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Abstract

:

The zebrafish (Danio rerio) represents an increasingly important model organism in virology. We evaluated its utility in the study of economically important viruses from the genus Cyprinivirus (anguillid herpesvirus 1, cyprinid herpesvirus 2 and cyprinid herpesvirus 3 (CyHV-3)). This revealed that zebrafish larvae were not susceptible to these viruses after immersion in contaminated water, but that infections could be established using artificial infection models in vitro (zebrafish cell lines) and in vivo (microinjection of larvae). However, infections were transient, with rapid viral clearance associated with apoptosis-like death of infected cells. Transcriptomic analysis of CyHV-3-infected larvae revealed upregulation of interferon-stimulated genes, in particular those encoding nucleic acid sensors, mediators of programmed cell death and related genes. It was notable that uncharacterized non-coding RNA genes and retrotransposons were also among those most upregulated. CRISPR/Cas9 knockout of the zebrafish gene encoding protein kinase R (PKR) and a related gene encoding a protein kinase containing Z-DNA binding domains (PKZ) had no impact on CyHV-3 clearance in larvae. Our study strongly supports the importance of innate immunity-virus interactions in the adaptation of cypriniviruses to their natural hosts. It also highlights the potential of the CyHV-3-zebrafish model, versus the CyHV-3-carp model, for study of these interactions.
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1. Introduction


The zebrafish (Danio rerio) is a member of the family Cyprinidae. It is an extremely useful experimental subject due to its high fecundity and short generation time and is currently one of the most widely used laboratory animal model organisms. Also, its transparent larval stage is highly suited to in vivo imaging, making it particularly well suited to studying host-pathogen interaction, including during viral infection [1]. Furthermore, the availability of a well-annotated zebrafish reference genome [2] and large range of recombinant and mutant zebrafish lines [3] greatly facilitates investigations into gene function in various biological contexts. The zebrafish is known to possess a well-developed immune system, composed of both innate and adaptive immune responses [4,5]. Despite some notable differences and although sites of maturation differ [6], many mammalian immune system cell types have zebrafish counterparts [7,8]. Also, zebrafish orthologs of many (but not all) mammalian pathogen recognition receptors (PRRs), cytokines, adaptor proteins for signal transduction and other important components have been identified [6,9,10], indicating that zebrafish represent a relatively useful model for studying the mechanisms that vertebrates use to detect and respond to pathogen-associated molecular patterns (PAMPs).



Although juvenile and adult zebrafish utilize both the innate and the adaptive branches of the immune system, the embryonic and larval stages rely solely on innate immunity, which is detectable and active on the first day of zebrafish embryogenesis, whereas the adaptive system is fully matured by 4–6 weeks post-fertilization [11,12]. During these early life stages, cellular immunity is mediated by myeloid cells only, with macrophages and neutrophils acting as the main effector cells [13,14]. As in mammals, the zebrafish antiviral response is orchestrated by type I pathogen induced interferons (IFNs). These are named IFNϕ1, IFNϕ2, IFNϕ3, and IFNϕ4 [15] (referred to hereafter by the respective gene symbols ifnphi1, ifnphi2, ifnphi3, and ifnphi4) and are structurally similar to mammalian type I (α and β) and type III (λ) IFNs. As in all vertebrates, type I IFNs in zebrafish induce the expression of antiviral genes broadly referred to as interferon stimulated genes (ISGs). However, the IFN response in zebrafish larvae is mediated solely by ifnphi1 and ifnphi3, with ifnphi2 being expressed only in adults and with ifnphi4 having little activity [16,17]. The zebrafish type II IFN family consists of two members, IFNγ1 and IFNγ2 which are also responsible for the induction of ISGs induced by type I IFNs [18].



Taken together, this indicates that the zebrafish represents a relevant and useful model for studying viral pathogenicity, vertebrate host immune response, and viral host-interactions. Strikingly, very few viruses are known to infect zebrafish naturally [19,20,21,22]. Moreover, despite the lower host temperature, several mammalian viruses can infect zebrafish under experimental conditions, with these hosts exhibiting varying degrees of susceptibility and permissivity to infection. This property has also been exploited to study human viruses such as influenza A virus, Chikungunya virus (CHIKV), herpes simplex virus type 1 (HSV-1) and human norovirus [23,24,25,26]. Moreover, infection of zebrafish has been explored in studying severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [27,28].



Zebrafish can also be infected with several important fish viruses [29,30,31,32,33,34,35]. One of these, the spring viraemia of carp virus (SVCV), which is a rhabdovirus responsible for a highly contagious disease of the common carp (Cyprinus carpio carpio), has become one of the viruses most frequently used in infection models for studying the antiviral immune response in zebrafish larvae and adults [16,17,35,36,37]. Recent work by Rakus et al. [38] demonstrated that cyprinid herpesvirus 3 (CyHV-3) induces an abortive infection after intraperitoneal inoculation of adult zebrafish. CyHV-3 causes mass mortality in common carp and koi carp (Cyprinus carpio koi), resulting in massive economic losses [39]. CyHV-3 is a member of the genus Cyprinivirus in the family Alloherpesviridae, which consists of herpesviruses that infect fish and amphibians.



In addition to CyHV-3, the genus Cyprinivirus contains two other economically important viruses: anguillid herpesvirus 1 (AngHV-1) and cyprinid herpesvirus 2 (CyHV-2) [40]. AngHV-1 infects the European eel (Anguilla anguilla), Japanese eel (Anguilla japonica), and American eel (Anguilla rostrata) [41]; CyHV-2 also infects goldfish (Carassius auratus) and the closely related Prussian carp (Carassius gibelio) and crucian carp (Carassius carassius) [42]. Like zebrafish, the natural hosts of CyHV-2 and CyHV-3 are also members of the family Cyprinidae. Cypriniviruses cause diseases only in their natural host species, which suggests the existence of restrictions related to host cell susceptibility (i.e., the ability to support virus entry) and host cell permissivity (i.e., the ability to support viral replication and the transmission of viable viral progeny to new cells, although the former may occur without the latter). Notably, experiments relying on infection of cell lines have demonstrated the ability of cypriniviruses to infect, even if inefficiently, cells originating from non-natural host species. Indeed, both CyHV-2 and CyHV-3 are capable of infecting cell lines derived from species within the family Cyprinidae that are not their natural hosts [39,42], with CyHV-3 already known to infect zebrafish cell lines [38]. Similarly, despite not naturally infecting species outside of the family Anguillidae, it has been demonstrated that AngHV-1 can infect at least one cell line derived from a member of the family Cyprinidae [43]. These data suggest that the ability of cypriniviruses to induce diseases only in their natural host species may be related to complex host-virus interactions downstream of host cell susceptibility.



In the present study, we conducted an in-depth evaluation and comparison of AngHV-1, CyHV-2, and CyHV-3 in terms of their ability to infect zebrafish models both in vitro and in vivo. These experiments involved the exploitation of recombinant viruses expressing reporters, timelapse epifluorescence microscopy in vitro, live imaging and transcriptomics in vivo; and finally, the generation of CRISPR/Cas9 mutant hosts to investigate the potential modulation of zebrafish permissivity to infection. Our study strongly supports the importance of the innate immune response alone in clearing viral infection and emphasizes the high degree of adaptation that cypriniviruses have undergone to facilitate successful circulation within their respective natural hosts. It also highlights the potential value of the CyHV-3-zebrafish model versus CyHV-3-carp models to study the fundamental features of virus-host interactions.




2. Materials and Methods


2.1. Cells and Viruses


The zebrafish embryonic fibroblast cells line (ZF4) [44] was kindly provided by Dr K. Rakus (Department of Evolutionary Immunology, Jagiellonian University, Poland) and cultured in advanced Dulbecco’s modified Eagle’s Medium/Ham’s F-12 (Gibco, New York, NY, USA), supplemented with 10% foetal calf serum (FCS), 2% penicillin–streptomycin (Sigma-Aldrich, St. Louis, MO, USA) and 1% L-glutamine (Lonza, Basel, Switzerland). Cells were cultured at 25 °C in a humid atmosphere containing 5% CO2. Eel kidney (EK-1) [45], Ryukin goldfish fin (RyuF-2) [46], and common carp brain (CCB) [47] cell lines were used to produce stocks of AngHV-1, CyHV-2, and CyHV-3, respectively. These cells were cultured as described previously [46,48,49].



Three previously described recombinant viral strains were utilized. The CyHV-3 FL BAC revertant ORF136 Luc strain (referred to as CyHV-3 Luc; GenBank accession KP343683.1) was derived from the CyHV-3 FL BAC plasmid and encodes a firefly (Photinus pyralis) luciferase (Luc2) reporter cassette driven by a human cytomegalovirus (CMV) promoter inserted between ORF136 and ORF137 [50]. The AngHV-1 Luc-copGFP and the CyHV-2 Luc-copGFP recombinant strains both encode the same reporter genes consisting of the Luc2 cassette and a copepod (Pontellina plumata) GFP (copGFP) cassette linked by a T2A sequence, driven by a eukaryotic translation elongation factor 1 alpha (EF-1α) promoter. To generate these recombinants, the dual Luc2/copGFP cassette was inserted in the region between ORF32 and ORF33 in the AngHV-1 UK parental strain genome (GenBank accession MW580855.1) [40] (Delrez et al., unpublished data) and in the intergenic region between ORF64 and ORF66 in CyHV-2 YC-01 parental strain genome (GenBank accession no. MN593216.1) (He et al., unpublished data) using homologous recombination in eucaryotic cells, as described previously [50].



In addition to the three recombinant strains described above, a fourth strain, expressing enhanced (EGFP), referred to as the CyHV-3 EGFP strain, was derived from the CyHV-3 Luc strain and constructed specifically for this study. Details relating to the generation and verification of this strain are provided in Methods S1.




2.2. In Vitro Experiments


2.2.1. Virus Infections


ZF4 cells cultured in 24-well plates were mock-infected or infected at 24 hours (h) after seeding. Virus was diluted in 0.5 mL serum-free cell culture medium to provide a multiplicity of infection (MOI) of 3 plaque forming units (PFU)/cell. After incubating for 2 h, 1 mL fresh cell culture medium was added without removing the inoculum, and the cells were incubated at 25 °C with 5% CO2.




2.2.2. Timelapse Imaging of Infected Cells


At 24 h post infection (hpi), virus-infected ZF4 cells in 24-well plates were placed in an IncuCyte Zoom HD/2CLR microscopy system (Sartorius), which was maintained at 25 °C with 5% CO2. Each well was imaged at 9 different fields of view every 2 h from 1–11 days post infection (dpi). Images were collected in phase contrast and in the green (GFP) channels. Each infection was done in triplicate wells.




2.2.3. Image Analysis


Data from timelapse imaging of infected cells was analysed using the Fiji plugin TrackMate (v7.7.2) [51] to track fluorescent reporter expression from individual ZF4 cells infected with CyHV-2 or CyHV-3, and by extension, to identify cell infection and cell death events with respect to time. Image sequences containing 123 frames/field of view/well were generated using a series of images acquired from 1 to 11 dpi. Analysis was performed using the default settings with LoG Detector and Simple LAP Tracker. Additional parameters were adjusted empirically in order adequately to detect and monitor fluorescence from infected cells within frames (estimated object diameter: 28.6 pixels; quality threshold: 1). Data were exported in .csv format and imported into GraphPad Prism (v8.0.1) for further analysis and visualization.





2.3. Experiments Using Zebrafish


2.3.1. Zebrafish Larvae Maintenance


Wild-type (WT, +/+) AB strain adult zebrafish (Danio rerio) were obtained by natural spawning and maintained at 27 °C, on a 14/10 h light/dark cycle. They were housed in the GIGA Zebrafish facility in Liège (Belgium) according to animal research guidelines and with the approval of the local ethical commission for animal care and use. Larvae were obtained by pairwise mating of adults in mating cages and maintained in petri dishes with standard embryo medium (E3) and incubated at 25 °C prior to use in experiments.




2.3.2. Inoculation of Larvae by Immersion


Zebrafish larvae (3 days post-fertilization (dpf)) were placed in 24-well plates containing 1 mL E3 medium and either mock-infected or infected by immersion. For infection, virus suspensions were added to each well and mixed gently (final concentration: 4000 PFU/mL), and plates were incubated at 25 °C.




2.3.3. Inoculation of Larvae by Microinjection


Borosilicate glass capillaries were loaded with 10 µL of medium containing virus suspensions (1.2 × 106 PFU/mL) and then connected to a FemtoJet microinjector (Eppendorf, Framingham, MA, USA) as described elsewhere [52]. After breaking the capillary tip, the pressure was adjusted to obtain droplets with a diameter of ~0.13 mm. Larvae (3 dpf) were anesthetized in a bath containing tricaine (0.2 mg/mL). The fish were positioned on a petri dish, and the surface of the dish was dried entirely in order to avoid drifting of the larvae during viral injections. In order to visualize the hearts of the larvae, the petri dish was placed under a binocular magnifier (LEICA MZ6) at 4x magnification and illuminated by an external light source (LEICA CLS 50X). The capillary was then manually inserted into the pericardial cavity and three pulses were performed to inject approximately 3 nL of virus suspension (infected fish) or 3 nL of PBS (mock-infected fish). After microinjection, the larvae were transferred into individual wells in a 24-well plate containing 1 mL E3 medium and incubated at 25 °C.




2.3.4. Epifluorescence Microscopy


The progression of infection with recombinant viruses expressing fluorescent reporters was monitored using epifluorescence microscopy. This facilitated longitudinal observation of the same larvae at multiple timepoints. Prior to observation, larvae were anesthetized in a bath of E3 medium containing tricaine (0.2 mg/mL) and methylcellulose (2% w/v) in order to avoid drifting of larvae. Imaging of larvae was performed using a Leica DM2000 epifluorescence microscope at 5× and 10× magnification. After imaging, larvae were immediately transferred back to their individual wells and returned to the incubator. After the final observation timepoint, larvae were euthanized using an overdose of tricaine in E3 media (400 mg/L).




