection, the MBrC cells were stimulated with LPS or poly(I:C) or SCRV, and then cells were collected with Trizol. Total RNA was isolated with Trizol reagent (Invitrogen) by following the Ultrapure RNA kit (CWBIO) instructions, and it was reverse transcribed into cDNA according to the HiScript II Q RT SuperMix (Vazyme Biotech) instructions. Then we designed specific RT primers to detect the expression of TRIF, TNF-α, Mx1 and IFN-2 genes, and β-actin was used as endogenous control to normalize the expression. The triple fluorescence intensity of each gene experimental group and control group was measured by Super Real PreMix Plus (Tian Gen) reagent and 7500 qRT-PCR system (Applied Biosystems, USA). At the end of the determination, the results of curve analysis were analyzed to determine the specificity of the target. For each sample, all amplification reactions were performed in triplicate. The sequences of all mRNA primers are listed in Supplementary Table 1.



Dual-Luciferase Reporter Assays

The wild-type or mutant-type of the TRIF-3’UTR luciferase reporters were cotransfected with miR-21-1 or miR-181b-2 mimics or inhibitors, pre-miR-21-1 or pre-miR-181b-2 plasmid into EPC cells as well as HEK293 cells. Then TRIF-3’UTR luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega). In order to exam TRIF functional regulation, EPC cells were cotransfected with NF-κB, IFN-2, IRF3, and IL-1β luciferase reporter gene, TRIF full-length expression plasmid, and phRL-TK Renilla luciferase plasmid, together with miR-21-1 or miR-181b-2, or pre-miR-21-1 and pre-miR-181b-2 for dual-luciferase reporter assays. Transfected 24 or 48 h later, cells were lysed for reporter activity testing using the Dual-Luciferase Reporter Assay System (Promega). All the results were obtained by three repeated independent experiments.



Western Blotting

The miR-21-1 and miR-181b-2 mimics or pre-miR-21-1 and pre-miR-181b-2 plasmids and the TRIF full-length expression plasmid were cotransfected into HEK293 cells using Lipofectamine 3000 (Invitrogen) transfection reagent. After 48 h of transfection, the medium was aspirated, HEK293 cells were washed three times with cold phosphate-buffered saline (PBS), and the cellular lysates were generated by using 1×SDS-PAGE (10%) loading buffer. The disrupted cells were heated in a 95°C metal bath for 5 minutes, and the same number of samples were taken for SDS-PAGE electrophoresis and the protein was transferred to a PVDF membrane (Millipore) by semidry blotting (Bio-Rad Trans Blot Turbo System). The membranes were blocked with 5% BSA. Protein was blotted with different Abs. The Ab against anti-Flag and anti-Tubulin mAb were diluted at 1:2000 (Sigma-Aldrich), and HRP-conjugated anti-mouse IgG (Abbkine) was diluted at 1:5000. The results were representative of three independent experiments. Proteins were detected by using BeyoECL Plus (Beyotime) and digital imaging was performed using a cold CCD camera.



Statistical Analysis

Data are expressed as the mean ± SD from at least three independent triplicated experiments. Student’s t-test was used to evaluate the data. The relative gene expression data was acquired using the 2 -ΔΔCT method and comparisons between groups were analyzed by one-way analysis of variance (ANOVA) followed by Duncan’s multiple comparison tests (39). A value of p< 0.05 was considered significant.




Results


LPS, V. anguillarum or Poly(I:C) Stimulation and SCRV Infection Significantly Upregulated miR-21-1 and miR-181b-2 Expression

Hundreds of miRNAs were expressed in poly(I:C)-treated miiuy croaker liver (40, 41) to investigate the host-encoded miRNAs that may potentially be involved in regulating TRIF and its signaling pathways in fish upon virus injection. A miRNA target prediction program was then used to predict candidate miRNAs that bind to TRIF by using the 3’-UTR of miiuy croaker TRIF (Supplementary Table 2). Combining our present findings with those reported in our previous work, we found that two miRNAs, namely, miR-21-1 and miR-181b-2, were upregulated under the stimulation of poly(I:C) (40, 41). We examined the expression levels of miR-21-1and miR-181b-2 in miiuy croaker brain and liver tissue samples after LPS (a gram-negative endotoxin) or V. anguillarum stimulation by using qRT-PCR. The results showed that the expression levels of miR-21-1 and miR-181b-2 peak after 12 h in brain samples stimulated by LPS (Figure 1A) and after 24 h in liver tissues stimulated by V. anguillarum (Figure 1B). We used poly(I:C) or SCRV as pathogens to stimulate miiuy croaker and MBrC cells to detect changes in miR-21-1 and miR-181b-2 expression levels. As shown in Figures 1C, D, the expression of miR-21-1 and miR-181b-2 peaked after 24 h in SCRV-injected MBrC cells. In addition, and the expression of miR-181b-2 peaked after 24 h while the expression of miR-21-1 peaked after 36 h in poly(I:C)-stimulated MBrC cells. Finally, we examined the expression of miR-21-1 in SCRV-stimulated spleen tissue. The results showed that the expression of miR-21-1 peaks after 36h while the expression of miR-181b-2 peaks after 24h (Figure 1E). These results indicate that miR-21-1 and miR-181b-2 are involved in the immune response induced by miiuy croaker-infected pathogens.




Figure 1 | The expression analysis of miR-21-1 and miR-181b-2 following bacterial infection and virus injection. (A) The expression of miR-21-1 and miR-181b-2 in LPS-stimulation MBrC cells. (B) The expression of miR-21-1 and miR-181b-2 in miiuy croaker liver samples after V. anguillarum infection. (C) The expression of miR-21-1 and miR-181b-2 in the MBrC cells of SCRV injection. (D) The expression of miR-21-1 and miR-181b-2 in miiuy croaker spleen after poly(I:C) stimulation. (E) The expression of miR-181b-2 and miR-21-1 in miiuy croaker spleen after SCRV injection. The expression of miR-181b-2 and miR-21-1 were measured by qRT-PCR and normalized to 5.8S rRNA. All data are presented as the means ± SE from three independent triplicate experiments. **p < 0.01, versus the controls.





MiR-21-1 and MiR-181b-2 Negatively Regulate the Expression of Inflammatory Response

To investigate the role of miR-21-1 and miR-181b-2 in the regulation of bacterium-induced inflammation, we examined the effect of miR-21-1 and miR-181b-2 mimics or inhibitors on the expression of inflammatory cytokines or antiviral effectors, such as IL-8, Mx1, and TNF-α, following LPS or poly(I:C) stimulation or SCRV injection. First, we examined the effects of synthetic miR-21-1 and miR-181b-2 mimics and inhibitors on the expression of the miRNAs. As shown in Figures 2A, B, after the transfection of synthetic miR-21-1 and miR-181b-2 mimics, the expression of miR-21-1 and miR-181b-2 significantly increased (Figure 2A). After the transfection of synthetic miR-21-1 and miR-181b-2 inhibitors, the expression of miR-21-1 and miR-181b-2 significantly decreased (Figure 2B). Next, we explored whether the overexpression of miR-21-1 and miR-181b-2 can affects the expression of inflammatory cytokines after LPS or poly(I:C) treatment, or SCRV injection. NC, the miR-21-1 and miR-181b-2 mimics, or miR-217 inhibitor were transfected into miiuy croaker MBrC cells prior to LPS or poly(I:C) stimulation or SCRV injection and analysis was performed 24 h later. The results showed that the overexpression of miR-21-1 or miR-181b-2 significantly inhibits the expression of TNF-α and IL-8 cytokines after LPS stimulation compared with NC (compared with NC; Figure 2C). The expression of TNF-α and MX1 was also inhibited after poly(I:C) and SCRV treatment (compared with NC; Figure 2D). On the contrary, the expression of TNF-α and IL-8 cytokines increased after transfection of miR-21-1 or miR-181b-2 inhibitor after LPS stimulation (compared with NC; Figure 2E), and the expression of TNF-α and MX1 were also increased after poly(I:C) or SCRV treatment (compared with NC; Figure 2F). The above data suggest that miR-21-1 and miR-181b-2 and their inhibitors can significantly increase or decrease, respectively, the expression levels of these proteins. Additionally, miR-21-1 and miR-181b-2 inhibited the production of inflammatory cytokines such as TNF-α, IL-8, and MX1 in response to LPS, poly(I:C), or SCRV stimulation, thus confirming the regulatory effect of miR-21-1 and miR-181b-2 on the immune system of miiuy croaker.




Figure 2 | MiR-181b-2 and miR-21-1 inhibit LPS, poly(I:C) or SCRV induce inflammatory response. (A, B) We transfected miR-21-1 and miR-181b-2 mimic (A) and miR-21-1 and miR-181b-2 inhibitors or NC, inhibitor NC into macrophage. (C, D) We transfected miR-21-1 and miR-181b-2 mimic into MBrC cells, and NC was used as a negative control. 24 h after transfection, the cells of the experimental group were stimulated with LPS, or poly (I:C) stimulation or SCRV injection, and then total RNA was extracted from the cells. The mRNA expression of TNF-α, IL-8 and Mx1 were detected by qRT-PCR. (E, F) miR-21-1 or miR-181b-2 inhibitors were transfected into MBrC cells, and inhibitor NC was used as a negative control. 24 h after transfection, the cells were stimulated with LPS, poly (I:C) and SCRV stimulation, total RNA was extracted by trizol. The mRNA expression of TNF-α, IL-8 and Mx1 were analyzed by qRT-PCR. All data are presented as the means ± SE from three independent triplicate experiments. **p < 0.01, *p < 0.05 versus the controls.





TRIF Is a Direct Target Gene of MiR-21-1 and MiR-181b-2

To prove that TRIF is a potential target of miR-21-1 and miR-181b-2, we performed predictive analysis. TRIF appeared to harbor a target sequence for miR-181b-2 at nucleotides 231-253 of its 3’UTRs and another target sequence for miR-21-1 at nucleotides 333-355 of its 3’UTRs (Figure 3A). To obtain direct evidence that TRIF-3’UTR is a target of miR-181b-2 and miR-21-1, we cloned the miiuy croaker TRIF-3’UTR sequence into the pmri-GLO luciferase report vector and changed the miR-21-1 and miR-181b-2 binding sites to construct a TRIF-3’UTR mutant. Then, we co-transfected miR-21-1 and miR-181b-2 mimics with TRIF-3’UTR or the TRIF-3’UTR mutant into HEK293 cells; here, NC was used as the negative control. After 48 hours later, the luciferase activity was detected in the collected cells. The results showed that the miR-21-1 and miR-181b-2 mimics could decrease the luciferase activity of TRIF-3’UTR-WT, but had no such effect on the mutant TRIF-3’UTR-MT (Figure 3B). When HEK293 cells were cotransfected with the same amount of miR-21-1 and miR-181b-2 mimics and miR-21-1 and miR-181b-2 inhibitors, the downregulation of TRIF-3’UTR was inhibited by the mimics (Figure 3C). In addition, the combined effect of miR-21-1 and miR-181b-2 was better than that of either miRNA alone (Figure 3D). We also found that the miR-21-1 and miR-181b-2 mimics could inhibit TRIF-3’UTR luciferase activity in a dose-dependent and time-dependent manner (Figure 3E). When we cloned the TRIF-3’UTR into the mVenus-C1 vector and cotransfected it into HEK293 cells with the miR-21-1 and miR-181b-2 mimic, miR-21-1 and miR-181b-2 mimic down-regulated the expression of TRIF-3’UTR-GFP (WT), did not change the expression of TRIF-3’UTR-GFP (MT) (Figure 3F).