2.3.5. In Vivo Bioluminescent Imaging


An in vivo imaging (IVIS) system (IVIS Spectrum, PerkinElmer) was used to detect bioluminescence in larvae infected with Luc2-expressing recombinant viruses, thus facilitating the monitoring and quantification of viral levels in vivo. At the time of imaging, larvae were anesthetized (as described for epifluorescence microscopy analysis), injected with ~3 nL of D-luciferin (15 mg/mL), and imaged 5 minutes (min) after injection. Images were acquired using the following settings: field of view A, small binning, automatic exposure time with a maximum of 1 min and a subject height of 0.30 cm. Unlike epifluorescence analysis, longitudinal monitoring of individual larvae was not possible due to the harmful effects of repeated D-luciferin injections in the same larvae. Relative bioluminescence intensities were analysed using Living Image software (v4.7.3). Regions of interest (ROIs) were drawn by manually outlining the larval body, and bioluminescence within the ROI was recorded in terms of mean radiance (photons/s/cm2/sr).




2.3.6. In Vivo Timelapse Imaging


For time-lapse imaging, live larvae infected with CyHV-3 EGFP were imaged using a Zeiss Z1 light sheet microscope according to the protocol described elsewhere [53]. Briefly, larvae were embedded inside FEP tubes containing 0.1% low melting point agarose and tricaine (55 µg/mL) and maintained at 27 °C. Z-stacks encompassing the entire head and heart regions were acquired every 10 min from 2 to 3 dpi and were used to generate a maximum-intensity projection video with ImageJ.




2.3.7. Ethics Statement


The experiments performed in the present study did not require a bioethical permit as they involved the use of larvae before implementation of feeding. However, all experiments were designed and conducted in accord with the 3R rules and other bioethics standards.





2.4. RNA-Seq Analysis


2.4.1. Zebrafish Larvae Infection, Sampling and Lysis


WT AB zebrafish larvae were inoculated with CyHV-3 EGFP (1.2 × 106 PFU/mL) or mock-infected with PBS via pericardial microinjection. The larvae were placed in 24-well plates with 1 mL E3 medium per well and incubated at 25 °C. Infected and mock-infected larvae were sampled at 1, 2 and 4 dpi (triplicates at each timepoint with 5 larvae pooled per replicate). Prior to sampling, larvae were euthanized using an overdose of buffered tricaine in E3 media (400 mg/L). Each replicate group of euthanized larvae was transferred immediately to 1.5 mL tubes, excess E3 medium was removed, and 700 μL QIAzol lysis reagent (Qiagen, Hilden, Germany) was added. Whole larvae were then completely homogenized in lysis reagent by passing the lysate through a 21 G needle 20 times using a 2 mL syringe. After homogenization, lysates were stored at −80 °C until RNA isolation.




2.4.2. RNA Isolation, Library Construction and RNA Sequencing


Larvae lysates were thawed and incubated at room temperature for at least 5 min and 140 μL chloroform was added to each sample. Lysates were then vortexed for 15 s, incubated at room temperature for 3 min and centrifuged for 15 min at 12,000× g at 4 °C. After centrifugation, 240 μL of the aqueous layer was removed and 360 μL of 100% ethanol was added with immediate mixing by pipetting. Samples were then added to RNeasy spin columns, and RNA was isolated using an RNeasy Mini Kit (Qiagen, Hilden, Germany) with on-column DNase treatment. RNA was eluted in 100 μL RNase-free water using two 50 μL elution steps, and split into smaller aliquots for storage at −80 °C. For each sample, a single aliquot was used to check the quality of RNA using an Agilent Bioanalyzer, ensuring that RNA integrity (RIN) values were at least 9.5 before proceeding. Samples were used as input for barcoded RNA-Seq library preparation using the TruSeq Stranded mRNA kit (Illumina), and libraries were sequenced using the Illumina NextSeq 500 System.




2.4.3. Bioinformatics Analysis


Sequence reads were aligned to the zebrafish reference genome GRCz11 (Ref Seq: GCF_000002035.6) in order to generate gene expression data. The data were used to identify differentially expressed genes (DEGs) in infected samples relative to non-infected samples (defined as those with false discovery rate (FDR) adjusted p-values < 0.05). DEGs were analysed further to identify functional relationships, and expression data were analysed to identify gene-sets that were significantly enriched in infected samples relative to non-infected samples. A non-abbreviated summary of the bioinformatic analysis conducted in this study is provided in Methods S2.





2.5. Mutant Zebrafish Experiments


2.5.1. Generation of Mutant Zebrafish Strains Using CRISPR/Cas9


The mut eif2ak2 (pkr)ulg025, mut pkzulg027, and mut eif2ak2 (pkr) L15-1 knockout (KO) zebrafish lines, hereafter referred to as the PKR-KO, PKZ-KO and PKR-PKZ-KO mutant strains, were generated by CRISPR/Cas9 technology as described previously [54,55,56]. The nls-zCas9-nls mRNA was synthesized by transcription of the plasmid pT3TS-nCas9n (Addgene #46757). First, WT strain AB zebrafish were used to generate the mutant strains PKR-KO and PKZ-KO (Figure 1a). To generate the PKR-KO and the PKR-PKZ-KO mutant strains, CHOPCHOP [57] software was used to design two single-guide RNAs (sgRNA) GAGCACTCACAGTGATGAACCGG and CCACCGTGAACAGGCATCT (PAM motifs are underlined) to target exon 2 of the WT eif2ak2 (or pkr) gene (NCBI/Entrez/GenBank Gene ID: 100001092) and exon 1 of the WT pkz gene (NCBI/Entrez/GenBank Gene ID: 503703), respectively (Figure 1a). sgRNAs were generated by in vitro transcription from oligonucleotide templates using the MEGAscript T7 transcription kit (Ambion) as described previously [58]. The DNA templates were prepared by annealing and filling two oligonucleotides containing the T7 promoter sequence and the target sequences as previously described [56]. One-cell stage zebrafish embryos were injected with approximately 1 nL of a solution containing 50 ng sgRNA and 300 ng nls-zCas9-nls mRNA. The efficiency of mutagenesis was checked by genotyping using heteroduplex migration assays after amplification of targeted genomic sequences. Founder embryos (F0 generation) carrying a germline mutation in eif2ak2 or pkz were raised to adulthood and outcrossed with WT fish to generate heterozygous F1 fish. Fish harbouring frameshift mutations were kept and used to raise F2 homozygous stable knockout lines. Subsequently, PKZ-KO mutant strain zebrafish were then used to generate the double KO PKR-PKZ-KO mutant strain by repeating the process used to generate the PKR-KO mutant strain (Figure 1a). These mutations all resulted in genes producing truncated proteins and were verified by PCR (Figure 1b).




2.5.2. Genotyping of Zebrafish Mutant Lines


The genotyping of WT, PKR-KO, PKZ-KO, and PKR-PKZ-KO zebrafish was performed by polymerase chain reaction (PCR). In order to extract the DNA, two randomly selected zebrafish larvae (4 dpf) were euthanized per mutant line. Each larva was transferred to an Eppendorf tube containing 25 µL 50 mM NaOH, heated at 95 °C for 25 min, and cooled on ice for 10 min. Finally, 2.5 µL 1M Tris-HCl pH8.0 was added, and cellular debris was pelleted by brief centrifugation for 15 sec. DNA concentration was determined by measuring A260 (NanoDrop 2000, Thermo Scientific, Waltham, NJ, USA), and ~2.5 µL of the resulting lysate was used per standard PCR reaction with gene-specific primers (Table S1). PCR reactions consisted of 1× Thermopol buffer (New England Biolabs, Ipswich, MA, USA), 0.025 U/µL Taq Polymerase (New England Biolabs), 300 nM forward and reverse primers, and 60 nM dNTPs (total volume 25 μL). The cycling conditions were as follows: 95 °C for 2 min, 40 cycles of 45 s at 95 °C, 45 s at 60 °C, 20 s at 72 °C, and ending with 72 °C for 10 min.




2.5.3. Quantification of Viral Genome by TaqMan PCR


Larvae were euthanized using an overdose of tricaine, transferred into RNAlater (Thermo Fisher, Waltham, NJ, USA) and stored at −20 °C. DNA was extracted from whole larvae with a DNeasy Tissue Kit (Qiagen, Hilden, Germany), and approximately 1 ng genomic DNA was used for each TaqMan PCR reaction. TaqMan qPCR reactions consisted of 1× IQ Supermix (Bio-Rad, Hercules, CA, USA), 200 nM forward and reverse primers, and 400 nM TaqMan probe (total volume of 25 μL). The primers and probes used are provided in Table S1. The PCRs were performed using a CFX96 Touch real-time PCR detection system (Bio-Rad, Hercules, CA, USA) with detection in the FAM channel. The cycling conditions were as follows: 95 °C for 15 min, 40 cycles of 15 s at 94 °C, and 60 s at 60 °C. Each sample was analysed in triplicate. Viral genome copies were normalized to zebrafish genome copies (internal control) by also amplifying zebrafish genomic DNA as described previously [59]. Viral and zebrafish (internal control) PCRs were performed in separate wells, but always on the same plates. Negative template controls and positive controls were included on each plate. Data were exported to Excel using CFX Manager v3.0 software (Bio-Rad, Hercules, CA, USA). Relative levels of viral genome copies were calculated using the 2−△△CT method as described previously [60].





2.6. Statistical Analysis


Each dataset was first tested for normality using the Shapiro–Wilk test, which was conducted as a stand-alone test or as part of a two-way ANOVA analysis of residuals implemented in GraphPad Prism (v8.0.1). The omnibus tests used were dependent on the outcome of the Shapiro-Wilk tests. For datasets exhibiting normal distribution, One-way ANOVA, Two-way ANOVA, or Two-way repeated measures (RM) ANOVA were used and implemented in GraphPad Prism. For datasets not exhibiting normal distribution, the Durbin test was used (PMCMR package v4.4 [61]), implemented in R (v4.2.0) [62]. The variables of interest relating to each of these tests and their significance are described in the text. Survival curves were compared using Logrank tests implemented in GraphPad Prism



Post-hoc multiple comparisons between groups of interest were made using either the Sidak test (two groups) or the Tukey test (more than two groups) implemented in Graphpad Prism (in conjunction with ANOVA tests), for data exhibiting normal distribution. Multiple comparisons were made using Dunn’s pairwise test (FSA package v0.9.3 [63]) with Benjamini-Hochberg p-value adjustment done using the p.adjust function in R (in conjunction with the Durbin Test), for datasets not exhibiting normal distribution. For the purposes of visual clarity, only significant results from post-hoc multiple comparisons are indicated in each corresponding figure. The results of multiple comparisons tests are represented using the following symbols, * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.





3. Results and Discussion


3.1. ZF4 Cells Express Low Susceptibility and Reduced or Even No Permissivity to Cyprinivirus Infection Leading to Abortive Infection of Cell Monolayers


In this experiment we tested the susceptibility and permissivity of the ZF4 cell line to infection with AngHV-1, CyHV-2 and CyHV-3, using recombinant strains expressing green fluorescent proteins as reporters. Cells were monitored from 1 dpi onwards using epifluorescence microscopy. At 1 dpi, infected cells were observed, with much less AngHV-1 infected cells relative to CyHV-2 and CyHV-3. The amount of CyHV-2 and CyHV-3-infected cells increased from 1–4 dpi, while the amount of AngHV-1-infected cells decreased after 2 dpi (Figure 2).



Syncytia formation, lysis plaques, or other cytopathic effects (CPE), were not observed in monolayers infected with CyHV-2 or CyHV-3. Together, these data revealed that ZF4 cells expressed some level of susceptibility to the cypriniviruses tested, no permissivity to AngHV-1 infection, and greatly reduced permissivity to CyHV-2 and CyHV-3 infection relative to typical observations in cells derived from their respective natural hosts that are routinely used for culture of these viruses.



To further characterise the infection of ZF4 cells by the three cypriniviruses in a more quantitative manner, we utilized timelapse microscopy (Figure 3). ZF4 cells were infected, and the numbers of infected cells present with respect to time were tracked from 1–11 dpi as illustrated in Figure S2. Again, the number of AngHV-1 infected cells were low relative to CyHV-2 and CyHV-3 infections and did not increase over time. Consequently, AngHV-1 was excluded from further quantification analysis in vitro. None of the infections led to the formation of detectible CPE. We observed a steady increase in CyHV-2- and CyHV-3-infected cells from ~24–144 hpi, followed by a rapid clearance of both viruses from ZF4 monolayers (Figure 3). As evident in Figure 2, during the most rapid period of virus propagation within the monolayer (from ~24–144 hpi) the rate of CyHV-2 and CyHV-3 spread was not exponential (Figure 3), indicating poor replication efficiency within infected cells and/or reduced transmission of progeny virus to additional cells.



In the CyHV-2-infected monolayers, the peak of infected cells occurred at 146 ± 4 hpi with a mean of 58 ± 7 infected cells observed per well (sum of nine different fields of view in each well, sums from three replicate wells used to derive mean). This peak occurred earlier in CyHV-3-infected monolayers at 124 ± 11 hpi with a mean of 59 ± 13 infected cells at this point. Overall, time postinfection was shown to have a significant effect on the number of CyHV-2 and CyHV-3-infected cells observed (Two-way RM ANOVA, p value < 0.0001), but there was no significant difference between the two viruses in this respect (Two-way RM ANOVA, p value = 0.3164) (Figure 3).



However, from ~24–144 hpi, the mean number of infected cells tended to be higher in the CyHV-3-infected monolayer. For example, at 48 hpi there was a mean of 21 ± 6 CyHV-3-infected cells observed per well compared to a mean of 12 ± 3 CyHV-2-infected cells. From ~144–264 hpi, the number of infected cells evolved similarly for both viruses, with infected cell numbers decreasing steadily until the end of the experiment, representing the gradual clearance of infected cells from the monolayer (Figure 3). Notably this clearance was largely characterized by apoptosis-like morphological changes.



These two time-ranges, i.e., ~24–144 hpi and ~144–264 hpi, corresponded to periods approximately before and after the peak of infected cells, respectively. Thus, we further scrutinized these two distinct periods separately in order to determine the extent of any differences between CyHV-2 and CyHV-3. After defining the timepoints corresponding to the latest infection peak in each replicate, we examined the two distinct periods of infection, comprised of viral propagation (pre-peak) and clearance (post-peak), by quantifying the appearance (beginning of infection) and disappearance (cell death) of infected cells (Figure 4). This revealed that infected cells appeared at a mean rate of 0.64 ± 0.05 cells per hour for CyHV-2 and 0.78 ± 0.13 cells per hour for CyHV-3 before the peak, with no significant differences between the two viruses in this respect (Two-way ANOVA, p value = 0.1704). It also revealed that a mean of 75 ± 4.16% and 72 ± 8.89% of newly infected CyHV-2 and CyHV-3 cells appeared before the peak of infection, respectively, in what appears to have been several waves of infection (Figure 4). For both viruses, in all replicates, an initial peak of infected cell appearance occurred at ~36 hpi, followed by a period of particularly low appearance of newly infected cells until after ~48 hpi. This may represent the transmission of the first generation of viral progeny to the second generation of infected cells (from ~24–36 hpi), and subsequent progeny to the next generation of infected cells (occurring after ~48 hpi). However, the low numbers of newly infected cells yielded from this transmission provides more evidence to support the possible inefficient replication and/or transmission of CyHV-2 and CyHV-3 between ZF4 cells (as observed in Figure 2).



For both CyHV-2 and CyHV-3, a substantial amount of newly infected cells (25–30%) appeared after the peak, even beyond 10 dpi, indicating that transmission of viral progeny was sustained into the later stages of the experiment. We have recently demonstrated that CyHV-3 virions lose infectivity rapidly in cell culture media (>95% by 24 h) [64], thus excluding the possibility that newly infected cells, particularly beyond 10 dpi, could have originated from the initial inoculum due to delayed viral entry into cells. It is also unlikely that we are observing delayed expression of viral genes, as all fluorescent reporters used in this experiment were driven by highly active constitutive promoters (CMV and EF-1α). Also, we reasoned that because cells expressing fluorescent reporters are actively cleared at increased rates and appear at decreased rates as the experiment continued, the outcome is distinct from that of spurious reporter expression (i.e., without expression of other viral genes, owing to integration of the expression cassette into the host cell genome), which should persist for longer without triggering cell death. Together, these observations indicated the occurrence of at least some viral progeny transmission to non-infected cells after an initial round of viral replication. However, as increase in the numbers of newly infected cells was not exponential, but linear, it indicated that efficient replication and/or transmission of CyHV-2 and CyHV-3 was very rare in ZF4 cells. Nonetheless, it provided evidence that ZF4 cells are transiently permissive to CyHV-2 and CyHV-3 infection. The observation of isolated infected cells without plaque formation indicated the absence of transmission via cell-cell contact. This may indicate a high degree of heterogeneity within ZF4 monolayers regarding susceptibility to these viruses, or very strong or fast innate responses in neighbouring cells. Within at least one permissive cell line, CyHV-3 cell-cell transmission may be greatly enhanced by syncytia formation (in particular with CyHV-3 FL strain derived recombinants, which we recently described [64]). However, we observed a notable lack of syncytia formation among CyHV-3-infected ZF4s, which may also contribute to reduced transmission via cell-cell contact.



It is important to note that for all viruses used in this study, the use of a high MOI of 3 (although calculated in the context of permissive cell lines used for viral production), did not result in many initial infected ZF4 cells, indicating a general lack of cyprinivirus susceptibility among ZF4 populations. This may happen for many reasons, for example, a lack of optimum cell surface receptors, resulting in inefficient viral entry. Conversely, entry may occur, but the viral replication may not commence due to a lack of crucial cellular factors. The exact reasons for this remain speculative and are beyond the scope of this present study, but it provides an opportunity for further investigation via single cell sequencing analysis in the future.



Notably, cell death before the infection peak was low with 74 ± 0.03% and 74 ± 0.07% of CyHV-2 and CyHV-3-infected cells dying after the peak, respectively. Therefore, the higher transmission, prior to the peak, was not reliant on the release of virions via infected cell lysis/death but rather on the normal mechanism of herpesvirus egress [65,66]. Programmed cell death prior to completion of the viral replication cycle in particular acts as an innate defence mechanism which infected cells can employ to reduce virus replication [67]. Indeed, this is what was observed post infection peak, with an increase in cell death correlating with a reduction in newly infected cells (Figure 4). We propose that relative to cells at the earlier stages of the experiment, both infected and uninfected cells present at later stages would have been subject to cytokine stimulation as part of the innate immune response. Even if such stimulation was transient, these cells (many of which may exhibit limited susceptibility to begin with) may have adopted a stronger antiviral-state at later stages of the experiment.



In order to compare the virulence of CyHV-2 and CyHV-3 in ZF4 cells, we returned to the data Figure 3 and monitored all positive cells present at 120 hpi until their death, using this information to generate survival curves (Figure 5). This 120 hpi timepoint was selected, as it represented the earliest peak of infection out of the six that were defined in Figure 4, thus maximizing infected cell sample size while using a common timepoint for all groups. The median survival time for infected cells was 61 ± 3 h and 53 ± 12 for CyHV-2 and CyHV-3-infected groups, respectively. Although CyHV-2-infected cells tended to survive longer, there was no significant difference survival between the two groups (Log-rank Mantel-Cox test, p value = 0.0822).



In the majority of cases, death events were morphologically consistent with apoptosis, i.e., cell shrinkage, membrane blebbing leading to the appearance of cell debris resembling apoptotic bodies [68,69,70]) (Figure 6a, top panel). However, the occurrence of apoptosis was not definitively confirmed by staining. We also observed another distinct type of cell death that was not morphologically consistent with apoptosis. In these cases, morphological features mostly included initial cell swelling, followed by cell shrinkage and an absence of cell debris resembling apoptotic bodies prior to disappearance of fluorescent signal (Figure 6a, bottom panel). This is somewhat morphologically consistent with necrosis, where cell-death is associated with membrane rupture and leaking of cytoplasmic contents [68,69,70].



Notably, necrosis can also be initiated in a highly regulated manner known as necroptosis, which acts as a back-up for apoptosis [71,72]. However, it was not possible to differentiate between necrosis and necroptosis based on our morphological observations alone, and as with apoptosis, neither were definitively confirmed via staining. In any case, the apoptosis-like form of cell death was observed to be the dominant form of death among infected cells (Figure 6b). However, there were differences between the two viruses in this respect (Two-way ANOVA, p-value = <0.0001), with the proportion of CyHV-3-infected cells undergoing apoptosis-like cell death being significantly lower (Figure 6b), possibly indicating that CyHV-3 may be more efficient at blocking this apoptosis-like death in ZF4 cells. There was no significant difference between the two viruses in terms of survival times (Two-way ANOVA, p-value = 0.1112). However, among CyHV-3-infected cells, those undergoing non-apoptosis-like death exhibited significantly longer survival times than those undergoing apoptosis-like death (Figure 6c).



Previously, a separate study demonstrated that CyHV-3 could indeed infect ZF4 cells, with increasing viral RNA levels observed from 1–4 dpi, and an absence of CPE was also noted [38]. However, the viral dosages used were not directly comparable with this present study, and the possibility of viral clearance after 4 dpi was not investigated. In this present study, we monitored the progression of CyHV-3 infections for much longer (up to 11 dpi). Crucially, through the exploitation of reporter genes, in addition to demonstrating viral gene expression, we were also able to identify and quantify new cell infection events. This revealed continuous CyHV-3 transmission right up until the clearance of infection, albeit with increasingly reduced rates of newly infected cells. While we demonstrated that ZF4s are certainly susceptible to CyHV-3 infection, any initial productive infections leading to transmission of viable progeny were not sustained. Thus, ZF4 cells are transiently permissive to CyHV-3 with inefficient viral replication/transmission unable to overcome the innate immune response among infected and non-infected cells. This may be similar to previous observations with snakehead fish vesiculovirus (SHVV) infections in ZF4 cells where initial increases in virus levels were followed by a decrease, corresponding to ISG upregulation [73].



Unlike CyHV-3, prior to this study, the susceptibility ZF4 cells to AngHV-1 and CyHV-2 had not been investigated. Our results indicate that while ZF4 cells are also susceptible to both AngHV-1 and CyHV-2 infection, they are only permissive to the latter. However, as with CyHV-3, permissiveness to CyHV-2 infection was moderate and transient. These similarities between CyHV-2 and CyHV-3, and their differences to AngHV-1 in this context may reflect the fact that CyHV-2 and CyHV-3 are phylogenetically closer to each other, than each are to AngHV-1 [40,74,75,76]. Furthermore, given their natural host species, it stands to reason that CyHV-2 and CyHV-3 may also be inherently better adapted to growing in ZF4 cells relative to AngHV-1. Despite the lack of sustained permissivity to cypriniviruses, these in vitro experiments with ZF4 cells did provide some indication that the same recombinant viruses may be used to study transient cyprinivirus infection and clearance in zebrafish larvae, which, for many reasons (outlined earlier), may represent a valuable virus-host model.




3.2. Zebrafish Larvae Are Susceptible to CyHV-2 and CyHV-3 but Not to AngHV-1 Infection. Inoculation by the Two Cyprinid Herpesviruses Leads to an Abortive Infection


We next investigated the susceptibility and permissivity of zebrafish larvae to the same three cypriniviruses. To investigate this, we used WT AB zebrafish larvae at 3 dpf. In the first experiment, larvae were infected with the same recombinants previously used (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6). Larvae were inoculated by pericardial microinjection with 1.2 × 106 PFU/mL of each recombinant or PBS. In parallel, larvae were also infected by immersion with a final concentration of 4000 PFU/mL of each recombinant or PBS. The susceptibility of larvae to these viruses was assessed using epifluorescence microscopy to detect reporter expression from each recombinant. Independently of the mode of inoculation used or the virus, no morbidity or mortality was observed among larvae. Epifluorescence microscopy indicated no infection in larvae inoculated by immersion. Conversely, viral infection was detected from 1 dpi in larvae inoculated with CyHV-2 and CyHV-3 by microinjection (Figure 7a) with no fluorescence detected in the AngHV-1 inoculated group. Fluorescence intensity in CyHV-2 and CyHV-3-infected larvae increased from 1–2 dpi. However, as per earlier in vitro observations, these infections were transient, with fluorescence intensity (Figure 7a) and the numbers of infected larvae (Figure 7b) decreasing by 4 dpi. While the pattern was similar for both viruses, the CyHV-3 group exhibited greater fluorescence intensity and significantly higher rates of infected larvae (Two-way RM ANOVA p-value = 0.0214). Infection clearance was most pronounced in the CyHV-2-infected group, with a significantly higher proportion of larvae infected at earlier timepoints exhibiting viral clearance by 4 dpi relative to CyHV-3 (Figure 7b). The differences between these three cypriniviruses were investigated further by measuring Luc2 expression from recombinants, representing a more quantitative comparison of viral levels in vivo. This involved the same AngHV-1 and CyHV-2 recombinants used in Figure 7a, with CyHV-3 EGFP replaced with CyHV-3 Luc. Larvae were inoculated or mock-inoculated as per Figure 7a. Again, no mortality was observed in any groups and no infection was detected in the AngHV-1 group. The CyHV-3-infected group exhibited significantly higher viral levels relative to CyHV-2 (Durbin Test, p-value = 0.0008), indicating that CyHV-3 replicates better in this model. Also, for both CyHV-2 and CyVH-3, a reduction in virus levels occurred at 3 dpi, coinciding with a reduction in the numbers of infected fish, indicating the initiation of viral clearance. However, as per Figure 7b, clearance was significantly greater within the CyHV-2-infected group by 4 dpi (Figure 7c).



These experiments revealed that zebrafish larvae are not susceptible to any of these viruses via immersion, which may be considered a more natural route. This is similar to previous findings with CyHV-3 in Tübingen zebrafish larvae [38]. Conversely, larvae were susceptible to CyHV-2 and CyHV-3 when inoculated via pericardial microinjection, but not to AngHV-1 via the same route. In line with earlier observations in vitro, CyHV-2 and CyHV-3, which naturally infect members of the family Cyprinidae, are much more fit in this zebrafish model relative to AngHV-1. For CyHV-2 and CyHV-3, a peak of infection was reached at 2 dpi, with viral clearance initiating from 2–3 dpi. Notably, this is the first report of cyprinivirus infection in zebrafish larvae. Our observations are largely consistent with previous description of CyHV-3 infections in adult zebrafish (inoculation by intraperitoneal injection) [38]. There was also a notable lack of mortality in previous studies involving the challenge of zebrafish with other viruses of cyprinid fish [38]. One explanation is that zebrafish may naturally possess robust defences against other viruses that are closely related to CyHV-2 and CyHV-3 which may have circulated in their natural habitat during their evolution. However, few viruses are known to naturally infect zebrafish [1,19], thus it would be useful to determine if any extant uncharacterized members of the family Alloherpesviridae naturally infect zebrafish as a primary host, as it would open up new avenues of investigation with a valuable homologous herpesvirus-host model in zebrafish. It is also possible that this lack of mortality is related to the viral dose or even inoculation site, both of which can impact the severity of viral infections in zebrafish larvae, as exemplified elsewhere [77,78].



Our observations indicated that CyHV-3 exhibits greater fitness in these zebrafish models relative to CyHV-2. Thus, in addition to CyHV-3 being the most studied and the archetype fish alloherpesvirus [39], it also represented a more valuable model to utilize in the further study of alloherpesvirus infections in zebrafish larvae. Thus, CyHV-3 was selected for all further in vivo investigations in this study.