Figure 3 | Miiuy croaker TRIF is a directly target of miR-21-1 and miR-181b-2. (A) Sequence alignment of the 3’UTR of TRIF and its binding sites. (B) TRIF-3’UTR-WT or TRIF-3’UTR–MT1, TRIF-3’UTR–MT2 was cotransfected with miR-21-1 or miR-181b-2 into HEK293 cells with NC as a negative control, and cells were harvested after 24 h to detect luciferase activity. (C) MiR-21-1 and miR-181b-2 was transfection with TRIF-3’UTR into HEK293 cells, 24 h later, to detect and normalize luciferase activity to Renilla luciferase activity. (D) Cotransfect TRIF-3’UTR with miR-21-1 or miR-181b-2 mimics or inhibitors into HEK293 cells, NC or NC inhibitors as negative control, and harvest cells 24 h later, to detect and normalize luciferase activity to Renilla luciferase activity. (E) TRIF-3’UTR was cotransfected with miR-21-1 or miR-181b-2 into HEK293 cells, with NC as negative control, and concentration gradients and time gradients were set respectively. (F) The wild-type or mutant mVenus-TRIF-3’UTR and miR-21-1 or miR-181b-2 were cotransfected into HEK293 cells. The right histogram is the percentage of GFP positive under excitation light. (G) Pre-miR-21-1 and pre-miR-181b-2 sequence was inserted into pcDNA3.1 vector using HindIII and EcoRI restriction sites to construct a pre-miR-21-1 or miR-181b-2 expression plasmid. (H) TRIF-3’UTR-WT or TRIF-3’UTR-MT1, TRIF-3’UTR-MT2 was cotransfected with pre-miR-21-1 or pre-miR-181b-2 plasmids into HEK293 cells with pcDNA3.1 as a negative control, and cells were harvested after 24 h to detect luciferase activity. (I) Pre-miR-21-1 and pre-miR-181b-2 was transfection with TRIF-3’UTR into HEK293 cells, 24 h later, to detect and normalize luciferase activity to Renilla luciferase activity. (J) Cotransfect TRIF-3’UTR with pre-miR-21-1 or pre-miR-181b-2 and miR-21-1 and miR-181b-2 inhibitors into HEK293 cells, pcDNA3.1 and NC inhibitors as negative control, and harvest cells 24 h later, to detect and normalize luciferase activity to Renilla luciferase activity. All data are presented as the means ± SE from three independent triplicate experiments. **p < 0.01, *p < 0.05 versus the controls.



The pre-miR-21-1 and pre-miR-181b-2 sequences of miiuy croaker were cloned into the pcDNA3.1 vector to construct pre-miR-21-1 and pre-miR-181b-2 plasmids (Figure 3G). We cotransfected pre-miR-21-1 and pre-miR-181b-2 plasmids with TRIF-3’UTR or the TRIF-3’UTR mutant into HEK293 cells, and used pcDNA3.1 as the negative control. The results showed that pre-miR-21-1 and pre-miR-181b-2 plasmids could decrease the luciferase activity of TRIF-3’UTR-WT but had no effect on the mutant TRIF-3’UTR-MT (Figure 3H). In addition, we found that the miR-21-1 and miR-181b-2 mimics inhibited TRIF-3’UTR luciferase activity in a dose- and time-dependent manner (Figure 3I). When HEK293 cells were cotransfected with the same amount of pre-miR-21-1 or pre-miR-181b-2 plasmids and miR-21-1 or miR-181b-2 inhibitors, the downregulation of TRIF-3’UTR was inhibited. Moreover, the combined effect of pre-miR-21-1 and pre-miR-181b-2 was better than that of either pre-miRNA alone (Figure 3J). These results show that exogenous miR-21-1 and miR-181b-2 mimics could inhibit the expression of TRIF-3’UTR, and that TRIF is a new target of miR-21-1 and miR-181b-2.



MiR-21-1 and MiR-181b-2 Regulate TRIF Expression at the Post-Transcriptional Level

MicroRNAs function by binding to the 3’UTR of target mRNAs to regulate gene expression at the posttranslational level. To verify whether miR-21-1 and miR-181b-2 inhibit TRIF protein expression at the posttranslational level, we designed and synthesized CDS region and 3’UTR region-specific primers of miiuy croaker TRIF and then cloned them into pcDNA3-Flag vector plasmids by PCR amplification to construct a TRIF expression plasmid. Then, we transfected miR-21-1 and miR-181b-2 with the TRIF expression plasmid into HEK293 cells and used qPCR and Western blotting to detect changes in TRIF expression after 48 h transfection. The results showed that miR-21-1 and miR-181b-2 significantly inhibit TRIF mRNA and protein expression and that the combined effect of the two miRNAs is more significant than that of either miRNA alone (Figure 4A). The TRIF expression plasmid was cotransfected with pre-miR-21-1 and miR-181b-2 into HEK293 cells, and results showed that the combined effect of pre-miR-21-1 and pre-miR-181b-2 was stronger than that of either pre-miRNA alone (Figure 4B). This finding further shows that endogenous miR-21-1 and miR-181b-2 coregulate the expression of TRIF. We found that miR-21-1 and miR-181b-2 mimics inhibit TRIF mRNA and protein expression in a dose-dependent manner (Figures 4C, D).




Figure 4 | MiR-21-1and miR-181b-2 inhibits the expression of TRIF at post-transcriptional level. (A) HEK293 cells were cotransfected with TRIF expression plasmid with NC, miR-21-1 or miR-181b-2. After 48 h, TRIF protein and mRNA levels were determined by Western blotting and qRT-PCR, respectively. (B) HEK293 cells were cotransfected with TRIF expression plasmid with pcDNA3.1, pre-miR-21-1 or pre-miR-181b-2. After 48 h, TRIF protein and mRNA levels were determined by Western blotting and qRT-PCR, respectively. (C, D) HEK293 cells were cotransfected with TRIF expression plasmid, along with NC, miR-21-1 (C) (0, 50, and 100 nM) or miR-181b-2 (D) (0, 50, and 100 nM) in a concentration gradient manner, and NC was used to control the same amounts of molecules for transfections. After 48 h, TRIF protein and mRNA levels were determined by western blotting and qRT-PCR, respectively. (E) We transfected miR-21-1 and miR-181b-2 into MBrC cells, NC as negative control, and stimulated with LPS for 6 h, and the TRIF mRNA expression were determined by qRT-PCR. (F) miR-21-1 and miR-181b-2 were transfected into MBrC cells, NC as negative control, and stimulated with poly(I:C) for 12 h or SCRV injection for 12 h, and the TRIF mRNA expression were determined by qRT-PCR. (G) We transfected miR-21-1-i and miR-181b-2-i into MBrC cells, NC-i as negative control, and stimulated with LPS for 6 h, and the TRIF mRNA expression were determined by qRT-PCR. (H) miR-21-1-i and miR-181b-2-i were transfected into MBrC cells, NC-i as negative control, and stimulated with poly(I:C) for 12 h or SCRV injection for 12 h, and the TRIF mRNA expression were determined by qRT-PCR. All data are presented as the means ± SE from three independent triplicate experiments. **p < 0.01, versus the controls.



To assess whether miR-181b-2 and miR-21-1 could also regulate the expression of TRIF at the mRNA level, we transfected the miRNA mimic, inhibitors, or NC into MBrC cells for 48 h and then stimulated the cells with LPS. The results shown in Figures 4E, F indicated that miR-181b-2 and miR-21-1 mimics could reduce the mRNA expression of TRIF following LPS stimulation; by contrast, miR-181b-2 and miR-21-1 inhibitors increased the mRNA expression of TRIF. The miRNA mimics, inhibitors, or NC were transfected into MBrC cells for 48 h, after which the cells were stimulated with poly(I:C) or SCRV. The results shown in Figures 4G, H indicate that miR-181b-2 and miR-21-1 mimics could reduce the mRNA expression of TRIF following poly(I:C) and SCRV treatment; by contrast, miR-181b-2 and miR-21-1 inhibitors increased the mRNA expression of TRIF. These results demonstrate that miR-181b-2 and miR-21-1 directly target TRIF during LPS or poly(I:C) stimulation or SCRV injection.



MiR-21-1 and MiR-181b-2 Regulate the TRIF-Activated NF-κb Signaling Pathway

Given that miR-144 and miR-217 modulate the expression of inflammatory cytokines (42), we examined whether TRIF can activate NF-κB and other signaling pathway genes. We co-transfected TRIF; NF-κB, IL-8, IL1β, IRF3 and IFN-2 reporter genes; and phRL-TK Renilla luciferase reporter genes into EPC cells. As shown in Figure 5A, TRIF could significantly activate the luciferase activity of reporter genes such as NF-κB, IL-8, IL1β, IRF3, and IFN-2. We cotransfected miR-21-1 and miR-181b-2 with TRIF and the reporter genes into EPC cells to verify whether the miRNAs can inhibit the activation of TRIF on these genes. The results showed that miR-21-1 and miR-181b-2 could significantly inhibit the expression of some TRIF-activated reporter genes, such as NF-κB, IRF3, and IFN-2, and that the combined effect of miR-21-1 and miR-181b-2 was better than that of either miRNA alone (Figure 5B). In addition, we found that miR-21-1 and miR-181b-2 mimics inhibit TRIF-activated reporter genes in a dose-dependent manner 24 and 48 h posttransfection (Figures 5C, D). We further verified the regulation of TRIF by miR-21-1 and miR-181b-2. Specifically, miR-21-1 and miR-181b-2 could regulate TRIF-activated NF-κB or IRF3 signaling pathway genes.