3.3. Pericardial Inoculation of Zebrafish Larvae with CyHV-3 Leads to Infection of Resident and Motile Cells around the Inoculation Site Followed by Their Apoptosis-like Death and Viral Clearance


Earlier experiments revealed that the levels of CyHV-3 signal increased from 1–2 dpi with clearance commencing from 2–3 dpi (Figure 7a,c). However, it remained unclear if increases in viral signal were merely due to increasing levels of viral gene expression or the numbers of infected cells. We chose to investigate this using light sheet microscopy to capture epifluorescence and brightfield images at regular intervals in live CyHV-3-infected larvae from 2–3 dpi and subsequently generated a timelapse video with this data (Video S1). This timepoint was selected as it overlapped with the highest viral signals and the beginning of the viral clearance process (Figure 7), and because no viable virus from the original inoculum should have persisted to this timepoint [64].



As per Figure 7a, the infection was mainly localized around the heart area, reflecting the inoculation route. In line with earlier observations, a reduction in viral levels commenced between 2.5–3 dpi (Figure 8a and Video S1). Notably, the data revealed a substantial upsurge in apoptosis-like cell death immediately prior to clearance, indicating that programmed cell death may also play a major role in this process in vivo (Figure 8b and Video S1). Although the occurrence of apoptosis in response to CyHV-3 infection in vivo was not confirmed by staining in this present study, our observations are similar to previous studies involving timelapse analysis of CHIKV-infected zebrafish larvae [23]. Throughout the monitoring period, highly motile cells, possibly macrophages or neutrophils, were also observed to be infected. These did not remain localized around the inoculation site. However, they were not observed to establish secondary infection sites elsewhere (Figure 8c and Video S1). Furthermore, some of these motile cells appeared also to undergo apoptosis-like and non-apoptosis-like cell death consistent with necroptosis (Video S1). Unlike earlier in vitro observations, this data did not provide unambiguous evidence of newly infected cells appearing before clearance commenced. Indeed, the induction of a programmed cell death response among infected cells in vivo, thus interrupting the CyHV-3 replication cycle, would lead to a reduction in successful CyHV-3 transmission to new cells. Consequently, CyHV-3 propagation in vivo may be sufficiently restricted to facilitate its clearance via the innate immune response alone. This hypothesis still implies that zebrafish cells are inherently permissive to CyHV-3 replication. However, this would, at the very least, require expression of all essential CyHV-3 protein coding genes in vivo. Thus, we subsequently investigated this and the nature of the innate immune response via transcriptomic analysis of infected larvae.




3.4. Transcriptomic Analysis of Infected Zebrafish Indicate Upregulation of ISGs, in Particular Those Involved in Programmed Cell Death, Innate Immune Response and PRR Signalling Pathways


In order to further characterise the response to CyHV-3 infection in this zebrafish larvae model in terms of the ISG upregulation, the potential involvement of programmed cell death (as indicated in Figure 8 and Video S1), and to establish the extent of CyHV-3 gene transcription in this model, we conducted transcriptomic analysis of infected zebrafish larvae. CyHV-3-infected and mock-infected larvae were sampled at 1, 2, and 4 dpi for RNA extraction and sequencing. RNA-Seq, yielded ~15–20 million reads per sample with data publicly available under BioProject Accession number PRJNA929940. Gene expression was compared between infected and mock-infected samples at each timepoint to identify DEGs. In line with viral levels observed in earlier experiments, viral RNA levels reached a peak at 2 dpi (0.34% of total transcriptome), falling considerably by 4 dpi (Table S2). Notably, transcription from all 155 CyHV-3 ORFs was detected by 2 dpi (Figure S3 and Table S3), indicating that indeed, in this model, cells may be permissive to CyHV-3 replication. Host differential gene expression in response to infection also peaked at 2 dpi, with 7.4% of expressed genes classified as DEGs (Table S2 and Figure S4).



Prior to this study, it was unknown how zebrafish larvae respond to CyHV-3 challenge in terms of type I IFN gene expression. Consistent with other reports [16], we found that ifnphi2 was not expressed at this developmental stage. The IFN response in zebrafish larvae relies on expression of ifnphi1 and/or ifnphi3 genes [16]. However, we did not observe convincing expression from either gene at any timepoint. Our sampling points range from at 1–4 dpi, which equate to 96–168 hpf, with previous studies indicating that WT AB zebrafish larvae are capable of expressing infphi1 and infphi3 by this developmental stage [16,23]. Notably, these previous studies, involving SVCV and CHIKV challenge, utilized RT-qPCR to detect IFN gene transcription, which may be more sensitive than RNA-Seq in some situations.



While CyHV-3 is known to inhibit the IFN-response in vitro [79,80], our observations do not necessarily indicate inhibition of the IFN-response in zebrafish. It is possible that the upregulation of IFN genes occurs very early after infection, returning to basal levels rapidly, prior to the first sampling point. The effects of this rapid and short-lived IFN response should be still observed in the form of subsequent ISG induction. Indeed, in this present study, the list of the 250 most significant DEGs at 2 dpi is dominated by typical ISGs (Table S4). This ISG induction in the absence of IFN detection is similar to previous studies with WT zebrafish larvae infected with nervous necrosis virus (NNV) [78]. In both studies, it is likely that IFN upregulation occurred prior to the earliest sampling point. However, the kinetics of Type I IFN induction in WT AB zebrafish may depend on the nature of the viral challenge (virus, dosage and inoculation site/route). For example, in previous studies in which WT AB larvae were inoculated with HSV-I and CHIKV (72 hpf), ifnphi1 upregulation peaked at 36 hpi [77] and 24hpi [23], respectively, with further differences in sustained upregulation after these timepoints. Furthermore, the expression of infphi1 and ifnphi3 may be model-specific. For example, Tübingen strain zebrafish larvae inoculated with Tilapia Lake Virus (TiLV) (48–60 hpf) were only observed to exhibit significant ifnphi1 upregulation but not insignificant infphi3 upregulation by 48 hpi [81]. It remains unclear if only one or both IFN genes are responsible for this ISG induction (Table S4) in our infection model, and this will be the subject of future studies, involving sampling at earlier timepoints.



We also conducted further characterisation of the main types of genes that were differentially expressed in response to CyHV-3 infection in zebrafish larvae. Using STRING, we generated a network (Figure 9) representing the functional relationships between the top 250 most significant DEGs at 2 dpi (Table S4). As expected, functional enrichment analysis of this network revealed that these DEGs were mainly associated with the immune and stress responses (Table S6). Three main clusters formed within this network. The largest cluster (Figure 9a) mainly represented genes involved in viral infection and cytokine responses. These include genes encoding the antiviral GTPase proteins such as mxa, mxb, mxc, and mxe, as well as rsad2 (or vig-1, viperin). This is consistent with previous observations in zebrafish larvae infected with NNV [78], Zebrafish Picornavirus (Zfpv) [19], and CyHV-3-infected adult zebrafish [38]. In terms of the cytokine response, genes encoding IFN regulatory factors irf7 and irf9 were also part of this main cluster. Notably, zebrafish irf3 was also among the top 250 most significant DEGs (Table S4), however as STRING returned no results for this gene, it was not included in the network in Figure 9. In addition, genes encoding other important elements of the IFN response, stat1a, stat1b, stat2, and augmentation and regulation of this response such as isg15 [30] were also featured in this cluster, consistent with zebrafish larvae responses to HHV-1 [77] and NNV [78].



The detection of “non-self” material in cells via PRRs is an important part of the innate immune response. Viral nucleic acids represent major PAMPs during infections, and genes encoding PRRs to detect these PAMPs were among the most significant DEGs in our experimental model. For example, genes encoding important zebrafish RIG-I-like receptor (RLR) orthologs, such as ifih1 (encoding MDA-5 ortholog) [82], and dhx58 (encoding LGP2 ortholog) [83] were centrally located within this large cluster (Figure 9a). An additional gene, rigi, encoding the zebrafish ortholog of RIG-I, the most-studied RLR [84], was also significantly upregulated in response to infection, but not among the top 250 most significant DEGs used to generate this network (274th most significant DEG, Table S5). Genes encoding other important components of the RLR viral RNA sensing apparatus such as trim25 [85,86] were also centrally located in this large cluster (Figure 9a). In addition to RLRs, other genes encoding RNA binding proteins are important actors in the innate immune response such as adar [87], eif2ak2 (encoding PKR ortholog) [88], pkz [88,89,90,91], and ifit10 (human IFIT5 ortholog) [92,93,94] also co-locate within the same large cluster. Interestingly, we noted that two additional genes, helz2a and helz2b, encoding proteins that may act as evolutionarily conserved RNA sensors [95], can be observed at the peripheral regions of this main cluster. Many known vertebrate dsDNA sensing PRRs are absent in teleost fish [95,96]. Of the few known genes encoding dsDNA sensing PRRs in zebrafish, which include ddx41 [77,97], cgasa [98], dhx9 [77], and dhx36 (the latter of which, may act as a conserved RNA and DNA PRR [99]), only cgasa was significantly upregulated, but not featured in the top 250 DEGs (623rd most significant DEG, Table S5). This may indicate that RNA sensing as opposed to DNA sensing PRRs represent an important part of the response to CyHV-3 infection in zebrafish larvae, even though it is a dsDNA virus. This is consistent with growing evidence for the role of RLRs in the detection of dsDNA viruses, such as members of the family Herpesviridae or Adenoviridae [100,101,102,103,104].



Within the largest cluster, in addition to genes being generally involved in antiviral responses, functional enrichment analysis identified a subset of clusters representing genes belonging to IFN signalling and necroptosis gene-sets (Figure 9a). The same functional enrichment analysis indicated that genes in the smaller central cluster were mainly involved in antigen processing and phagosome responses (Figure 9b), with genes in the smaller cluster on the right mainly related to the complement system (Figure 9c). Furthermore, the identification of the potentially most important hub nodes within the network in Figure 9 (based on maximal clique centrality) revealed that nodes representing RNA PRRs ifih1 (MDA5 ortholog) and dhx58 (LGP2 ortholog) were ranked highest, along with rsad2 (or vig-1, viperin ortholog), stat1a, irf7, isg15 and stat1b (Figure S5 and Table S7). Notably, all the top ten ranked hub nodes (twenty in total) represent genes located in the largest cluster (Figure 9a), most of which are described above.



Interestingly, in addition to many commonly studied ISGs, we also observed upregulation of genes encoding NACHT-domain and leucine-rich-repeat-containing (NLR) proteins, for example, loc100535428 (Table S4). These represent a protein-class that is now increasingly recognised as representing important elements of the innate immune response in teleost fish [19,105]. We also note the upregulation of many genes encoding uncharacterized products in response to CyHV-3 infection, some of which were >1000–5000-fold upregulated (Table S4). Focusing on those within the top 250 significant DEGs that were >100 fold upregulated, we noted that four of these were not previously described as being upregulated in response to infection or immune stimulation (Table S4). We also noted the upregulation of five non-coding RNA genes in response to CyHV-3 infection, one of which was >3000 fold upregulated (Table S4), representing the 6th most upregulated gene in the dataset. All other uncharacterized genes occurring within the group of top 250 most significant DEGs were further cross-referenced with existing GenBank entry information on predicted protein domains (Table S4). This revealed that three of these genes potentially encode additional NLR proteins, three encode RNA binding domains, and three encode proteins containing retrotransposon derived reverse transcriptase-like (RT-like) domains (Table S4). In the case of the latter, the three genes encoding RT-like domains are all paralogs of each other (KEGG Database) and similarly upregulated (>29–35-fold, Table S4). Further inspection of corresponding entries for these gene products in UniProt and InterPro revealed predicted retrotransposon gag, aspartic proteinase, RT, RNase H, and integrase domains, indicating they may indeed encode retrotransposon polyproteins. The domain organization and motifs are consistent with retrotransposons within the family Belpaoviridae [106] (also referred to as Bel/Pao, Class I retrotransposons based on previous classification systems [107]). It should be noted that the upregulation of retrotransposons and other transposable elements in response to infection has been observed in other organisms [108,109,110], and to the best of our knowledge this is the first description of this in a zebrafish model. Interestingly, upregulation of class I retrotransposons in zebrafish has also been observed in response to genome demethylation, leading to the induction of antiviral responses [111].



In further analysis, we expanded our investigation to all genes included in differential expression analysis at 2 dpi (Table S5), exploring the response to infection at a “gene-set level”. Using GSEA, we identified GO and KEGG pathway gene-sets that were to a significant extent positively or negatively enriched in CyHV-3-infected larvae at 2 dpi (Tables S8 and S9, Figure S6). Cytoscape was used to generate a network of these significantly enriched gene-sets based on the functional relationships between them (Figure 10), providing a greater insight into what biological processes are implicated in the response to CyHV-3 infection in zebrafish larvae, and how they are related. Notably, only one gene-set, “Ribosome” (DRE03010), was found to be significantly negatively enriched, with all other significant gene-set responses involving positive enrichment. During the process of generating the network presented in Figure 10, nodes (i.e., gene-sets) were clustered together based on their similarity coefficient (related to gene-set/functional overlap). This process resulted in the formation of several large clusters, which we numbered. Cluster-1 is the largest of these and exhibits the highest quantity of functional connections with surrounding clusters, and as such, it represents a major aspect of the response to CyHV-3 infection. Within Cluster-1, there are two main sub-clusters. One of these is dominated by gene-sets related to programmed cell death, the other is dominated by PRR signalling, pathogen and inflammatory response gene-sets. Notably, enrichment of the RIG-I-like signalling pathway, the Toll-like receptor signalling pathway, and the Herpes simplex virus 1 gene-sets are consistent with zebrafish larvae response to NNV infection [78]. In Cluster-1, the KEGG Necroptosis pathway (DRE04217) is the most significant positively enriched gene-set, and joint most significantly enriched gene-set overall (Tables S8 and S9). Notably, this pathway gene-set is functionally related to other gene-sets in the apoptosis and PRR/inflammatory/pathogen response sub-clusters (manually isolated from these two sub-clusters in Cluster-1, Figure 10), exhibiting gene overlap with 15/19 of these gene-sets, with eight of these resulting in similarity coefficients >0.02 and thus displayed in Figure 10. This reflects the substantial crosstalk that exists between programmed cell death and PRR signalling in response to infection [67,112].



The prominence of positively enriched necroptosis and apoptosis related gene-sets in Cluster-1 supports the hypotheses derived from earlier observations in vitro and in vivo (Figure 6 and Figure 8 and Video S1), that apoptosis-like and non-apoptosis-like programmed cell death feature heavily in the zebrafish response to CyHV-3 infection. One of the important genes in the necroptosis pathway is eif2ak2 (or pkr). It was identified as one of the main genes contributing to the enrichment signal for the necroptosis gene-set (Figure S7). It represents an important link between the innate immune response and the initiation of necroptosis [113]. This gene encodes a protein referred to as “interferon-induced, double-stranded RNA-activated protein kinase”, or more commonly, “Protein Kinase R” (referred to as PKR hereafter). PKR functions as both a general cellular stress sensor and PRR. Thus, it plays a diverse role in the innate immune response to viral infections and many fundamental cellular processes including programmed cell death [114].



PKR-mediated programmed cell death is important for the clearance of viral infections [113,115,116]; however, the antiviral roles of PKR are diverse. It also contributes to the antiviral actions of other enriched gene-sets within Cluster-1 (Figure 10). For example, in the “Herpes simplex virus 1” response gene-set (DRE05168), PKR is activated by dsRNA formed during infection, and subsequently phosphorylates eIF2α (its main substrate), resulting in the stalling of mRNA translation [114,115,117] (Figure 11a). However, some mRNA species are less affected by this [118,119,120]. This translational stalling also leads to the formation of stress granules (SGs) [121,122,123], which in some cases are important for detection of viral RNA via PRRs as in the “RIG-I-like receptor signalling pathway” (DRE04622) [124,125]. Furthermore, PKR also facilitates/promotes the NF-κB pathway, indirectly [114,118]. While this induces a pro-inflammatory response which may be useful in terms of counteracting infection, the accompanying pro-survival response (although helpful to some aspects of immune-response [126]), is counter to the pro-apoptotic function of PKR, but may act to only temporarily delay cell death [127]. Notably, expression from the zebrafish nfkb1 gene, which encodes the zebrafish NF-κB ortholog, was not significantly upregulated at 2 dpi in our model (Table S5 and Figure 11b).



PKR-mediated apoptosis can occur via the “extrinsic” FADD-caspase-8 mediated pathway [131]. The circumstances under which this occurs are quite diverse. For example, PKR-mediated translational inhibition leads to apoptosis [115,116] via depletion of cFLIP protein [112] which acts as an important inhibitor of caspase-8 (Figure 11b) [132,133]. PKR phosphorylation by PACT (in response to stress) can also lead to translational inhibition leading to caspase-8 dependent apoptosis [134], as can overexpression of PKR [135,136,137]. In addition to IFN stimulation leading to upregulation of PKR, IFN-stimulated PKR-mediated apoptosis can also occur via JAK/TYK-mediated phosphorylation of PKR [129]. Notably, along with eif2ak2 (encoding PKR), many other zebrafish genes encoding orthologs of ISGs involved in IFN-stimulated PKR-dependent apoptosis are also upregulated at 2 dpi in our model (Figure 11b,c). In parallel, PKR may also promote caspase-9 mediated apoptosis via the “intrinsic” apoptosis pathway. However, unlike caspase-8, caspase-9 was not upregulated at 2 dpi in our experiment (Figure 11b), indicating, as with other viral-host models [118,130,131], that caspase-8 mediated apoptosis also plays a more dominant role in response to infection in the CyHV-3-zebrafish larvae model.



Many viruses have evolved ways to interfere with apoptosis by disrupting elements of the FADD-caspase-8 pathway [72,114,138,139]. To counteract this, necroptosis may have evolved as a back-up mechanism of programmed cell death [72], which can occur via compromising of the cell membrane though action of MLKL [140] and/or production of reactive oxygen species [141]. This relies on the interaction of RIPK1 and RIPK3 for necrosome formation, a process that is inhibited by the FADD-caspase-8 complex [72,141,142]. Like apoptosis, PKR-mediated necroptosis can occur in response to IFNs, possibly requiring PKR interaction with RIPK1 [113]. While other groups have also observed a physical association between PKR and RIPK1 [143], the exact role that PKR plays in initiating necroptosis in response to IFN stimulation remains unclear [144]. Notably it has been proposed that IFN-stimulated PKR-mediated necroptosis is restricted to the G2M stage of the cell cycle, when FADD is disabled, preventing capase-8 inhibition of necrosome formation [113]. Given that in zebrafish larvae, and to lesser extent, in ZF4 monolayers, we expect widespread, frequent occurrence of mitosis, our models may be particularly predisposed to this type of PKR-mediated necroptosis. Notably, in addition to PKR itself, genes encoding zebrafish orthologs of ISGs involved in PKR-mediated necroptosis are also upregulated at 2 dpi (Figure 11c).



The eif2ak2 gene encoding PKR was also among the top 250 most significant DEGs in this study (Table S4) and identified as an important hub gene in functional network in Figure 9, being ranked 3rd overall (Table S7). Given the importance of this ISG in terms of antiviral defence [112,115,145], particularly regarding programmed cell death, we hypothesized that the knock-out (KO) of the eif2ak2 gene may impact CyHV-3 clearance in zebrafish larvae.



Unlike other vertebrates, members of the teleost fish families Salmonidae and Cyprinidae also encode an additional PKR-like protein referred to as “protein kinase containing Z-DNA binding domains” (or PKZ) [88,89,91]. PKZ genes may have evolved through duplication of the PKR encoding genes in these teleost fish families, after divergence from tetrapods [88]. Consequently, PKZ exhibits a high degree of sequence similarity to PKR proteins encoded in the same genomes, predominantly to the C-terminal kinase domain, which is responsible for eIF2α phosphorylation by PKR [89,146].



However, unlike PKR, PKZ contains Zalpha (Zα) domains instead of dsRNA binding domains in the N-terminal [146] (Figure 1). These domains are capable of binding to Z-DNA/RNA, which exist in the left-handed double helix conformation as opposed to the more common right-handed conformation of dsDNA/RNA (referred to as A and B-DNA/RNA) [90].These two features indicate that: (1) Like PKR, PKZ acts as an eIF2α kinase and mediates translational stalling, and induction of apoptosis via eIF2α phosphorylation [88,89,147,148], and (2) Like PKR, PKZ acts as a cytosolic PRR, but is activated by a greater diversity of nucleic acids than PKR. PKZ nucleic acid binding, B-to-Z conversion, and PKZ-mediated translational stalling have been best demonstrated using B and Z-DNA [89,149,150,151,152], indicating co-operative antiviral roles for PKZ and PKR. However, given that the Zα domains of PKZ do bind to RNA analogues [153] and that some Zα domains exhibit A-to-Z RNA conversion (as we recently demonstrated [90]), like PKR, PKZ may also detect and be activated by dsRNA. Thus, PKZ may provide at least some degree of back-up for PKR, leading to some redundancy among zebrafish IFN induced eIF2α kinases.



Notably, the pkz gene (encoding PKZ) was the 23rd most significantly upregulated gene at 2 dpi in our model, upregulated more than the eif2ak2 gene (encoding PKR, ranked 250th, Table S4), and the pkz expression levels were >3 fold higher. In addition, pkz was ranked 9th in hub gene analysis in Figure 9 (see also Table S7). Given their potentially overlapping functions, in addition to the PKR-KO mutant (lacking eif2ak2), we generated a separate mutant, PKZ-KO (lacking pkz, Figure 1), to investigate the importance of both these multifunctional eIF2α kinases in the clearance of CyHV-3 in zebrafish larvae.




3.5. The Absence of PKR and/or PKZ Does Not Impair the Clearance of CyHV-3 Infections in Zebrafish Larvae


In vitro and in vivo experiments performed in this study indicated that CyHV-3 infection was rapidly cleared in zebrafish models via programmed cell death. This was supported by the transcriptomic analysis from infected larvae, which also supported a potentially important role for the eIF2α kinases PKR and PKZ in this process. Based on this evidence, we tested the impact of these eIF2α kinases on CyHV-3 clearance using CRISPR/Cas9 generated PKR-KO and PKZ-KO zebrafish mutants (Figure 1). Mutant and WT zebrafish larvae were first infected with CyHV-3 EGFP by microinjection as per earlier experiments. As we hypothesized that the onset of infection clearance may take longer to occur in eIF2α kinase KO mutants, we also extended the monitoring period from 4 dpi (in earlier experiments) to 5 dpi. Epifluorescence microscopy suggested that PKR-KO and PKZ-KO mutants cleared viral infection as efficiently as WT larvae (Figure 12a). There was also no difference between the zebrafish strains in terms of the numbers of infected larvae at each timepoint (Two-way RM ANOVA, p-value = 0.6440), with all groups exhibiting a dramatic decrease in the number of positive fish at 5 dpi (Figure 12b).



Next, WT, PKR-KO, and PKZ-KO zebrafish strains were infected with CyHV-3 Luc as before, allowing viral replication to be compared between strains (Figure 12c). This revealed no significant difference in viral signal between the three zebrafish strains (Durbin Test, p-value = 0.6500). Relative differences in signals between the WT and PKR-KO strains were inconsistent over the monitoring period, with no clear trends to indicate a difference between the two strains. In contrast, virus levels in the PKZ-KO strain were consistently higher than both WT and PKR-KO strains from 1–4 dpi, with significant differences at 3 dpi. However, viral levels in PKZ-KO larvae were significantly lower than other strains by 5 dpi (Figure 12c), indicating greater clearance, despite higher viral levels from 1–4 dpi.



Cognisant of the possible redundancy in eIF2α kinase function (described earlier), which may have allowed PKZ to compensate for the absence of PKR in the PKR-KO mutant, and vice versa, we generated a third mutant, PKR-PKZ-KO, lacking both pkz and eif2ak2 genes (Figure 1). This strain was included in an additional experiment, like the one presented in Figure 12. (Figure S8). However, surprisingly, the viral loads observed in the PKR-PKZ-KO mutants were not significantly different from the WT strain. Taken together, the results from these two experiments indicate that 1) PKR and PKZ are not essential for clearance of CyHV-3 infection in zebrafish larvae, and 2) even at this early developmental stage, the zebrafish immune system exhibits sufficient redundancy to enable clearance of CyHV-3 infection in the absence of PKZ and/or PKR.



If programmed cell death also features heavily in the response to CyHV-3 infection in these mutant zebrafish strains, as earlier observations in the WT strain suggested (Figure 8, Figure 11 and Video S1), these processes would need to be mediated via other mechanisms. Notably, in addition to IFN-stimulated PKR/PKZ-mediated programmed cell death [112,113,129], these processes can be stimulated by other cytokines such as FAS, TNFα, and TRAIL [154,155,156,157] (the zebrafish orthologs for these proteins are encoded by the faslg, tnfa, and tnfsf10 genes, respectively). Like IFN, these cytokines also operate by binding to their respective cell membrane receptors and downstream interactions between these and various other proteins are required to initiate apoptosis and/or necroptosis. Notably, genes encoding zebrafish orthologs of most of the proteins involved in these processes are also upregulated in response to infection at 2 dpi (Figure 11), indicating some potential redundancy in terms of the programmed cell death response. However, no expression from the faslg and tnfa genes was observed in our model. While we did observe expression for tnfsf10, it was not upregulated in response to infection. Therefore, similar to what we have hypothesized regarding IFN expression kinetics, it is possible that with this model, the upregulation of these three cytokines is also extremely brief, occurring very early after infection with a rapid return to basal levels after. As with IFN, further investigation will be needed to establish the expression kinetics of these cytokines in response to CyHV-3 infection in this host model, and to what extent, if any, they contribute to programmed cell death and clearance of CyHV-3 infection.



In both experiments (Figure 12 and Figure S8), the PKZ-KO mutant exhibited a higher viral load than other strains at the earlier stages of infection. The higher levels of CyHV-3 in the absence of PKZ may indicate the importance of host Zα domain-containing PRRs such as PKZ, in restricting CyHV-3 in the early stages of infection. This is consistent with our recent study where we provide strong evidence that the CyHV-3 ORF112 protein, which also contains a Zα domain, acts as an essential antagonist of RNA PRRs during CyHV-3 infection [90]. However, the absence of PKZ still leads to more dramatic viral clearance at 5 dpi relative to PKZ-competent strains (Figure 12c). We hypothesize that higher viral replication, from 1–4 dpi, may have ultimately led to an increased innate immune response, priming a more dramatic clearance at 5 dpi. Even if the absence of PKZ does not prevent viral clearance, the higher levels of viral replication in earlier stages, may lead to increased tissue damage via potential inflammatory response, which may ultimately be harmful to the host. Therefore, having the complete repertoire of PRRs necessary for effective restriction of CyHV-3 replication prior to clearance may still be important. Surprisingly, we do not observe higher viral loads at earlier stages of infection in the PKR-PKZ-KO mutant (also lacking PKZ), which instead exhibited a similar phenotype to WT and PKR-KO strains in response to CyHV-3 (Figure S8). These observations open up several interesting avenues for further investigation, in particular the characterization of the innate immune response in zebrafish mutants lacking these important PRRs and the possible impact of reduced eIF2α phosphorylation on programmed cell death, if any, in response to CyHV-3 infection in this model.