Figure 5 | MiR-21-1 or miR-181b-2 regulates NF-κB signaling pathway by regulating TRIF. (A) TRIF expression plasmid and NF-κB, IL-8, IL1β, IFN-2, IRF3 with PhRL-TK luciferase reporter gene vector were cotransfection into EPC cells, mock is TRIF negative control, 48 h later detection of luciferase activity. (B) We cotransfect miR-21-1 and miR-181b-2 and TRIF expression plasmid with NF-κB, IL-8, IL1β, IFN-2 and IRF3 reporter gene and PhRL-TK luciferase reporter vector into EPC cells. After 24 h, cells were collected, and the firefly fluorescence intensity was measured. (C, D) miR-181b-2 (0, 25, 50, and 100 nM) (C) and miR-21-1 (0, 25, 50, and 100 nM) (D) along with NC (100, 75, 50, and 0 nM) and TRIF expression plasmid with NF-κB, IL-8, IL1β, IFN-2 and IFN-3 reporter gene and PhRL-TK luciferase reporter vector were transfected into EPC cells, and designed concentration-gradient. After 24 or 48 h, cells were collected and the firefly fluorescence intensity was measured, and normalization was performed according to the fluorescence activity of the Renilla. All data are presented as the means ± SE from three independent triplicate experiments. **p < 0.01, *p < 0.05 versus the controls.





TRIF Knockdown Inhibits Antiviral and Bacterial Inflammation Responses

To confirm the effect of TRIF on antiviral and antibacterial inflammatory responses, we examined changes in inflammatory cytokine and antiviral gene expression after poly(I: C), SCRV, or LPS treatment. We designed a specific miiuy croaker TRIF siRNA (si-TRIF) and then transfected this molecule into MBrC cells. Results showed that si-TRIF could knock-down the expression of TRIF mRNA (Figure 6A). We cotransfected the TRIF expression plasmid and si-TRIF into HEK293 cells to verify the knockdown effect of si-TRIF. As shown in Figure 6B, si-TRIF inhibited the expression of TRIF protein. We transfected si-TRIF into miiuy croaker MBrC cells and used qRT-PCR to verify that whether TRIF regulates inflammatory cytokines. The results showed that after normal or LPS stimulation, siRNA could knock down the expression level of TRIF and suppress the expression of TRIF and its downstream TRAF6 gene (Figure 6C), thereby further downregulating the expression of TNF-α and IL-8 (Figure 6D). We verified whether knockdown TRIF under poly (I:C) stimulation and SCRV injection shows the same effect. Si-TRIF was transfected into MBrC cells and then treated with poly(I:C) or SCRV 24 h later. The results showed that si-TRIF consistently reduces the expression of TRIF mRNA, thereby inhibiting the expression of TRAF6 (Figure 6E), and inhibits the expression of TNF-α and MX1 (Figure 6F). This finding indicates that TRIF plays an important role in upstream and downstream genes. SiRNA can reduce the expression of TRIF, and miR-21-1 and miR-181b-2 have the same function as si-TRIF.




Figure 6 | The expression levels of inflammatory cytokines after TRIF interference. (A) si-TRIF or si-NC were transfected into miiuy croaker MBrC cells, after 48 h, TRIF mRNA expression was measured. (B) TRIF expression plasmids, si-TRIF and si-NC were transfected into HEK293 cells, after 48 h, TRIF protein expression was measured by western blotting. (C) si-TRIF or si-NC were transfected into MBrC cells with LPS stimulation, after 48 h, TRIF and TRAF6 mRNA expression were measured by qRT-PCR. (D) si-TRIF or si-NC were transfected into MBrC cells with LPS stimulation, after 48 h, TNF-α and IL-8 mRNA expression were measured by qRT-PCR. (E) We transfected si-TRIF or si-NC into miiuy croaker MBrC cells with poly(I:C) stimulation or SCRV injection, TRIF and TRAF6 mRNA expression were tested by qRT-PCR. (F) We transfected si-TRIF or si-NC into miiuy croaker MBrC cells with poly(I:C) stimulation or SCRV injection, TNF-α and IL-8 mRNA expression were tested by qRT-PCR. All data are presented as the means ± SE from three independent triplicate experiments. **p < 0.01 versus the controls.





MiR-21-1 and MiR-181b-2 Regulate the Expression of Some Components of the TRIF Signaling Cascade

To study the TRIF-induced signaling pathway in fish and examine whether miR-21-1 and miR-181b-2 participate in modulating TRIF-induced NF-κB signaling pathways, we transfected miR-21-1 or miR-181b-2 mimics or the NC mimic into MBrC cells, and then challenged the cells with LPS, poly(I:C), or SCRV. We harvested the cells 48 h later, extracted their RNA, and detected the expression of tumor necrosis factor-related factors 3 (TRAF3) and 6 (TRAF6) by qRT-PCR. As shown in Figures 7A, B, miR-21-1 and miR-181b-2 significantly inhibited TRAF3 and TRAF6 expression under mock, LPS stimulation. Moreover, the expressions of TRAF3 and TRAF6 were obviously decreased following miR-21-1 and miR-181b-2 mimic overexpression. We transfected miR-21-1 or miR-181b-2 inhibitors or NC-inhibitors into MBrC cells, and then challenged the cells with poly(I:C) or SCRV. Whereas they were significantly increased by miR-21-1 and miR-181b-2 inhibitors treatment in MBrC cells upon poly(I:C) or SCRV treatment (Figures 7C, D). MiR-21-1 and miR-181b-2 inhibited the expression of TRIF and its pathway gene TRAF6 under poly(I:C) stimulation. The combination of miR-21-1 and miR-181b-2 demonstrated more significant effects than either miRNA alone.




Figure 7 | MiR-181b-2 and miR-21-1 regulates the expression of components of the TRIF signaling cascade. (A, B) We transfected NC, miR-181b-2 and miR-21-1 or NC-i, miR-181b-2-i and miR-21-1-i into MBrC cells for 48 h, then stimulated LPS for 6 h. Afterwards, the expression levels TRAF6 and TRAF3 were determined and normalized to β-actin. (C, D) We transfected NC, miR-181b-2 and miR-21-1 or NC-i, miR-181b-2-i and miR-21-1-i into MBrC cells for 48 h, then poly(I:C) stimulated and SCRV injection. Afterwards, the expression levels TRAF6 and TRAF3 were determined and normalized to β-actin. All data are presented as the means ± SE from three independent triplicate experiments. **p < 0.01, versus the controls.






Discussion

The innate immune system enables the body to produce a rapid and effective immune response to invading microorganisms. The key to ensuring this rapid response is that the body has a good recognition system. TLR recognition proteins are found in invading microorganisms; they stimulate intracellular signal transduction pathways and eventually produce a variety of immune responses. After a pathogen stimulates the body, all TLRs in the body stimulate the secretion of cytokines in the cells to initiate and promote the occurrence and development of inflammation. The stimulation of TLR3 and TLR4 causes the secretion of IFN-β through a single signal. This protein finally activates a series of genes, and its products help clear the pathogen. TLR3 can recognize double-stranded RNA and other molecules with similar structures, so it plays an important role in virus clearance. TLR4 is activated by the specific bacterial wall component LPS. The study of this pathway has been very clear, but it cannot explain all of the body’s responses to bacteria and viruses, especially IFN-2 production. A TRIF protein was recently reported to be a key component of this pathway (43, 44). TRIF is a new member of the TLRs signal transduction pathway. Research on this protein has gradually deepened, and the importance of TRIF-dependent signaling pathways to the body’s immunity is now better understood. Recent studies have found that TRAF3 and TRAF6 interact with the binding motif present in the N-terminal portion of TRIF through its region. Disrupting the TRAF9-binding motif of TRIF prevents it from connecting to TRAF6, resulting in the reduced activation of the NF-κB-dependent pathway induced by TRIF without affecting the IFN-β promoter. TBK1 is also connected to the N-terminal region of TRIF, and this link requires TBK1 kinase activation and TRIF phosphorylation. Because the binding sites of TRIF6 and TBK1 on TRIF are close to each other, TRAF6 may be able to physically prevent the connection of TBK1 and TRIF physically. Studies have found that IκB kinase I and TRAFs-related NF-κB activating molecule-binding kinase 1can be used as IRF3 kinases that are linked not only to IRF3 but also to TRIF (45, 46). The above results indicate that TRIF, TRAF6 and TBK1 are linked to activating two different transcription factors, NF-κB, and IRF3, respectively.

TRIF, as an important linker molecule, plays an extremely important role in the bacterial and viral immune pathways. Recent research on the function and mechanism of TRIF has deepened our understanding of this molecule. We can speculate on the TRIF signal transduction pathways on the basis of previous experience (Figure 8). The virus invades cells and is recognized by TLRs. TLRs transduce signals to the linker molecule TRIF, which is divided into two pathways for the next level of transmission. One signal is transmitted to TBK1 and eventually triggers IRF3 activation. Another signal is transmitted to TRAF3 or TRAF6, which, in turn, triggers downstream NF-κB activation. These two pathways eventually promote the release of inflammatory cytokines. Research on the regulation of TRIF is important. For example, as the fifth identified TIR domain-containing adaptor protein SARM, it can specifically block the TRIF-mediated activation of transcription factors but has no effect on the MyD88 or non-TLR signaling pathways, such as the TNF and RIG-I pathways (47). At present, the regulatory mechanism of SARM is not very clear. The combination of SARM and TRIF is believed to block the recruitment of downstream signaling proteins by TRIF or recruit other unknown proteins that inhibit the TRIF pathway through the SAM domain. A series of studies have shown that certain proteins have a negative regulatory effect on TRIF. The SRC homology2 (SH2)-domain-containing protein tyrosine phosphatase 2 can also negatively regulate the production of cytokines and IFNs induced by the TRIF pathway of TLR3 and TLR4 without affecting the MyD88 pathway. The binding of TBK1 prevents it from affecting the activation of downstream pathways (48). The recently discovered TRIF negative regulatory protein TAG plays a role in the TLR4-mediated TRIF pathway (49). TAG, as a splicing mutant of TRAM, can replace the binding of TRIF and TRAM, and, therefore, specifically inhibits the TRIF pathway activated by TLR4. In addition, several studies have reported the involvement of miRNAs in TRIF-mediated signaling. The overexpression of cardiac miR-34a modulates TRIF-mediated cardiac remodeling in aldosterone-treated mice (50). In this article, we studied miR-21-1 and miR-181b-2 as negative regulators that together negatively regulate TRIF expression, thereby clarifying the role of miRNAs in regulating the host-pathogen interaction networks and providing new insights for future research.




Figure 8 | The speculated mechanism model miR-21-1 and miR-181b-2 negatively regulates NF-κB and IRF3 pathway by targeting TRIF. MiR-21-1 and miR-181b-2 target TRIF and represses TRIF-mediated innate immune responses.



MiRNA inhibits target genes translation or induces mRNA degradation at the posttranscriptional level to achieve the negative regulation of the target protein. Since let-7 was first identified as a miRNA, an increasing number of miRNAs have been discovered. It can inhibit the translation and further inhibit protein expression in nematodes by complementing the 3’UTR region of the target gene, thereby regulating the function of organisms (51). Studies have shown that Stat3 and C/EBPβ synergistically induce miR-21 and miR-181b expression during sepsis (52). Later studies found that STAT3 activates miR-21 and miR-181b-1 through PTEN and CYLD as part of an epigenetic switch that links inflammation to cancer (53). MiR-181b can be targeted in the human cancer cell lines BCL2 (to regulate multidrug resistance) (54). Another study demonstrated the prognostic significance of miR-181b and miR-21 in patients with gastric cancer treated with S-1/oxaliplatin or doxfluridine/oxaliplatin (55). Given the important role of miR-21-1 and miR-181b-2 in human research, we attempted to determine the functions of miR-21-1 and miR-181b-2. We first verified that miR-21-1 and miR-181b-2 inhibit the fluorescent activity of TRIF-3’UTR by using double-fluorescence experiments. Thus, we believe that TRIF may be a new target of miR-21-1 and miR-181b-2. Then, we transfected miiuy croaker MBrC cells with miR-21-1 or miR-181b-2 mimics or inhibitors and then detected TRIF and the expression of cytokines used by qRT-PCR. In this study, we first determined the up-regulation of miR-21-1 and miR-181b-2 expression after LPS stimulation, V. anguillarum, or poly(I:C) stimulation or SCRV infection of miiuy croaker. We then predicted the target gene for miR-21-1 and miR-181b-2 and presumed that TRIF is a direct target of these miRNAs. Then we transfected miR-21-1 and miR-181b-2 mimics or inhibitors into miiuy croaker MBrC cells and detected changes in the expression levels of a number of inflammatory cytokines such as IL-8, TNF-α, and Mx1. We found that the expression of inflammatory cytokines was significantly decreased after transfection of miR-21-1 and miR-181b-2, and the expression of inflammatory cytokines was up-regulated after transfection with miR-21-1 and miR-181b-2 inhibitor. We also examined the expression levels of inflammatory cytokines. We verified that miR-21-1 and miR-181b-2 can inhibit the expression of TRIF protein at the translation level and inhibit reporter genes, such as NF-κB, activated by TRIF. The results of this study will improve the understanding on the innate immune response mechanism of fish and provide new insights into the study of mammalian TRIF.
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Piscine orthoreovirus (PRV) is a virus in the genus Orthoreovirus of the Reoviridae family, first described in 2010 associated with Heart and Skeletal Muscle Inflammation (HSMI) in Atlantic salmon (Salmo salar). Three phases of PRV infection have been described, the early entry and dissemination, the acute dissemination phase, and the persistence phase. Depending on the PRV genotype and the host, infection can last for life. Mechanisms of immune response to PRV infection have been just beginning to be studied and the knowledge in this matter is here revised. PRV induces a classical antiviral immune response in experimental infection of salmonid erythrocytes, including transcriptional upregulation of ifn-α, rig-i, mx, and pkr. In addition, transcript upregulation of tcra, tcrb, cd2, il-2, cd4-1, ifn-γ, il-12, and il-18 has been observed in Atlantic salmon infected with PRV, indicating that PRV elicited a Th1 type response probably as a host defense strategy. The high expression levels of cd8a, cd8b, and granzyme-A in PRV-infected fish suggest a positive modulatory effect on the CTL-mediated immune response. This is consistent with PRV-dependent upregulation of the genes involved in antigen presentation, including MHC class I, transporters, and proteasome components. We also review the potential immune mechanisms associated with the persistence phenotype of PRV-infected fish and its consequence for the development of a secondary infection. In this scenario, the application of a vaccination strategy is an urgent and challenging task due to the emergence of this viral infection that threatens salmon farming.
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Introduction

Piscine orthoreovirus (PRV) is a virus that belongs to the Reoviridae family, Spinareovirinae subfamily, and genus Orthoreovirus. PRV was firstly described in 2010 (1), as it was associated with Heart and Skeletal Muscle Inflammation (HSMI) in Atlantic salmon (Salmo salar) (2). The disease was described in 1999 in fish farms in Norway (3). In Chile, the first report of PRV was published in 2016. Authors found PRV strains in HSMI lesions of farmed Atlantic salmon, and Coho salmon (Oncorhynchus kisutch) (4). HSMI has been diagnosed all the years over the last decade in more than 100 farm centers in Norway (excepting 2017 and 2019) (5), resulting in economic losses estimated at €9 million annually (6). In Chile, 3.7% of the infectious disease mortality of Atlantic salmon, and 14.9% of the infectious disease mortality of Coho salmon were associated with HSMI during 2020 (7). Because of the epidemiological evolution observed in the sanitary surveillance, HSMI was categorized as an emerging disease in Chilean salmon farming (7). The economic impact of PRV infection is associated with mortality and melanized spots in salmon filets (8) that correlate with a pro-inflammatory environment (9). Another concern is that its etiological agent, the PRV, is reportedly spreading from farmed to wild Atlantic salmon with yet undetermined impacts (10). In seawater Atlantic salmon farms, the infection prevalence can reach up to 97% (11), and the etiological agent, PRV, is also present in freshwater Atlantic salmon presmolts with high frequency, found in parr between 30 and 60 grams (4).



PRV and Heart and Skeletal Muscle Inflammation

PRV is a dsRNA virus that has a genome composed of 10 RNA segments that can be classified into three different groups according to sizes: small segments (S1, S2, S3, S4) between 1040 and 1329 bp, medium (M1, M2, M3) between 2179 and 2403 bp, and large (L1, L2, L3) between 3911 and 3935 bp (1, 12, 13). The genome has at least 13 ORFs that encode for at least 11 proteins (14, 15). Eight of these proteins are structural components of the virus particle: segments L1, L3, M1, and S2 encode the inner capsid proteins λ1, λ3, µ2, and σ2, respectively; segments L2, M2, S1, and S4 encode for the outer capsid proteins λ2, µ1, σ3, and σ1, respectively; and segments S3, M3 and S1 encode for the three non-structural proteins σNS, µNS, and p13, respectively (Figure 1) (16, 17). PRV is a non-enveloped virus with an icosahedral structure (13).




Figure 1 | Schematic representation of Piscine orthoreovirus: Structural proteins, dsRNA segments and non-structural proteins are represented.



Three different subtypes of PRV have been described using the coding sequence of PRV segments, denominated as PRV-1, PRV-2 and PRV-3 (18, 19). Phylogenetic analysis focused on the PRV genomic segments S1, differentiates this virus into two major genotypes, I and II, and each of them into two subgenotypes designated as Ia and Ib, and IIa and IIb, respectively. Subgenotypes Ia and Ib make up the PRV-1 subtype and subgenotypes IIb and IIa correspond to the PRV-2 and PRV-3 subtypes, respectively (20).

Recently, with all Gen Bank available PRV sequences (May 2020) and using new PRV S1 and M2 segment sequences was determined that a significant number of the publicly available sequences belong to the PRV-1 subtype (subgenotypes Ia and Ib), less belong to the PRV-3 subtype (subgenotype IIa) and there are few sequences of PRV-2 subtype (subgenotype IIb) (15). PRV is the etiological agent of HSMI in Norway, Canada, Germany, Scotland, Iceland, and Chile. Recently, it was suggested that PRV-1 subgenotype Ib can be responsible for HSMI in Atlantic salmon (15) while the subgenotype Ia was associated with low virulence (12, 15). PRV-2 is a virus found only in Coho salmon in Japan (not associated with HSMI symptoms); while PRV-3 induces a disease similar to HSMI in rainbow trout and salmon coho in Norway, Germany and Chile (12, 15, 21, 22).

Although it is necessary to complement the study using methodologies based on complete genome sequencing, besides segments S1 and M2 of PRV a lower resolution and representativeness of the remaining eight genomic segments for classifications of subgenotypes or subtypes have been observed. Phylogenetic trees support the original classification using the PRV genomic segment S1 (15).

Three phases have been described for PRV infection: i) the early entry and dissemination, ii) the acute phase and iii) persistence (14). Two to three weeks after the host entry, the replication and dissemination of the virus occurs into blood cells (23, 24). In this phase no infection via cohabitation has been described so far (24). To this date, there is no clarity about the mechanism of entry of the virus (14). The acute phase appears after 4 to 6 weeks of exposure to the virus and is characterized by the development of acute inflammation of the heart muscle and skeletal muscle, and substantial PRV replication in the erythrocyte occurs (14, 17, 24, 25). The duration of this phase depends on several factors related to the host immunity and on the PRV genotype causing the infection (26, 27). Cohabitation challenges show a successful infection at this point. This phase lasts between 1 to 2 weeks and then, the load of viral proteins drops dramatically in the erythrocytes, the clinical signs of the disease disappear, and the virus becomes persistent (17, 25). In the persistence phase, the viral RNA is found in erythroid progenitor cells, erythrocytes, macrophages, melano-macrophages, and other uncharacterized cells in the kidney (28). At this phase, poor viral infection is produced by cohabitation, but i.p. injected PRV inoculum prepared from clarified lysed blood cells from persistence phase Atlantic salmon accomplishes successful infection into naive fish (24). The extent of this phase depends on the PRV genotype and the host, but experimental trials have shown that this phase probably can last for life. The early entry and dissemination and acute phases have only been described under laboratory conditions.

Heart and skeletal muscle inflammation was first described in farmed Atlantic salmon in 1999 (3). The disease appears mainly between 5 to 9 months after salmon are transferred to marine water (2) but has also been described even earlier at 14 days of the seawater transfer (3). The clinical signs of the disease may emerge during the peak of the acute phase, but the clinical signs are found usually in the early stages of the persistent phase (24, 29, 30). In the field, the mortality of infected fish is usually low but can also go up to 20% of the infected cages (3). Macroscopic signs are pale heart, pericardial bleeding, ascites, and a pale or stained liver, but hematocrit levels are usually normal. Lesions can occasionally be found in the liver, spleen, gills, and kidney. The main histopathological lesions are in the heart and skeletal muscle. In the heart, necrosis of myocytes, infiltration with mononuclear cells (mainly lymphocytes and macrophages), and a massive inflammatory response are observed associated with myocardial degeneration (26). Pericarditis is usually found in association with myocarditis (2), also, perivasculitis is found in myocardial blood vessels, coronary veins, and grooves. In severe cases, an infiltrative pattern is also found (26). Red muscle inflammation follows the same pattern as seen in the heart but is not a consistent finding (2) and it has been proposed to be attributed to seasonal variation being most prevalent in autumn and winter (26). In experimental conditions, the production of cardiac lesions consistent with HSMI is related to the virulence of the isolate (24, 26, 31). At the same time, the highest virulent isolates correlated with higher plasma viremia, while the low virulent isolates showed a lower amount of virus detected by qPCR (31). There was no correlation between any specific viral gene, protein, or amino acid differences with the virulence of the distinct PRV-1 isolates analyzed although the virus strain and host specific factors are necessary to initiate HSMI (31). For example, in Canada, Pacific-adapted Mowi-McConnell Atlantic salmon infected with PRV shows only mild or non-heart inflammation, even though these fish show high blood viremia (24). A review of the biology, geographic distribution, and host range of PRV has been recently published and is recommended for deeper details of the knowledge on this virus and HSMI (14).