4. Conclusions


The aim of this present study was to investigate the potential of the zebrafish model to study AngHV-1, CyHV-2, and CyHV-3, which are three economically important viruses in the family Alloherpesviridae. We conclude that while the zebrafish ZF4 cell line is moderately susceptible to these three viruses, it is less susceptible and not permissive to AngHV-1 (Figure 2). ZF4 cells do exhibit transient permissiveness to CyHV-2 and CyHV-3 infection. These cells are more permissive to CyHV-3, but both viruses exhibit inefficient cell to cell viral transmission in this in vitro model (Figure 3 and Figure 4). These viruses are ultimately cleared from ZF4 monolayers, in a process which is preceded by what resembles widespread programmed cell death among infected cell populations (Figure 3, Figure 4 and Figure 6). As zebrafish larvae were not susceptible to these viruses via inoculation by immersion, we conclude that these viruses may not be capable of entering zebrafish larvae through natural routes in vivo (Figure 7). However, zebrafish larvae are susceptible to infections with CyHV-2 and CyHV-3 via microinjection, an artificial inoculation route (Figure 7). Conversely, we conclude that zebrafish larvae are not susceptible to AngHV-1 via both inoculation methods used in this study (Figure 7). This lower susceptibility to AngHV-1 in vitro and in vivo, may reflect the fact that, unlike CyHV-2 and CyHV-3, AngHV-1 does not naturally infect host species from the family Cyprinidae. Even though larvae exhibit greater susceptibility to CyHV-2 and CyHV-3, we conclude that these infections are rapidly cleared (Figure 7 and Figure 12). We also conclude that zebrafish larvae exhibit more susceptibility (and possibly more permissivity) to CyHV-3, given higher viral levels and slower clearance, indicating the superior utility of this virus-host model in future studies. Interestingly, given that strains within each cyprinivirus species clad exhibit natural heterogeneity regarding replication in vitro and/or in vivo (at least with AngHV-1 and CyHV-3 [40,74]), it remains possible that the use of alternative cyprinivirus strains with the same zebrafish models may result in different outcomes, and is something which remains to be explored in the future.



As we observed transcription of all 155 known CyHV-3 protein coding genes in infected zebrafish larvae (Figure S3, Table S3), we conclude that zebrafish cells may be permissive to CyHV-3 replication in vivo. However, unlike infections in vitro, we observed no clear evidence of CyHV-3 transmission to new cells prior to clearance in vivo (Figure 8, Video S1). Thus, the extent to which this permissiveness leads to successful CyHV-3 transmission between cells in vivo remains unclear.



As per observations in vitro, CyHV-3 clearance in zebrafish larvae is also preceded by apoptosis-like death among infected cells (Figure 8, Video S1). These infections stimulate the upregulation of many ISGs (Figure 9, Tables S4 and S5). The upregulation of genes involved in programmed cell death and nucleic acid sensing PRR pathways represent a core part of this response (Figure 10 and Figure 11). PKR and PKZ are also upregulated in response to infection (Figure 9, Table S4) and may contribute to both programmed cell death and nucleic acid sensing PRR pathways (Figure 10 and Figure 11). However, their absence in mutant zebrafish strains does not impact CyHV-3 clearance (Figure 12). This may be due to sufficient levels of redundancy within the zebrafish innate immune response processes, even at this early developmental stage (Figure 11). Interestingly, CyHV-3 may represent an ideal model to utilize in the study of viral clearance by the innate immune system in this important and widely studied host. This opens many interesting avenues for future investigation to determine what elements of the immune response are essential for this process. As part of this, the generation of new KO mutants, guided by the transcriptomic data generated in this study, may lead to the development of zebrafish strains that are more permissive to these economically important viruses, which may themselves be utilized as valuable research tools in the future.



This is the first report of the generation and use of PKR and/or PKZ KO zebrafish mutants (Figure 1 and Figure 12), and they will represent useful subjects for further characterization and the study of other viruses in zebrafish models. Given the importance of PKR, and potentially PKZ, in the innate immune responses and in many more cellular processes, and the widespread use of zebrafish as a model organism, the KO mutants generated in this study will be of interest to many more researchers in the wider field. Thus, sperm corresponding to these mutants will be deposited in the European Zebrafish Resource Centre (EZRC) for ease of distribution elsewhere.



Furthermore, we note that many of the most significantly upregulated genes in response to CyHV-3 infection in zebrafish larvae were uncharacterized, and some were previously unreported as being involved in the immune response (Table S4). These include five non-coding transcripts (one of which was >3000-fold upregulated and the 6th most upregulated gene at 2 dpi). We propose to provisionally refer to these five transcripts as “Zebrafish Non-coding Infection Response Element” 1–5 (or ZNIRE 1–5, complete details in Table S4). This observation was particularly intriguing, and we propose that further research into their importance during the immune response will be necessary. We also observed the upregulation of three retrotransposons (all ~30-fold upregulated, Table S4). It is possible that this retrotransposon re-activation/upregulation in response to infection may be beneficial. Their cytoplasmic RNA and/or DNA genome intermediates may potentially act as ligands for PRRs [111], thus enhancing the innate immune response to viral infection and presenting an interesting hypothesis for further study with our model.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v15030768/s1, Figure S1. Production and characterization of the CyHV-3 EGFP recombinant strain as described in Methods S1; Figure S2. Evolution of fluorescence intensity in infected ZF4 cells; Figure S3. Box Plots of read counts mapping to each known CyHV-3 open reading frame (ORF) at 2 dpi; Figure S4. Volcano plots of summarizing DEGs at each timepoint; Figure S5. CytoHubba Analysis of STRING protein query network; Figure S6. Summary of the top 40 positively enriched GO gene-sets; Figure S7. Leading edge analysis of the necroptosis pathway; Figure S8. Comparison of CyHV-3 replication and clearance between PKR-PKZ-KO and other zebrafish strains; Table S1. Primers used in this study; Table S2. Summary of DEGs from each timepoint; Table S3. Read Counts mapping to each known CyHV-3 Open Reading frame (ORF) at 2 dpi; Table S4. Top 250 significant DEGs in zebrafish larvae infected with CyHV-3 at 2 dpi; Table S5. Raw output of DESeq2 in zebrafish larvae infected with CyHV-3 at 2 dpi; Table S6. Summary of STRING enrichment analysis; Table S7. STRING CytoHubba Ranking; Table S8. Summary of Gene Ontology (GO) enrichment analysis; Table S9. Summary of Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway gene set enrichment analysis; Video S1; Methods S1. Production of CyHV-3 ORF136 EGFP recombinant strain [158,159,160,161,162,163,164], and Methods S2. Bioinformatic analysis [165,166,167,168,169,170,171,172,173,174,175,176,177,178,179,180,181,182,183,184,185].





Author Contributions


Conceptualization, I.M. and A.V.; Data curation, C.S., N.M.S., A.J.D. and O.D.; Formal analysis, L.M., A.J.D. and O.D.; Funding acquisition, I.M., S.B., A.J.D., O.D. and A.V.; Investigation, C.S., L.M., O.D. and A.V.; Methodology, C.S., B.H., L.M., H.Z., N.D., M.F., I.M., N.M.S., O.D. and A.V.; Project administration, S.B. and A.V.; Supervision, I.M., S.B., O.D. and A.V.; Validation, C.S., O.D. and A.V.; Visualization, C.S., O.D. and A.V.; Writing—original draft, C.S., O.D. and A.V.; Writing—review & editing, C.S., O.D. and A.V. All authors have read and agreed to the published version of the manuscript.




Funding


O.D. is a Marie Curie research fellow of the European Union, H.Z. and B.H. are research fellows of the Chinese Scholarship Council. This work was supported by the University of Liège (ARC15/19−12), the FNRS (CDR J.0094.15 and PDR T.0241.19), the European Maritime and Fisheries Fund, (Eel4ever project), the Welbio (WELBIO-CR-2022 A-14 12), Walloon Region (ERANets NucNanoFish 2010052) and The Medical Research Council (MC_UU_12014/3).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All RNA-Seq data generated in this study is publicly available on https://www.ncbi.nlm.nih.gov/under BioProject Accession number PRJNA929940 (accessed on 13 March 2023).




Acknowledgments


The authors are grateful to Lorène Dams of the Faculty of Veterinary Medicine, David Colignon of the Consortium des Équipements de Calcul Intensif (CECI), and Jordane Bourdouxhe and Marie Dupont of the GIGA Zebrafish Facility, University of Liège, for their excellent technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Levraud, J.-P.; Palha, N.; Langevin, C.; Boudinot, P. Through the Looking Glass: Witnessing Host-Virus Interplay in Zebrafish. Trends Microbiol. 2014, 22, 490–497. [Google Scholar] [CrossRef] [PubMed]

	



Howe, K.; Clark, M.D.; Torroja, C.F.; Torrance, J.; Berthelot, C.; Muffato, M.; Collins, J.E.; Humphray, S.; McLaren, K.; Matthews, L.; et al. The Zebrafish Reference Genome Sequence and Its Relationship to the Human Genome. Nature 2013, 496, 498–503. [Google Scholar] [CrossRef]

	



Kettleborough, R.N.W.; Busch-Nentwich, E.M.; Harvey, S.A.; Dooley, C.M.; de Bruijn, E.; van Eeden, F.; Sealy, I.; White, R.J.; Herd, C.; Nijman, I.J.; et al. A Systematic Genome-Wide Analysis of Zebrafish Protein-Coding Gene Function. Nature 2013, 496, 494–497. [Google Scholar] [CrossRef] [PubMed]

	



Traver, D.; Herbomel, P.; Patton, E.E.; Murphey, R.D.; Yoder, J.A.; Litman, G.W.; Catic, A.; Amemiya, C.T.; Zon, L.I.; Trede, N.S. The Zebrafish as a Model Organism to Study Development of the Immune System. Adv. Immunol. 2003, 81, 253–330. [Google Scholar] [PubMed]

	



Trede, N.S.; Langenau, D.M.; Traver, D.; Look, A.T.; Zon, L.I. The Use of Zebrafish to Understand Immunity. Immunity 2004, 20, 367–379. [Google Scholar] [CrossRef]

	



Meeker, N.D.; Trede, N.S. Immunology and Zebrafish: Spawning New Models of Human Disease. Dev. Comp. Immunol. 2008, 32, 745–757. [Google Scholar] [CrossRef]

	



Balla, K.M.; Lugo-Villarino, G.; Spitsbergen, J.M.; Stachura, D.L.; Hu, Y.; Bañuelos, K.; Romo-Fewell, O.; Aroian, R.V.; Traver, D. Eosinophils in the Zebrafish: Prospective Isolation, Characterization, and Eosinophilia Induction by Helminth Determinants. Blood 2010, 116, 3944–3954. [Google Scholar] [CrossRef]

	



Lugo-Villarino, G.; Balla, K.M.; Stachura, D.L.; Bañuelos, K.; Werneck, M.B.F.; Traver, D. Identification of Dendritic Antigen-Presenting Cells in the Zebrafish. Proc. Natl. Acad. Sci. USA 2010, 107, 15850–15855. [Google Scholar] [CrossRef]

	



Li, Y.; Li, Y.; Cao, X.; Jin, X.; Jin, T. Pattern Recognition Receptors in Zebrafish Provide Functional and Evolutionary Insight into Innate Immune Signaling Pathways. Cell. Mol. Immunol. 2017, 14, 80–89. [Google Scholar] [CrossRef]

	



van der Vaart, M.; Spaink, H.P.; Meijer, A.H. Pathogen Recognition and Activation of the Innate Immune Response in Zebrafish. Adv. Hematol. 2012, 2012, 159807. [Google Scholar] [CrossRef]

	



Herbomel, P.; Thisse, B.; Thisse, C. Ontogeny and Behaviour of Early Macrophages in the Zebrafish Embryo. Development 1999, 126, 3735–3745. [Google Scholar] [CrossRef]

	



Lam, S.H.; Chua, H.L.; Gong, Z.; Lam, T.J.; Sin, Y.M. Development and Maturation of the Immune System in Zebrafish, Danio Rerio: A Gene Expression Profiling, in Situ Hybridization and Immunological Study. Dev. Comp. Immunol. 2004, 28, 9–28. [Google Scholar] [CrossRef] [PubMed]

	



Lieschke, G.J.; Oates, A.C.; Crowhurst, M.O.; Ward, A.C.; Layton, J.E. Morphologic and Functional Characterization of Granulocytes and Macrophages in Embryonic and Adult Zebrafish. Blood 2001, 98, 3087–3096. [Google Scholar] [CrossRef] [PubMed]

	



Le Guyader, D.; Redd, M.J.; Colucci-Guyon, E.; Murayama, E.; Kissa, K.; Briolat, V.; Mordelet, E.; Zapata, A.; Shinomiya, H.; Herbomel, P. Origins and Unconventional Behavior of Neutrophils in Developing Zebrafish. Blood 2008, 111, 132–141. [Google Scholar] [CrossRef] [PubMed]

	



Stein, C.; Caccamo, M.; Laird, G.; Leptin, M. Conservation and Divergence of Gene Families Encoding Components of Innate Immune Response Systems in Zebrafish. Genome Biol. 2007, 8, R251. [Google Scholar] [CrossRef]

	



Aggad, D.; Mazel, M.; Boudinot, P.; Mogensen, K.E.; Hamming, O.J.; Hartmann, R.; Kotenko, S.; Herbomel, P.; Lutfalla, G.; Levraud, J.-P. The Two Groups of Zebrafish Virus-Induced Interferons Signal via Distinct Receptors with Specific and Shared Chains. J. Immunol. 2009, 183, 3924–3931. [Google Scholar] [CrossRef]

	



Levraud, J.-P.; Boudinot, P.; Colin, I.; Benmansour, A.; Peyrieras, N.; Herbomel, P.; Lutfalla, G. Identification of the Zebrafish IFN Receptor: Implications for the Origin of the Vertebrate IFN System. J. Immunol. 2007, 178, 4385–4394. [Google Scholar] [CrossRef]

	



Aggad, D.; Stein, C.; Sieger, D.; Mazel, M.; Boudinot, P.; Herbomel, P.; Levraud, J.-P.; Lutfalla, G.; Leptin, M. In Vivo Analysis of Ifn-Γ1 and Ifn-Γ2 Signaling in Zebrafish. J. Immunol. 2010, 185, 6774–6782. [Google Scholar] [CrossRef]

	



Balla, K.M.; Rice, M.C.; Gagnon, J.A.; Elde, N.C. Linking Virus Discovery to Immune Responses Visualized during Zebrafish Infections. Curr. Biol. 2020, 30, 2092–2103.e5. [Google Scholar] [CrossRef]

	



Binesh, C. Mortality Due to Viral Nervous Necrosis in Zebrafish Danio Rerio and Goldfish Carassius Auratus. Dis. Aquat. Organ. 2013, 104, 257–260. [Google Scholar] [CrossRef]