Immune Response Against PRV Infection

PRV generates in ex vivo infected erythrocytes of Atlantic salmon upregulation of Interferon-a (ifn-a), Retinoic acid-inducible gene I (rig-i), Protein kinase R (pkr), and Myxovirus resistance gene (mx), all genes of the innate antiviral immune response (32, 33). In Atlantic salmon, intraperitoneal injected with PRV, ifn-a and mx-α were up-regulated in blood at 4 and 25 days post-challenge (dpc) and in heart, four dpc (34). The peak was in both tissues at four dpc, corresponding to the early infection stage, then the expression decreased to the control level (34). Similar results were reported in seawater adapted post-smolt salmon challenged with PRV by cohabitation. In these fish an increased expression of ifn-a, rig-i, pkr, mx-α, viperin, and Interferon-stimulated gene 15 (isg15) was observed in blood, heart, and in the spleen (35). In addition, a significant upregulation of both β-defensin and hepcidin genes in blood cells was reported at 4 weeks post challenge compared to day 0 (35). These studies show that PRV induces a strong innate immune response in Atlantic salmon, which may induce protection because the induced genes encode a dsRNA receptor like rig-i (35), interferon and interferon induced antiviral proteins such as pkr, mx-α, and viperin, and antiviral peptides like β-defensin and hepcidin (35). However, at this stage, it is unknown whether this response indeed results in protection because viruses have numerous evasion mechanisms against the IFN type I response (36). In fact, immune evasion mechanisms for IFN type I response have been reported for fish viruses such as IPNV, where preVP2, VP3, VP4, and VP5 viral proteins inhibit IFNa1 activation (37). Similarly, s7ORF1 of ISAV inhibits IFN and Mx transcription, while s8ORF2, acting as RNA silencing suppressor, inhibits IFN production (38–40). Therefore, further studies are required to understand whether PRV displays mechanisms to antagonize the IFN type I responses and antiviral peptides observed in infected fish.

Regarding adaptive immunity, transcript upregulation of T lymphocyte related genes such as T cell receptor-a (tcra), tcrb, cluster of differentiation 2 (cd2), and interleukin-2 (il-2) was reported in the head kidney of parr salmon challenged with PRV (41). In addition, cd4-1, the gene encoding the T cell co-receptor, was also upregulated in infected salmon (34), all indicating that PRV elicited the adaptive immune response in Atlantic salmon, which probably involves T cell proliferation. CD4+ CD3+ T cells (T helper) have been in fact identified, isolated and characterized in some fish species, including Japanese Pufferfish (Takifugu rubripes), ginbuna crucian carp (Carassius auratus langsdorfii), zebrafish (Danio rerio), rainbow trout (Oncorhynchus mykiss) (42–47); and rohu (Labeo rohita) (48). Although in Atlantic salmon, T cell isolation and characterization awaits further studies, transcriptional data and the studies in rainbow trout (44, 49–52) support the presence of T lymphocytes in this fish species and its role in response to the pathogens or model antigens. Furthermore, ifn-γ (41) and il-12 were also upregulated in PRV infected salmon (34), indicating that a T helper type-1 response can take place as a host defense strategy. In teleost fish, the differentiation of naive CD4+ T cells into Th1 cells appears to be possible because these cells express both the T-bet master transcription factor and ifn-γ during differentiation (44, 45, 47). Other studies suggest that the differentiation of the CD4+ T cell into Th1, Th2, Th17, Treg lymphocytes can occur in fish, mostly based on the fact that many Th-type cytokine genes have been identified in fish (53) and are upregulated in lymphoid tissues and isolated T cells after antigen stimulation (53). A Th1 response could induce PRV clearance, as in the presence of IFN-γ and IL-12, cellular-mediated immune response can eradicate intracellular pathogens like viruses (54). Furthermore, in HSMI-sick Atlantic salmon hearts, a strong signal of MHC-II in the lesion areas and a moderate signal of CD3+ (55) by immunohistochemistry was detected, suggesting the activation of CD4+ T cells in response to PRV infection.

Following interaction with various bacterial and viral pathogens, macrophages become activated and secrete a wide range of antiviral, pro-inflammatory, and immunomodulatory cytokines (56). Mirroring the Th type differentiation, the macrophages are classified as M1-like or M2-like cells (57, 58) and they reflect the bidirectional macrophage–lymphocyte interaction. Using in situ hybridization to identify double MCSFR and PRV positive cells, it has been found that macrophage-like cells of spleen and kidney, and in melano-macrophages of kidney contain PRV-1, indicating that macrophages might be targets of infections (28). In PRV-infected salmon of a commercial farm, lesions of the white muscle, known as red spots, show abundant iNOS (inducible nitric oxide synthase) in positive M1-polarized macrophages infected with PRV-1. Transformation of red spots into black spots was associated with the presence of arginase-2 expressing M2 melano-macrophages and the reduction of the relative number of PRV-1 in the white skeletal muscle (9). Interestingly, in experimental PRV infection, M1 macrophages does not appear related to the infection damage of the heart in HSMI, although M2 macrophages in heart tissue suggested a role in HSMI recovery (59). Since PRV upregulates IFN-γ and IL-12 during viral infection of Atlantic salmon, it seems plausible that an efficient well-regulated response induces M1 macrophage differentiation for virus clearance in the heart. Furthermore, as IFN-γ can also increase CD80/86, CD83, and MHC-II levels in salmon immune cells, an efficient clearance can also be due to antigen presentation and recognition improvement leading to a rapid immune response (60).

Regarding cellular immunity, recent studies shed light on the potential role of the cytotoxic T lymphocytes (CTL) during PRV infection. First, the high expression levels of cd8a, cd8b, and granzyme-A in the head kidney of PRV-infected fish suggest a positive modulatory effect on the CTL-mediated immune response (34) because fish CTLs express CD8 co-receptor and enzymes able to induce apoptosis of the target cells (61). Recently, a study has shown that Atlantic salmon CD8+ cells appear abundant in areas of the heart that contain PRV-1 infected cells after experimental challenge. Moreover, upregulation of CD8α correlated in time with a moderate decline in PRV-1 RNA levels (59). Interestingly, these results suggest a role of CD8+ cells in virus clearance but direct evidence for the role of functional CTLs (CD8+ T cells) during PRV infection is not available yet. The evaluation of PRV-specific CTL function will require haplotype-matched between the effector and target cells, which can be achieved using clonal teleost fish (62, 63) or infected autologous cells (64, 65). The potential role of CTL in PRV infection of fish is consistent with the Th1 type response observed in salmon because IFN-γ can stimulate the development of CD8+ T cells during viral infection (66). It is also consistent with the fact that PRV infection of salmon erythrocytes induced upregulation of the genes involved in antigen presentation via MHC class I, including transporters like tapasin (tapbp) and proteasome components like proteasome subunit beta type 9 (psmb9a) and proteasome subunit beta type 6 (psmb11) (33), which will positively impact the activation of CD8+ T cells. Activating the antigen-presenting machinery may also be a consequence of IFN-γ upregulation during PRV infection because, in turn, this cytokine upregulates many genes involved in antigen presentation (67).

Finally, regarding humoral immune response against PRV, production of IgM against the PRV μ1 and μNS proteins has been detected in plasma of PRV-1-infected Atlantic Salmon (68). Using a bead based multiplex immunoassays, anti-s1 IgM was also detected in salmon seven weeks after the exposure of PRV shedders. A reduction in HSMI lesions was observed when the specific IgM production reached a maximum level, suggesting a protective effect, even though this humoral immune response has been insufficient to eradicate PRV as viral RNA persisted in the blood of fish with PRV-specific IgM in challenge trials (68). Similarly, in PRV-3-infected rainbow trout a significant increase in -specific IgM in plasma is reported 8 weeks after the exposure (29). Notably, no studies are measuring neutralizing antibodies.

The current knowledge of the innate and adaptive immune response elicited by PRV infection is summarized in Figure 2.




Figure 2 | Summary of the current knowledge of the innate and adaptive immune response elicited by PRV infection. In the innate immune response panel, the transcriptome for (A) Cellular response, and (B) Tissue response to experimental infection is represented. For the adaptive immune response panel are shown, (C) T cell response to experimental infection, (D) humoral response, (E) macrophages response in naturally infected fish, and (F) Antigen presentation.





When the Fish Decides to Live With the Enemy: The Phenotype of Persistent Viral Infection in Atlantic Salmon

The persistence is a complex meta-stability exercise involving the overall outcome that favors the coexistence of the viral infection on the host, being considered one of the most successful surveillance strategies in the host-pathogen repertoire (69). In mammals, the phenotype of viral persistence is directly associated with the activity of inhibitory/immunosuppressive cytokines (70). In this process, the modulation of anti-inflammatory cytokines helps establish chronic viral infection (71–73). One of these anti-inflammatory cytokines of the viral persistence phenotype is IL-10, which impairs different immune mechanisms, including antigen recognition, cytokine production, antibody production, and cell proliferation processes, all vital processes for the success of immune response activation and resolution of infection (74). Consistently, viral persistence phenotype in Atlantic salmon infected with the infectious pancreatic necrosis virus (IPNV) is characterized by the upregulation of il-10, the low expression levels of il-1b and il-8 and low levels of total IgM (75). In PRV-infected Atlantic salmon, the persistence phenotype has been recently reported (28). The description of this persistence phenotype is associated with a high level of viral RNA (28) and low levels of viral proteins in the erythrocytes (17), in which an antiviral innate immune response is observed at the transcriptional level (33). Not the cellular or molecular immune mechanisms responsible for or associated with the persistence phenotype of PRV-infected fish are known.

Thus, it seems reasonable that several regulatory mechanisms associated with the recognition and activation of the immune response are activated in the PRV persistence phenotype. They can contribute to establishing a weakened immune status, helping to develop secondary infections with highly prevalent pathogens in salmon farming. Only one study has evaluated the potential effect of PRV on the development of secondary infections, thus centering on the co-occurrence of PRV and salmonid alphavirus (SAV) (35). In co-infected Atlantic salmon (PRV- and then SAV-infected), lower SAV neutralizing titers were observed compared with the controls infected with SAV only (35) suggesting a detrimental effect for immunity. Moreover, a positive correlation between PRV and SAV was observed in moribund or dead salmon (35). These data suggest that PRV infection may affect the infection and susceptibility to other pathogens present in farmed fish. For instance, as far as we know, no articles are reporting the consequences of PRV on the development of secondary bacterial infections of high prevalence in salmon farming. Taking together, it is urgent from the sanitary point of view to elucidating the consequence of the high PRV prevalence upon the risk for the development of a secondary infection that the infection by PRV might produce by itself.



PRV Vaccines

At present, there are no commercially available vaccines against HSMI in the market, and research and evaluation of PRV vaccines are still incipient. Only four studies performed on Atlantic salmon and Coho salmon have been reported (76–79). Wessel et al. (76) evaluated the protective effect of an inactivated vaccine using PRV purified from infected erythrocytes in a vaccination trial against HSMI.

Those immunized fish challenged with PRV by intraperitoneal injection showed a lower PRV load in blood cells and plasma compared both to PBS control group and vaccine control group (vaccinated with ALPHA JECT micro-6; PHARMAQ AS). Differences were observed for all the time-points assessed, i.e., 2-, 4-, 7-, and 10-weeks post-challenge (wpc). However, the PRV load was estimated based on the quantification cycle (Cq) value instead of absolute quantification. Beyond this methodological concern, only differences at 4wpc were registered between the PRV-inactivated vaccine group and the PBS-vaccinated group (76). Furthermore, the same trend was observed from the histopathological evidence on the heart. Thus, data indicate that PRV vaccination substantially reduced the severity of HSMI specific lesions, mainly in the experimental group following an unnatural way of infection (i.e., following an intraperitoneal injection), but did not prevent PRV infection and virus replication. Notably, a different study reported that the inactivated PRV-1 vaccine does not prevent PRV-1 infection and only partially protects against HSMI (78). Regrettably, the applicability of these vaccines is minimal because there are currently no reports of a cell line capable of producing PRV-1 viral progeny (80).

One common and ancient strategy for successful immunization is the cross-protection induced by related low virulent virus variants to cause low-grade disease (78). Particularly for HSMI, the cross-protection has been assessed using PRV-2 and PRV-3 genotypes not associated with disease development in Atlantic salmon. The cross-protection assay showed that the primary infection with intraperitoneally injected PRV-3 genotype completely blocked the infection against PRV-1 and the development of HSMI in Atlantic salmon ten weeks later the immunization with PRV-3 (78), which is in agreement with the fact that PRV-3 induces a disease similar to HSMI in rainbow trout and salmon coho (12, 15, 18, 21, 22, 78). The mechanisms of protection induced by PRV-3 are not known. In fact, the gene expression analysis of cellular immunity indicators (cd8α, ifn-γ, and granzyme-a) indicated that PRV-3 did not trigger spleen upregulation of these genes beyond ten weeks (78). The authors also state that antiviral immune genes viperin, myxovirus resistance gene (Mx), and interferon-stimulated gene (ISG-15) did not change their expression pattern (78).

By contrast, PRV-2 infection did not prevent PRV-1 infection, reducing only the severity of HSMI pathology punctually in some few individuals (78). Since PRV-2 is the etiological agent of a different disease in coho salmon (Oncorhynchus kisutch), named erythrocytic inclusion body syndrome (EIBS) (18), this results may have been expected. Perhaps the protection is associated with the higher amino acid identity of PRV-1 with PRV-3 (90%) than PRV-2 (80%) (81). Importantly, the high identity between PRV-3 and PRV-1 is present in proteins probably involved in the pathogenic effects (82, 83), such as the outer clamp protein σ3 (79.1%) and the non-structural protein p13 (78.2%) (81). Beyond these unknowns, one critical concern on the use of PRV-3 in immunizing Atlantic salmon is the possibility that the RNA segmented of PRV-3 and PRV-1 could reassort if they infect the same cell (84), in which case the consequences are unpredictable. Therefore, the side-effects and potential consequences of this type of immunizing strategy must be carefully analyzed.

In aquaculture, there are DNA vaccines licensed for commercial use for protecting Atlantic salmon against viruses including Infectious Hematopoietic Necrosis Virus (IHNV) (APEX-IHN; Novartis/Elanco) (85), and Salmon Pancreas Disease Virus (SPDV) (86). In this scenario, the vaccine efficacy against HSMI following intramuscular-injected immunization was assessed using pSAV-based replicon vaccines and pcDNA3.1-based expression vaccines. The Atlantic salmon vaccinated with pcDNA3.1 vector expressing µNS, σNS, and σ1 controlled by a CMV promoter showed a substantial reduction in the viral RNA load and the HSMI histopathological changes in epicardium and ventricle (77). By contrast, the pSAV cocktail replicons containing µNS + µ1 + σNS + σ1 + σ3 + λ2, slightly reduced the cardiac histopathological score, but did not reduce the PRV RNA levels in the blood after infection compared to the control, suggesting that the type and number of different expression vectors may influence on such differences (77). The secretion of specific antibodies as an inducer of protection through DNA vaccines (87) was not evaluated. Based on the study of Haatveit et al. (77) it seems that µNS and σ1 are the most promising PRV antigens for a DNA vaccine against HSMI in Atlantic salmon. However, the mechanism of action of these proteins activating the immune response remains to be elucidated. Consequently, the application of DNA vaccine as prophylactic treatment against aquaculture-related viruses, including PRV, must be further assessed.



Conclusions and Perspective

This article revised the current knowledge regarding the immune mechanisms activated in response to PVR infection. There is evidence that PRV activates the antiviral immunity in salmonid erythrocytes, one of its cellular infection targets. Currently, it is unclear whether activating an antiviral environment is enough to induce host protection. Because viruses, including aquatic viruses, show numerous immune evasion mechanisms against the IFN type I host response, understanding PRV-host interaction, which may antagonize the IFN type I response, needs to be addressed. The scope of other immune mechanisms against the PRV and its actual contribution to the resolution of infection, including the role of neutralizing antibodies, still need to be elucidated. Nonetheless, the eradication of virus does not always occur during infection in nature. In fact, for PRV, there are reports of persistent infection promoting host-pathogen coexistence. PRV persistence is characterized by immune modulators´ upregulation mainly associated with anti-inflammatory molecules. Consequently, this lower immune capacity to respond against a threat aggregates complexity to the mechanisms developed by the host for ensuring survival. Importantly, as far as we know, there is a gap in the knowledge concerning the cellular and molecular mechanisms responsible for the promotion of the persistence phenotype on PRV-infected fish.

The generation of further knowledge to understand the immune mechanisms in response to and for protection against PRV will make possible the development of strategies capable of effectively and efficiently facing this viral infection and the negative impact produced in the fish farming industry and the environment. Within the sustainable aquaculture industry framework, all the above is committed to the environment.
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Pathogens, challenges Cells, tissue* Time-points Reference
Virus responsive genes

Salmonid alphavirus Heart 21 days (5), GSE173130, GSE183260
Piscine orthoreovirus Heart 42, 56, 63 and 77 days (5), GSE183260
Piscine orthoreovirus Erythrocytes 35 and 42 days (6), GSE183005
Salmon gill poxvirus' Gill 8 and 12 days (7)), GSE151463
Infectious pancreatic necrosis virus Liver, TO cells 4, 6, 8 and 10 days GSE172862
Infectious salmon anaemia virus ASK cells 1 and 5 days GSE183265

Poly I:C Adipocytes, 1 and 4 days GSE171562

Poly I:C ASK cells 1 and 5 days GSE183265
Bacterial diseases

Moritella viscosa Head kidney, skin, spleen 42 days GSE173130
Moritella viscosa Skin, spleen 36 days (8), GSE171693
Moritella viscosa Skin (epidermis and dermis) 4 and 35 days GSE171738
Tenacibaculum finnmarkense Skin, dermis, epidermis 3 days GSE171699
Piscirickettsia salmonis Head kidney 60 days GSE173095

Inflammation

PAMP (CpG, gardiquimod)
Wound

Plasmid DNA

2 Melanized foci

Stress

Exhaustive exercise
Cortisol implant

Crowding

Mononuclear phagocytes
Skin

Skeletal muscle

Skeletal muscle

Heart, spleen
Skin
Skin

7 days or 6 + 1 day
1,8, 7 14 days
1, 2 weeks

2 hours
18 days
1 day

(9), GSE126993

(10, 11), GSE122142
(12, 13), GSE106111
(14), GSE182962

GSE173119
(15), GSE36072
GSE173229

Field material from outbreak. All other data on virus and bacteria infected fish are obtained in challenge trials.

2Field material (slaughter fish).
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Functional group/pathway VRG BACT INFL Total
Immune responses

Defense response to virus 43 16 8 522
TNF-mediated signaling pathway 8 NS' NS 293
Toll-like receptor signaling pathway 7 NS NS 230
Blood coagulation 6 NS NS 537
Cytokine-mediated signaling pathway 14 41 20 764
Cytokine activity NS 12 NS 309
Lipoxygenase pathway NS 74 NS 38
Jak-STAT signaling pathway 8 11 8 288
B cell receptor signaling pathway NS 9 6 230
Acute-phase response NS 11 5 90
Complement and coagulation cascades NS 14 NS 142
Fc gamma R-mediated phagocytosis NS NS 10 269
Fc-epsilon receptor signaling pathway NS 11 9 420
Inflammatory response NS 63 17 986
Platelet degranulation NS 15 10 438
Antigen processing and presentation NS 9 NS 129
Chemotaxis NS 18 6 310
Leukocyte cell-cell adhesion NS 14 7. 117
Myeloid cell differentiation NS 5 NS 113
Other systems. Signaling & differentiation

Cell surface receptor signaling pathway NS 24 10 746
Insulin receptor signaling pathway NS 8 NS 289
Integrin-mediated signaling pathway NS 15 10 400
VEGF receptor signaling pathway NS 13 ihl 301
Extracellular matrix organization NS 21 NS 917
Hematopoietic cell lineage NS 15 6 132
Angiogenesis NS 28 14 1203
Myelin sheath NS 9 NS 227
Cellular processes

Ubiquitin-dependent protein catabolism 16 NS NS 854
Ubiquitin protein ligase activity 10 NS NS 650
Lipid particle 7 NS NS 296
Histone binding 6 NS NS 399