	



Bermúdez, R.; Losada, A.P.; de Azevedo, A.M.; Guerra-Varela, J.; Pérez-Fernández, D.; Sánchez, L.; Padrós, F.; Nowak, B.; Quiroga, M.I. First Description of a Natural Infection with Spleen and Kidney Necrosis Virus in Zebrafish. J. Fish. Dis. 2018, 41, 1283–1294. [Google Scholar] [CrossRef]

	



Shen, C.-H.; Steiner, L.A. Genome Structure and Thymic Expression of an Endogenous Retrovirus in Zebrafish. J. Virol. 2004, 78, 899–911. [Google Scholar] [CrossRef] [PubMed]

	



Palha, N.; Guivel-Benhassine, F.; Briolat, V.; Lutfalla, G.; Sourisseau, M.; Ellett, F.; Wang, C.-H.; Lieschke, G.J.; Herbomel, P.; Schwartz, O.; et al. Real-Time Whole-Body Visualization of Chikungunya Virus Infection and Host Interferon Response in Zebrafish. PLoS Pathog. 2013, 9, e1003619. [Google Scholar] [CrossRef] [PubMed]

	



Burgos, J.S.; Ripoll-Gomez, J.; Alfaro, J.M.; Sastre, I.; Valdivieso, F. Zebrafish as a New Model for Herpes Simplex Virus Type 1 Infection. Zebrafish 2008, 5, 323–333. [Google Scholar] [CrossRef]

	



Gabor, K.A.; Goody, M.F.; Mowel, W.K.; Breitbach, M.E.; Gratacap, R.L.; Witten, P.E.; Kim, C.H. Influenza A Virus Infection in Zebrafish Recapitulates Mammalian Infection and Sensitivity to Anti-Influenza Drug Treatment. Dis. Model. Mech. 2014, 7, 1227–1237. [Google Scholar] [CrossRef]

	



Van Dycke, J.; Ny, A.; Conceição-Neto, N.; Maes, J.; Hosmillo, M.; Cuvry, A.; Goodfellow, I.; Nogueira, T.C.; Verbeken, E.; Matthijnssens, J.; et al. A Robust Human Norovirus Replication Model in Zebrafish Larvae. PLoS Pathog. 2019, 15, e1008009. [Google Scholar] [CrossRef] [PubMed]

	



Laghi, V.; Rezelj, V.; Boucontet, L.; Frétaud, M.; Da Costa, B.; Boudinot, P.; Salinas, I.; Lutfalla, G.; Vignuzzi, M.; Levraud, J.-P. Exploring Zebrafish Larvae as a COVID-19 Model: Probable Abortive SARS-CoV-2 Replication in the Swim Bladder. Front. Cell. Infect. Microbiol. 2022, 12, 790851. [Google Scholar] [CrossRef] [PubMed]

	



Tyrkalska, S.D.; Candel, S.; Pedoto, A.; García-Moreno, D.; Alcaraz-Pérez, F.; Sánchez-Ferrer, Á.; Cayuela, M.L.; Mulero, V. Zebrafish Models of COVID-19. FEMS Microbiol. Rev. 2022, 47, fuac042. [Google Scholar] [CrossRef] [PubMed]

	



LaPatra, S.E.; Barone, L.; Jones, G.R.; Zon, L.I. Effects of Infectious Hematopoietic Necrosis Virus and Infectious Pancreatic Necrosis Virus Infection on Hematopoietic Precursors of the Zebrafish. Blood Cells. Mol. Dis. 2000, 26, 445–452. [Google Scholar] [CrossRef]

	



Langevin, C.; van der Aa, L.M.; Houel, A.; Torhy, C.; Briolat, V.; Lunazzi, A.; Harmache, A.; Bremont, M.; Levraud, J.-P.; Boudinot, P. Zebrafish ISG15 Exerts a Strong Antiviral Activity against RNA and DNA Viruses and Regulates the Interferon Response. J. Virol. 2013, 87, 10025–10036. [Google Scholar] [CrossRef]

	



Martín, V.; Mavian, C.; López Bueno, A.; de Molina, A.; Díaz, E.; Andrés, G.; Alcami, A.; Alejo, A. Establishment of a Zebrafish Infection Model for the Study of Wild-Type and Recombinant European Sheatfish Virus. J. Virol. 2015, 89, 10702–10706. [Google Scholar] [CrossRef] [PubMed]

	



Rakus, K.; Mojzesz, M.; Widziolek, M.; Pooranachandran, N.; Teitge, F.; Surachetpong, W.; Chadzinska, M.; Steinhagen, D.; Adamek, M. Antiviral Response of Adult Zebrafish (Danio Rerio) during Tilapia Lake Virus (TiLV) Infection. Fish. Shellfish. Immunol. 2020, 101, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Novoa, B.; Romero, A.; Mulero, V.; Rodríguez, I.; Fernández, I.; Figueras, A. Zebrafish (Danio Rerio) as a Model for the Study of Vaccination against Viral Haemorrhagic Septicemia Virus (VHSV). Vaccine 2006, 24, 5806–5816. [Google Scholar] [CrossRef]

	



Phelan, P.E.; Pressley, M.E.; Witten, P.E.; Mellon, M.T.; Blake, S.; Kim, C.H. Characterization of Snakehead Rhabdovirus Infection in Zebrafish (Danio Rerio). J. Virol. 2005, 79, 1842–1852. [Google Scholar] [CrossRef] [PubMed]

	



Sanders, G.E.; Batts, W.N.; Winton, J.R. Susceptibility of Zebrafish (Danio rerio) to a Model Pathogen, Spring Viremia of Carp Virus. Comp. Med. 2003, 53, 514–521. [Google Scholar]

	



López-Muñoz, A.; Roca, F.J.; Sepulcre, M.P.; Meseguer, J.; Mulero, V. Zebrafish Larvae Are Unable to Mount a Protective Antiviral Response against Waterborne Infection by Spring Viremia of Carp Virus. Dev. Comp. Immunol. 2010, 34, 546–552. [Google Scholar] [CrossRef]

	



Bello-Perez, M.; Pereiro, P.; Coll, J.; Novoa, B.; Perez, L.; Falco, A. Zebrafish C-Reactive Protein Isoforms Inhibit SVCV Replication by Blocking Autophagy through Interactions with Cell Membrane Cholesterol. Sci. Rep. 2020, 10, 566. [Google Scholar] [CrossRef]

	



Rakus, K.; Adamek, M.; Mojżesz, M.; Podlasz, P.; Chmielewska-Krzesińska, M.; Duk, K.; Kasica-Jarosz, N.; Kłak, K.; Rakers, S.; Way, K.; et al. Evaluation of Zebrafish (Danio Rerio) as an Animal Model for the Viral Infections of Fish. J. Fish. Dis. 2019, 42, 923–934. [Google Scholar] [CrossRef]

	



Boutier, M.; Ronsmans, M.; Rakus, K.; Jazowiecka-Rakus, J.; Vancsok, C.; Morvan, L.; Peñaranda, M.M.D.; Stone, D.M.; Way, K.; van Beurden, S.J.; et al. Cyprinid Herpesvirus 3: An Archetype of Fish Alloherpesviruses. In Advances in Virus Research; Elsevier: Amsterdam, The Netherlands, 2015; Volume 93, pp. 161–256. ISBN 978-0-12-802179-8. [Google Scholar]

	



Donohoe, O.; Zhang, H.; Delrez, N.; Gao, Y.; Suárez, N.M.; Davison, A.J.; Vanderplasschen, A. Genomes of Anguillid Herpesvirus 1 Strains Reveal Evolutionary Disparities and Low Genetic Diversity in the Genus Cyprinivirus. Microorganisms 2021, 9, 998. [Google Scholar] [CrossRef]

	



Delrez, N.; Zhang, H.; Lieffrig, F.; Mélard, C.; Farnir, F.; Boutier, M.; Donohoe, O.; Vanderplasschen, A. European Eel Restocking Programs Based on Wild-Caught Glass Eels: Feasibility of Quarantine Stage Compatible with Implementation of Prophylactic Measures Prior to Scheduled Reintroduction to the Wild. J. Nat. Conserv. 2021, 59, 125933. [Google Scholar] [CrossRef]

	



Thangaraj, R.S.; Nithianantham, S.R.; Dharmaratnam, A.; Kumar, R.; Pradhan, P.K.; Thangalazhy Gopakumar, S.; Sood, N. Cyprinid Herpesvirus-2 (CyHV-2): A Comprehensive Review. Rev. Aquac. 2021, 13, 796–821. [Google Scholar] [CrossRef]

	



Ueno, Y.; Shi, J.-W.; Yoshida, T.; Kitao, T.; Sakai, M.; Chen, S.-N.; Kou, G.H. Biological and Serological Comparisons of Eel Herpesvirus in Formosa (EHVF) and Herpesvirus Anguillae (HVA). J. Appl. Ichthyol. 1996, 12, 49–51. [Google Scholar] [CrossRef]

	



Driever, W.; Rangini, Z. Characterization of a Cell Line Derived from Zebrafish (Brachydanio rerio) Embryos. In Vitro Cell. Dev. Biol. Anim. 1993, 29A, 749–754. [Google Scholar] [CrossRef]

	



Chen, S.; Ueno, Y.; Kou, G. A Cell Line Derived from Japanese Eel (Anguilla japonica) Kidney. Proc. Natl. Sci. Counc. Repub. China B 1982, 6, 93–100. [Google Scholar]

	



Shibata, T.; Nanjo, A.; Saito, M.; Yoshii, K.; Ito, T.; Nakanishi, T.; Sakamoto, T.; Sano, M. In Vitro Characteristics of Cyprinid Herpesvirus 2: Effect of Kidney Extract Supplementation on Growth. Dis. Aquat. Organ. 2015, 115, 223–232. [Google Scholar] [CrossRef]

	



Neukirch, M.; Böttcher, K.; Bunnajirakul, S. Isolation of a Virus from Koi with Altered Gills. Bull. Eur. Fish. Pathol. 1999, 19, 221–224. [Google Scholar]

	



van Beurden, S.J.; Leroy, B.; Wattiez, R.; Haenen, O.L.; Boeren, S.; Vervoort, J.J.; Peeters, B.P.; Rottier, P.J.; Engelsma, M.Y.; Vanderplasschen, A.F. Identification and Localization of the Structural Proteins of Anguillid Herpesvirus 1. Vet. Res. 2011, 42, 105. [Google Scholar] [CrossRef]

	



Rakus, K.; Ronsmans, M.; Forlenza, M.; Boutier, M.; Piazzon, M.C.; Jazowiecka-Rakus, J.; Gatherer, D.; Athanasiadis, A.; Farnir, F.; Davison, A.J.; et al. Conserved Fever Pathways across Vertebrates: A Herpesvirus Expressed Decoy TNF-α Receptor Delays Behavioral Fever in Fish. Cell. Host Microbe 2017, 21, 244–253. [Google Scholar] [CrossRef]

	



Costes, B.; Raj, V.S.; Michel, B.; Fournier, G.; Thirion, M.; Gillet, L.; Mast, J.; Lieffrig, F.; Bremont, M.; Vanderplasschen, A. The Major Portal of Entry of Koi Herpesvirus in Cyprinus Carpio is the Skin. J. Virol. 2009, 83, 2819–2830. [Google Scholar] [CrossRef]

	



Ershov, D.; Phan, M.-S.; Pylvänäinen, J.W.; Rigaud, S.U.; Le Blanc, L.; Charles-Orszag, A.; Conway, J.R.W.; Laine, R.F.; Roy, N.H.; Bonazzi, D.; et al. TrackMate 7: Integrating State-of-the-Art Segmentation Algorithms into Tracking Pipelines. Nat. Methods 2022, 19, 829–832. [Google Scholar] [CrossRef]

	



Levraud, J.-P.; Colucci-Guyon, E.; Redd, M.J.; Lutfalla, G.; Herbomel, P. In Vivo Analysis of Zebrafish Innate Immunity. Methods Mol. Biol. Clifton NJ 2008, 415, 337–363. [Google Scholar] [CrossRef]

	



Kaufmann, A.; Mickoleit, M.; Weber, M.; Huisken, J. Multilayer Mounting Enables Long-Term Imaging of Zebrafish Development in a Light Sheet Microscope. Dev. Camb. Engl. 2012, 139, 3242–3247. [Google Scholar] [CrossRef]

	



Gagnon, J.A.; Valen, E.; Thyme, S.B.; Huang, P.; Akhmetova, L.; Ahkmetova, L.; Pauli, A.; Montague, T.G.; Zimmerman, S.; Richter, C.; et al. Efficient Mutagenesis by Cas9 Protein-Mediated Oligonucleotide Insertion and Large-Scale Assessment of Single-Guide RNAs. PLoS ONE 2014, 9, e98186. [Google Scholar] [CrossRef]

	



Jao, L.-E.; Wente, S.R.; Chen, W. Efficient Multiplex Biallelic Zebrafish Genome Editing Using a CRISPR Nuclease System. Proc. Natl. Acad. Sci. USA 2013, 110, 13904–13909. [Google Scholar] [CrossRef]

	



Varshney, G.K.; Pei, W.; LaFave, M.C.; Idol, J.; Xu, L.; Gallardo, V.; Carrington, B.; Bishop, K.; Jones, M.; Li, M.; et al. High-Throughput Gene Targeting and Phenotyping in Zebrafish Using CRISPR/Cas9. Genome Res. 2015, 25, 1030–1042. [Google Scholar] [CrossRef]

	



Labun, K.; Montague, T.G.; Krause, M.; Torres Cleuren, Y.N.; Tjeldnes, H.; Valen, E. CHOPCHOP v3: Expanding the CRISPR Web Toolbox beyond Genome Editing. Nucleic Acids Res. 2019, 47, W171–W174. [Google Scholar] [CrossRef]

	



Jobst-Schwan, T.; Schmidt, J.M.; Schneider, R.; Hoogstraten, C.A.; Ullmann, J.F.P.; Schapiro, D.; Majmundar, A.J.; Kolb, A.; Eddy, K.; Shril, S.; et al. Acute Multi-SgRNA Knockdown of KEOPS Complex Genes Reproduces the Microcephaly Phenotype of the Stable Knockout Zebrafish Model. PLoS ONE 2018, 13, e0191503. [Google Scholar] [CrossRef]

	



Ji, W.; Zhou, W.; Abruzzese, R.; Guo, W.; Blake, A.; Davis, S.; Davis, S.; Polejaeva, I. A Method for Determining Zygosity of Transgenic Zebrafish by TaqMan Real-Time PCR. Anal. Biochem. 2005, 344, 240–246. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Pohlert, T. PMCMRplus: Calculate Pairwise Multiple Comparisons of Mean Rank Sums Extended. 2022. Available online: https://cran.r-project.org/web/packages/PMCMRplus/index.html (accessed on 15 February 2023).