NS, not significant.
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Primer Sequence (5'-3')

B-Actin-F TGCTGTCCCTGTATGCCTCT

B-Actin-R CCTTGATGTCACGCACGAT

VP19-RT-F TCCAAGGGAGAAACTGTAAG

VP19-RT-R GGGGTAAGCGTGAAGACT

LITAF-RT-F GATGCTGCCGTGTGAACTG

LITAF-RT-R GCACATCCTTGGTGGTGTTG

MCP-RT-F GCACGCTTCTCTCACCTTCA

MCP-RT-R AACGGCAACGGGAGCACTA

ICP18-RT-F ATCGGATCTACGTGGTTGG

ICP18-RT-R CCGTCGTCGGTGTCTATTC

JNK3-RT-F CCAGGACCGCAGGCACCAGTT

JNK3-RT-R GTGGCGCACCATTTCTCCCATAA

p38o-RT-F CCTCAACAACATCGTCAAGTG

p38o-RT-R GGCTTCAAGTCTCTGTGGAT

JNK3-3'UTR-F CCCTCGAGCCCCCCCTCCTCCTCCATAA
JNK3-8'UTR-R TTGCGGCCGCCAGGCAGGCGGCTAGTCACC
p380-3'UTR-F CCCTCGAGCAGAACCATGACATTCAAGTG
p38u-3'UTR-R TTGCGGCCGCCAGAGTAACAAAAACAGCAAA
JNK3-mut-3'UTR-F AATTCTAGGCGATCGCTCGAGCCCCCC
JNK3-mut-3'UTR-R TTTTATTGCGGCCAGCGGCCGCCCTTACGCGCCATAGTCACCTGCAACAC
p38o-mut-3'UTR-F AATTCTAGGCGATCGCTCGAGCAGAACCATGAGTAAGTACACGGAGCCGTC
p38o-mut-3'UTR-R TTTTATTGCGGCCAGCGGCCGCCAG
TNFo.-RT-F GTGTCCTGCTGTTTGCTTGGTA

TNFo-RT-R CAGTGTCCGACTTGATTAGTGCTT

IL-6-RT-F CTCTACACTCAACGCGTACATGC

IL-68-RT-R TCATCTTCAAACTGCTTTTCGTG

IL-8-RT-F GCCGTCAGTGAAGGGAGTCTAG

IL-8-RT-R ATCGCAGTGGGAGTTTGCA

IL-1B-RT-F AACCTCATCATCGCCACACA

IL-1B-RT-R AGTTGCCTCACAACCGAACAC
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MiRNA name Sequence (5'-3) Species miRBase number
eco-miR-124 UAAGGCACGCGGUGAAUGCCAA Epinephelus coioides Undetermined
dre-miR-124 UAAGGCACGCGGUGAAUGCCAA Danio rerio MIMAT0001819
hsa-miR-124-3p UAAGGCACGCGGUGAAUGCCAA Homo sapiens MIMAT0000422
bta-miR-124a UAAGGCACGCGGUGAAUGCCAAG Bos taurus MIMAT0003811
dme-miR-124-3p UAAGGCACGCGGUGAAUGCCAAG Drosophila melanogaster MIMAT0000351
cfa-miR-124 UAAGGCACGCGGUGAAUGCCA Canis familiaris MIMAT0006657
mmu-miR-124-3p UAAGGCACGCGGUGAAUGCC Mus musculus MIMAT0000134
mo-miR-124-3p UAAGGCACGCGGUGAAUGCC Rattus norvegicus MIMAT0000828

The red font indicates completely the same sequence.
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Stain D1 D2 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15
Breeding 0 0 0 1 3 " 4 5 5 3 3 3 0 0
Non-breeding 0 2 " 3 9 69 6 4 4 0 0 0 0 0
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Compared
group

Group SvC-
B

Group SvC-
N

Group SvS-
BvN-D7

Group CvC-
BvN-DO
Group Svl-
B&N

GO terms (P < 0.01).

Phagocytosis, positive regulation of immune system process, positive regulation of I-kappa B kunase/NF-kappaB signaling, integrin-mediated signaling
pathway, regulation of B cell activation, macrophage activation, lymphocyte-mediated immunity

Response to lipopolysaccharide, regulation of granulocyte differentiation, toll-ike receptor signaling pathway, positive regulation of immune system
process, macrophage differentiation, phagocytosis, engulfment, lymphocyte activation, integrin-mediated signaling pathway, leukocyte activation
Response to lipopolysaccharide, negative regulation of B cell apoptotic process, positive regulation of TOR signaling, macrophage differentiation,
endosome to lysosome transport, regulation of granulocyte differentiation, toll-like receptor signaling pathway, defense response to fungus, phagocytosis,
engulfment, T cell proliferation, mast cell activation, myeloid cell activation involved in immune response, regulation of T cell differentiation in thymus,
phagosome maturation, positive regulation of T cell activation

Phagocytosis, positive regulation of immune system process, positive regulation of I-kappaB kinase/NF-kappaB signaling, integrin mediated signaling
pathway, regulation of B cell activation, lymphocyte mediated immunity, macrophage activation, response to lipopolysaccharide

Phagocytosis, positive regulation of cell migration, positive regulation of I-kappaB kinase/NF-kappaB signaling, positive regulation of myeloid leukocyte
differentiation, integrin-mediated signaling pathway, regulation of B cell activation, leukocyte activation, regulation of immune response, and macrophage
activation

The details of the GO terms involved in biological process were listed in Tables S5-S9.
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Compared
group

Up-
regulated in
group SvC-
B (26)
Down-
regulated in
group SvC-
B (23)

Up-
regulated in
group SvC-
N (155)

Down-
regulated in
group SvC-
N (102)

BS-
advantage
immune
DEGs in
group SvS-
BvN-D7
(357)

NBS-
advantage
immune
DEGs in
group SvS-
BvN-D7
(303)

Immune gene category

1<FC<2

LRR-containing proteins, MRC, NFIL3, perforin, UBE, PIGR, TRIM, TLX.

CXCL, integrin alpha, myeloid cell related, galectin.

FBXL, fucolectin, MPR, nattectin, TLR1, TLR5, CDK, CDK related, CDKls, HA, MHC
I, MHC II, TGFB, TNF, TNFAIP3-interacting protein, C3aR, C7, CCL, CCR, CFLAR,
CXCL, CXCR, cytokine receptor, IFl, IFIT, IL1R related, IRF8, NFIL3, MAPK,
MAPKKK, NALP12, NLRC3, programmed cell death protein, SOCS1, SOCS3,

2<FC

CSF, UBE, C3, GVIN, IL21R, IL23R, integrin alpha, MMR, NCAM,
cathepsin, ubiquitin ligase ladderlectin, LRR-containing proteins, Ig
heavy chain, Ig light chain, PIGR, SEMA.

Fibrinogen, NALP12, NLRC3, C3, GVIN, IFI, IL1R, C-type lectin,
galectin, TLR18, Ig light chain, TIP.

MAPK, MAPKKK, NLRC3, MHC II, C3, CCL, CXCL, CXCR, IL-1,
IL1R, IL-6, IL6R, IL-8, IRF8, MX, NRAMP, AP-3, cathepsin, HSP5,
HSP70, mucin, myeloid cell related, platelet related, ubiquitin
ligase, NITR, TLR18, TLR22, TLR25, CD22, HMG, TCIRG1,

SOCS7, TRAF, TTRAP, UBE, MIF, NCF, NCK and related, BCL, BLNK, FCR, HDAC,
HMG, Ig light chain, PBX, TAGAP, AP-3, CARD, cathepsin, CEBP, hepcidin, HSP,
lymphocyte antigen, myeloid cell related, PIN1, platelet related, TMED, ubiquitin
ligase, ubiquitin related, TRIM, UBL.

Plasminogen, C-type lectin, Hepatic lectin, LRR-containing proteins, RBL, SITR,
TLR13, CD22, Ig heavy chain, Ig light chain, SEMA, TCR, CDK, VEGF, VEGFR,

perforin, CD59, CCL, IL6R, IL-8, IRE related, TITIN, NCAM, CD33,
HSP90, Kruppel-like factor, ubiquitin ligase, UBL, collectin,

C3aR, ACRs, CCR, EGFR, FGFR, GVIN, IL17R, IL21R, IL2R, integrin alpha, integrin
beta, ACTININ, MALT1, paladin, RTK, TRIM, ubiquitin ligase, UBL, granzyme,
MAPKKK, N, 12, NALP3, perforin, UBE, CDK, TRIM.

Fibrinogen, MBL, collectin, C-type lectin, FBXL, fucolectin, galectin, intelectin, LRR-
containing proteins, RBL, TLR8, TLR13, TLR3, TLRY, CDKiIs, CIITA, LRMP, TGBR,
VEGF, C3, C5, ACRs, CCL, CCR, CXCR, EGF, FGFR, GVIN, IFI, IL10R, IL13R,
IL17R, IL1R related, IL21R, IL23R, IL2R, IL6R, IL-8, integrin alpha, integrin beta, IRF4,
IRF5, IRF7, MX, XCR, CBX4, CSFR, granzyme, MAPK, MAPKKK, NALP12, NALP3,
NDRGH, perforin, Programmed cell death protein, TRAF, TRAIL, UBE, MMR, NCAM,
B-cell CLL/lymphoma, CD2, CD22, CD276, CD6, FCR, GATA and related, Ig heavy
chain, Ig light chain, immunoglobulin superfamily, JAG, LAG, MAL, NFAT, PIGR, PKC,
SEMA, T-bet, VTCN, ZAP, ACTININ, cathepsin, CD302, lymphocyte antigen,
lymphocyte related, myeloid cell related, nectin, palladin, PI3K, TIAM, ubiquitin ligase,
ubiquitin related, TRIM.

c-type lectin, FBXL, LPS-anchor protein, LRR-containing proteins, MPR, TLR1,
TLR22, CDK, CDK related, CDKIs, HA, MHC II, TGFB, TNFAIP3-interacting protein,
C3, C3aR, C4, C7, ACRs, CD11, CFLAR, CXCR, cytokine receptor, FAM, GVIN, HB-
EGF, IL12R, IL1R related, IL-6, IL6R, integrin alpha, integrin beta, IRF1, IRF8, NFIL3,
CSFR, JAK1, MAPK, MAPKKK, NALP12, NALP3, NLRC3, Programmed cell death
protein, SOCS1, SOCS3, SOCS7, STAT3, UBE, MIF, NCF, NCK and related, BAFF,
B-cell CLL/lymphoma, BCL, BLNK, CD22, CD276, FCR, HDAC, HMG, Ig light chain,
PBX, PIGR, SEMA, TAL, VSIG, WWP, AP-3, CARD, cathepsin, CEBP, HSP, HSP4,
HSP5, HSP70, HSP90, Kruppel-like factor, lymphocyte antigen, MALT1, mucin,
myeloid cell related, PAXILLIN, PIN1, platelet related, TMED, ubiquitin ligase, ubiquitin
related, TRIM, UBL.

galectin, LRR-containing proteins, B-cell CLL/lymphoma, JAG,
NFAT, SEMA

Fibrinogen, CSF, granzyme, MAPKKK, NALP12, NALP3, NLRC3,
EGF, perforin, TRAF, UBE, CDK, LRMP, MHC |, MHC II, C3aR,
C8, CCL, CCR, FGFR, GVIN, IFl, IFIT, IL17R, IL1R related, IL21R,
IL23R, IL2R, IL6R, IL-8, integrin alpha, integrin beta, NFIL3, TITIN,
MCP, NCAM, cathepsin, HSPb1, lymphocyte antigen, mucin,
PI3K, rootletin, RTK, TRIM, ubiquitin ligase, ubiquitin related, UBL,
collectin, c-type lectin, fucolectin, Lgals3bpa, galectin, Hepatic
lectin, ladderlectin, LRR-containing proteins, MRC, NITR,
scavenger receptor, SIGLEC, CD22, CD4, FCR, HDAC, Ig heavy
chain, Ig light chain, immunoglobulin superfamily, JAG, NFAT,
PIGR, PKC, SEMA, VSIG.

Macroglobulin, CSF, MAPK, MAPKKK, NALP12, NALP3, NLRC3,
SOCS3, UBE, CDK, CDKls, MHC I, TNF, FGF, TNFAIP3-
interacting protein, C3, C3aR, C7, CD59, CCL, CCR, CXCL,
CXCR, GVIN, IL-1, IL-12, IL1R, IL1R related, IL2R, IL-6, IL-8,
integrin alpha, IRF8, NFIL3, NRAMP, ACTININ, AP-3, caspase,
cathepsin, CEBP, hepcidin, HSP70, lymphocyte antigen, ubiquitin
ligase, UBL, CD209, C-type lectin, galectin, intelectin, LRR-
containing proteins, TLR18, TLR25, TLR4, TLR5, BCL, CD22,
CD276, HDAGC, Ig light chain, PIGR, SEMA, TAGAP, TCIRG1,
TCIRG2, TCIRG3.

For group SvS-BvN-D7, “BS-advantage” represented the upregulated genes related to the breeding strain, while “NBS-advantage” represented the downregulated genes related to non-
breeding strain, after the comparison between survivors from breeding strain and survivors from the non-breeding strain.
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Compared group Immune gene category

BS-advantage immune DEGs in group CvC-BvN-DO (12) 1<FC<2: MHC I, GVIN, IL21R, NLRC3;

2<FC: NALPS3, perforin, STAT3, integrin alpha, platelet related, ubiquitin related, MRC, HDAC.
NBS-advantage immune DEGs in group CvC-BvN-DO (7) 1<FC<2: TLR18, C3, CCL, integrin beta.

2<FC: perforin, IFI, myeloid cell related

All in group SvI-B&N (48) LRR-containing proteins, VEGFR, VEGF, CDKIs, CDK, NFIL3, LIFR, integrin beta, FAM, CCR, CD166, MAPK,
CD97, SEMA, PIGR, NFAT, Ig light chain, HMG, HDAC, BTG, BCL, ubiquitin ligase, platelet related, HIF1a,
CEBP.

The number (>1) of DEG is shown in the brackets. The full names of all gene abbreviations could be found in Tables $5-S9. The underiined up or down-regulated immune gene categories
are the regional specific in the Venn diagram for every group (detailed in Table S10). For group CvC-BvN-DO, “BS-advantage” represented the upregulated genes related to the breeding
strain, while "NBS-advantage” represented the downregulated genes related to non-breeding strain, after the comparison between controls from breeding strain and controls from the
non-breeding strain.
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D7 (176)

Groups SvC-
N & SvI-B&N
4)

Groups SvC-
N & CvC-
BvN-DO (1)
Groups SvS-
BvN-D7 &
CvC-BvN-DO
(1)

Groups SvC-
B & SVC-N &
SvS-BvN-D7
5)

Groups SvC-
B &SVC-N &
SvI-B&N (1)
Groups SvC-
N & Svs-
BVN-D7 &
CvC-BvN-DO
)

Groups SvC-
B &SVC-N &
SvS-BvN-D7
& CvC-BvN-
DO (2)

Immune process

pattern recognition (7), complement
system (4), inflammatory cytokines
and receptors (3), adapters, effectors
and signal transducers (4), innate
immune cells related, T/B cell antigen
activation (2), other genes related to
immune response (2)

inflammatory cytokines and receptors

pattern recognition (18), antigen
processing and regulators (14),
complement system (4), inflammatory
cytokines and receptors (38),
adapters, effectors and signal
transducers (23), innate immune cells
related (8), T/B cell antigen activation
(24), other genes related to immune
response (47)

antigen processing and regulators (3),
other genes related to immune
response

inflammatory cytokines and receptors

inflammatory cytokines and receptors

pattern recognition, inflammatory
cytokines and receptors (3), adapters,
effectors and signal transducers

complement system

adapters, effectors and signal
transducers (2)

pattern recognition, inflammatory
cytokines and receptors,

Immune gene category

CSF, NALP12, UBE, C3, GVIN, IL23R, integrin alpha, NCAM, ubiquitin ligase, C-type lectin, galectin,
ladderlectin, LRR-containing proteins, MRC, PIGR

IFI

Granzyme, MAPK, MAPKKK, NALP12, NALP3, NLRC3, perforin, Programmed cell death protein, SOCS1,
SOCS3, SOCS7, UBE, CDK, CDK related, CDKIs, HA, MHC I, TGFB, TNF, TNFAIP3-interacting protein, VEGF,
C3aR, C7, ACRs, CCL, CCR, CFLAR, CXCL, CXCR, cytokine receptor, FGFR, GVIN, IL1, IL17R, IL1R related,
IL2R, IL6, IL6R, IL8, integrin alpha, IRF8, NFIL3, TITIN, MIF, NCAM, NCF, NCK and related, NRAMP, ACTININ,
AP-3, CARD, cathepsin, CEBP, hepcidin, HSP, HSP5, HSP70,lymphocyte antigen, paladin, PIN1, platelet
related, RTK, TMED, TRIM, ubiquitin ligase, ubiquitin related, UBL, collectin, C-type lectin, FBXL, galectin, LRR-
containing proteins, MPR, RBL, TLR1, TLR13, TLR22, TLR25, TLR5, BCL, BLNK, CD22, FCR, HDAC, HMG, Ig
heavy chain, Ig light chain, JAG, NFAT, PBX, SEMA, TAGAP, TCIRG1

CEBP, VEGFR

integrin alpha

CCL

LRR-containing proteins, CXCL, IL1R, perforin

Cc3

perforin

TLR18, IL21R
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Genos. Primer Cone.
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R

g2 F 00
R

MHC Class 1 () F 00
R

coga (31) £ 000
R

Granzyme A (31) F 400
R

EF10b (25) F 5000
R

Sequence (5-3)

‘CATOGGCAGGATICAGTGGTOCART
‘GGTATCGCAGACCITAGGTTTCCTC
CCTGAGGACTIGGGTGTCCAGTA
COBCTGOTICOTIGACAAGAGGT
‘CTGCATIGAGTGGCTGAGA
‘GGTGATCTTGICOGTCTTTC
CACTGAGAGAGACGGAAGACG
TICAMAACCTGCCATAMGG:
GACATCATGCTGCTGAAGTTG
TGOCACAGGGACAGGTMOG
TGOCCCTOCAGGATGICTAC
CACGGOCCACAGRTACTG:
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Comparisons UP/down GO terms Corrected P-value
S3-0/51-0 UP proteasome complex 1.31E-08
proteasome core complex 3.27E-08
cellular iron ion homeostasis 1.59E-05
cellular transition metal ion homeostasis 1.59E-05
iron ion homeostasis 1.59E-05
Down serine-type endopeptidase activity 3.61E-06
proteolysis 3.56E-05
serine-type peptidase activity 5.84E-05
serine hydrolase activity 5.84E-05
peptidase activity, acting on L-amino acid peptides 0.00012568
S3-1/31-1 UP immune response 0.000653
immune system process 0.000653
antigen processing and presentation 0.005695
MHC protein complex 0.0239
MHC class Il protein complex 0.0239
Down oxidoreductase activity 4.60E-25
oxidation-reduction process 2.37E-20
catalytic activity 4.52E-20
single-organism metabolic process 4.56E-15
serine-type endopeptidase activity 3.32E-14
S3-3/51-3 UP G-protein coupled receptor binding 3.53E-06
chemokine activity 3.53E-06
chemokine receptor binding 3.53E-06
cytokine activity 1.73E-05
cytokine receptor binding 9.19E-05
Down serine-type endopeptidase activity 2.81E-16
endopeptidase inhibitor activity 6.99E-15
endopeptidase regulator activity 6.99E-15
serine-type peptidase activity 6.99E-15
serine hydrolase activity 6.99E-15
S3-5/51-5 UP oxygen binding 9.28E-07
heme binding 0.016744
tetrapyrrole binding 0.021006
Down NAD+ ADP-ribosyltransferase activity 2.14E-05
transferase activity, transferring pentosyl groups 0.001779
chemokine activity 0.003354
chemokine receptor binding 0.003354
cytokine activity 0.003485
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Groups Dpi (dpi) KEGG terms P value
Five months group 1 dpi Choline metabolism in cancer 0.001423
Glycerophospholipid metabolism 0.006047
3 dpi Choline metabolism in cancer 0.00058
Glycerophospholipid metabolism 0.002626
5 dpi Choline metabolism in cancer 0.0004
Glycerophospholipid metabolism 0.002411
Pyrimidine metabolism 0.028428
Three years group 1 dpi Arachidonic acid metabolism 0.00017
Serotonergic synapse 0.015474
Inflammatory mediator regulation of TRP channels 0.015474
Purine metabolism 0.029674
3 dpi Arachidonic acid metabolism 0.004301
Purine metabolism 0.076058
5 dpi Arachidonic acid metabolism 0.000963
Propanoate metabolism 0.001838
Antifolate resistance 0.0195
Purine metabolism 0.021864
Pyruvate metabolism 0.030814
Serotonergic synapse 0.038322
Inflammatory mediator regulation of TRP channels 0.038322
Lysosome 0.044187
Phototransduction 0.044187
C-type lectin receptor signaling pathway 0.044187
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