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2022. [Google Scholar]

	



Ogle, D. FSA: Simple Fisheries Stock Assessment Methods; R Foundation for Statistical Computing: Vienna, Austria, 2022. [Google Scholar]

	



Gao, Y.; Sridhar, A.; Bernard, N.; He, B.; Zhang, H.; Pirotte, S.; Desmecht, S.; Vancsok, C.; Boutier, M.; Suárez, N.M.; et al. Virus-Induced Interference as a Means for Accelerating Fitness-Based Selection of Cyprinid Herpesvirus 3 Single Nucleotide Variants in Vitro and in Vivo. Virus Evol. 2023, 9, vead003. [Google Scholar] [CrossRef]

	



Grinde, B. Herpesviruses: Latency and Reactivation—Viral Strategies and Host Response. J. Oral. Microbiol. 2013, 5, 22766. [Google Scholar] [CrossRef]

	



Bigalke, J.M.; Heldwein, E.E. Nuclear Exodus: Herpesviruses Lead the Way. Annu. Rev. Virol. 2016, 3, 387–409. [Google Scholar] [CrossRef]

	



Jorgensen, I.; Rayamajhi, M.; Miao, E.A. Programmed Cell Death as a Defence against Infection. Nat. Rev. Immunol. 2017, 17, 151–164. [Google Scholar] [CrossRef]

	



Orzalli, M.H.; Kagan, J.C. Apoptosis and Necroptosis as Host Defense Strategies to Prevent Viral Infection. Trends Cell. Biol. 2017, 27, 800–809. [Google Scholar] [CrossRef]

	



Shlomovitz, I.; Zargarian, S.; Erlich, Z.; Edry-Botzer, L.; Gerlic, M. Distinguishing Necroptosis from Apoptosis. Methods Mol. Biol. Clifton NJ 2018, 1857, 35–51. [Google Scholar] [CrossRef]

	



Zhang, Y.; Chen, X.; Gueydan, C.; Han, J. Plasma Membrane Changes during Programmed Cell Deaths. Cell. Res. 2018, 28, 9–21. [Google Scholar] [CrossRef]

	



Morgan, M.J.; Kim, Y.-S. Roles of RIPK3 in Necroptosis, Cell Signaling, and Disease. Exp. Mol. Med. 2022, 54, 1695–1704. [Google Scholar] [CrossRef]

	



Verdonck, S.; Nemegeer, J.; Vandenabeele, P.; Maelfait, J. Viral Manipulation of Host Cell Necroptosis and Pyroptosis. Trends Microbiol. 2022, 30, 593–605. [Google Scholar] [CrossRef]

	



Wang, W.; Asim, M.; Yi, L.; Hegazy, A.; Hu, X.; Zhou, Y.; Ai, T.; Lin, L. Abortive Infection of Snakehead Fish Vesiculovirus in ZF4 Cells Was Associated with the RLRs Pathway Activation by Viral Replicative Intermediates. Int. J. Mol. Sci. 2015, 16, 6235–6250. [Google Scholar] [CrossRef]

	



Davison, A.J.; Kurobe, T.; Gatherer, D.; Cunningham, C.; Korf, I.; Fukuda, H.; Hedrick, R.P.; Waltzek, T.B. Comparative Genomics of Carp Herpesviruses. J. Virol. 2013, 87, 2908–2922. [Google Scholar] [CrossRef]

	



van Beurden, S.J.; Bossers, A.; Voorbergen-Laarman, M.H.A.; Haenen, O.L.M.; Peters, S.; Abma-Henkens, M.H.C.; Peeters, B.P.H.; Rottier, P.J.M.; Engelsma, M.Y. Complete Genome Sequence and Taxonomic Position of Anguillid Herpesvirus 1. J. Gen. Virol. 2010, 91, 880–887. [Google Scholar] [CrossRef]

	



Waltzek, T.; Kelley, G.; Alfaro, M.; Kurobe, T.; Davison, A.; Hedrick, R. Phylogenetic Relationships in the Family Alloherpesviridae. Dis. Aquat. Organ. 2009, 84, 179–194. [Google Scholar] [CrossRef]

	



Ge, R.; Zhou, Y.; Peng, R.; Wang, R.; Li, M.; Zhang, Y.; Zheng, C.; Wang, C. Conservation of the STING-Mediated Cytosolic DNA Sensing Pathway in Zebrafish. J. Virol. 2015, 89, 7696–7706. [Google Scholar] [CrossRef]

	



Lama, R.; Pereiro, P.; Figueras, A.; Novoa, B. Zebrafish as a Vertebrate Model for Studying Nodavirus Infections. Front. Immunol. 2022, 13, 863096. [Google Scholar] [CrossRef]

	



Adamek, M.; Rakus, K.Ł.; Chyb, J.; Brogden, G.; Huebner, A.; Irnazarow, I.; Steinhagen, D. Interferon Type I Responses to Virus Infections in Carp Cells: In Vitro Studies on Cyprinid Herpesvirus 3 and Rhabdovirus Carpio Infections. Fish. Shellfish. Immunol. 2012, 33, 482–493. [Google Scholar] [CrossRef]

	



Zhang, C.; Liu, A.-Q.; Zhang, C.; Liu, L.-H.; Su, J.; Zhang, Y.-A.; Tu, J. MicroRNA MiR-722 Inhibits Cyprinid Herpesvirus 3 Replication via Targeting the Viral Immune Evasion Protein ORF89, Which Negatively Regulates IFN by Degrading IRF3. J. Immunol. 2022, 209, 1918–1929. [Google Scholar] [CrossRef]

	



Widziolek, M.; Janik, K.; Mojzesz, M.; Pooranachandran, N.; Adamek, M.; Pecio, A.; Surachetpong, W.; Levraud, J.-P.; Boudinot, P.; Chadzinska, M.; et al. Type I Interferon-Dependent Response of Zebrafish Larvae during Tilapia Lake Virus (TiLV) Infection. Dev. Comp. Immunol. 2021, 116, 103936. [Google Scholar] [CrossRef]

	



Lazarte, J.M.S.; Thompson, K.D.; Jung, T.S. Pattern Recognition by Melanoma Differentiation-Associated Gene 5 (Mda5) in Teleost Fish: A Review. Front. Immunol. 2019, 10, 906. [Google Scholar] [CrossRef]

	



Gong, X.-Y.; Zhang, Q.-M.; Zhao, X.; Li, Y.-L.; Qu, Z.-L.; Li, Z.; Dan, C.; Gui, J.-F.; Zhang, Y.-B. LGP2 is Essential for Zebrafish Survival through Dual Regulation of IFN Antiviral Response. Iscience 2022, 25, 104821. [Google Scholar] [CrossRef]

	



Nie, L.; Zhang, Y.; Dong, W.; Xiang, L.; Shao, J. Involvement of Zebrafish RIG-I in NF-ΚB and IFN Signaling Pathways: Insights into Functional Conservation of RIG-I in Antiviral Innate Immunity. Dev. Comp. Immunol. 2015, 48, 95–101. [Google Scholar] [CrossRef]

	



Kato, K.; Ahmad, S.; Zhu, Z.; Young, J.M.; Mu, X.; Park, S.; Malik, H.S.; Hur, S. Structural Analysis of RIG-I-like Receptors Reveals Ancient Rules of Engagement between Diverse RNA Helicases and TRIM Ubiquitin Ligases. Mol. Cell. 2021, 81, 599–613.e8. [Google Scholar] [CrossRef]

	



Jin, Y.; Jia, K.; Zhang, W.; Xiang, Y.; Jia, P.; Liu, W.; Yi, M. Zebrafish TRIM25 Promotes Innate Immune Response to RGNNV Infection by Targeting 2CARD and RD Regions of RIG-I for K63-Linked Ubiquitination. Front. Immunol. 2019, 10, 2805. [Google Scholar] [CrossRef]

	



Lamers, M.M.; van den Hoogen, B.G.; Haagmans, B.L. ADAR1: “Editor-in-Chief” of Cytoplasmic Innate Immunity. Front. Immunol. 2019, 10, 1763. [Google Scholar] [CrossRef]

	



Rothenburg, S.; Deigendesch, N.; Dey, M.; Dever, T.E.; Tazi, L. Double-Stranded RNA-Activated Protein Kinase PKR of Fishes and Amphibians: Varying the Number of Double-Stranded RNA Binding Domains and Lineage-Specific Duplications. BMC Biol. 2008, 6, 12. [Google Scholar] [CrossRef]

	



Rothenburg, S.; Deigendesch, N.; Dittmar, K.; Koch-Nolte, F.; Haag, F.; Lowenhaupt, K.; Rich, A. A PKR-like Eukaryotic Initiation Factor 2α Kinase from Zebrafish Contains Z-DNA Binding Domains Instead of DsRNA Binding Domains. Proc. Natl. Acad. Sci. USA 2005, 102, 1602–1607. [Google Scholar] [CrossRef]

	



Diallo, M.A.; Pirotte, S.; Hu, Y.; Morvan, L.; Rakus, K.; Suárez, N.M.; PoTsang, L.; Saneyoshi, H.; Xu, Y.; Davison, A.J.; et al. A Fish Herpesvirus Highlights Functional Diversities among Zα Domains Related to Phase Separation Induction and A-to-Z Conversion. Nucleic Acids Res. 2022, 51, 806–830. [Google Scholar] [CrossRef] [PubMed]

	



Chiang, D.C.; Li, Y.; Ng, S.K. The Role of the Z-DNA Binding Domain in Innate Immunity and Stress Granules. Front. Immunol. 2020, 11, 625504. [Google Scholar] [CrossRef] [PubMed]

	



Katibah, G.E.; Qin, Y.; Sidote, D.J.; Yao, J.; Lambowitz, A.M.; Collins, K. Broad and Adaptable RNA Structure Recognition by the Human Interferon-Induced Tetratricopeptide Repeat Protein IFIT5. Proc. Natl. Acad. Sci. USA 2014, 111, 12025–12030. [Google Scholar] [CrossRef]

	



Pichlmair, A.; Lassnig, C.; Eberle, C.-A.; Górna, M.W.; Baumann, C.L.; Burkard, T.R.; Bürckstümmer, T.; Stefanovic, A.; Krieger, S.; Bennett, K.L.; et al. IFIT1 Is an Antiviral Protein That Recognizes 5′-Triphosphate RNA. Nat. Immunol. 2011, 12, 624–630. [Google Scholar] [CrossRef]

	



Hartmann, G. Nucleic Acid Immunity. Adv. Immunol. 2017, 133, 121. [Google Scholar] [CrossRef]

	



Briolat, V.; Jouneau, L.; Carvalho, R.; Palha, N.; Langevin, C.; Herbomel, P.; Schwartz, O.; Spaink, H.P.; Levraud, J.-P.; Boudinot, P. Contrasted Innate Responses to Two Viruses in Zebrafish: Insights into the Ancestral Repertoire of Vertebrate IFN-Stimulated Genes. J. Immunol. 2014, 192, 4328–4341. [Google Scholar] [CrossRef]

	



Poynter, S.; Lisser, G.; Monjo, A.; DeWitte-Orr, S. Sensors of Infection: Viral Nucleic Acid PRRs in Fish. Biology 2015, 4, 460–493. [Google Scholar] [CrossRef]

	



Ma, J.; Li, J.; Fan, D.; Feng, W.; Lin, A.; Xiang, L.; Shao, J. Identification of DEAD-Box RNA Helicase DDX41 as a Trafficking Protein That Involves in Multiple Innate Immune Signaling Pathways in a Zebrafish Model. Front. Immunol. 2018, 9, 1327. [Google Scholar] [CrossRef]

	



Liu, Z.-F.; Ji, J.-F.; Jiang, X.-F.; Shao, T.; Fan, D.-D.; Jiang, X.-H.; Lin, A.-F.; Xiang, L.-X.; Shao, J.-Z. Characterization of CGAS Homologs in Innate and Adaptive Mucosal Immunities in Zebrafish Gives Evolutionary Insights into CGAS-STING Pathway. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2020, 34, 7786–7809. [Google Scholar] [CrossRef]

	



Schult, P.; Paeschke, K. The DEAH Helicase DHX36 and Its Role in G-Quadruplex-Dependent Processes. Biol. Chem. 2021, 402, 581–591. [Google Scholar] [CrossRef]

	



Chiang, J.J.; Sparrer, K.M.J.; van Gent, M.; Lässig, C.; Huang, T.; Osterrieder, N.; Hopfner, K.-P.; Gack, M.U. Viral Unmasking of Cellular 5S RRNA Pseudogene Transcripts Induces RIG-I Mediated Immunity. Nat. Immunol. 2018, 19, 53–62. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Ye, X.; Dunker, W.; Song, Y.; Karijolich, J. RIG-I like Receptor Sensing of Host RNAs Facilitates the Cell-Intrinsic Immune Response to KSHV Infection. Nat. Commun. 2018, 9, 4841. [Google Scholar] [CrossRef]

	



Chiu, Y.-H.; MacMillan, J.B.; Chen, Z.J. RNA Polymerase III Detects Cytosolic DNA and Induces Type-I Interferons Through the RIG-I Pathway. Cell 2009, 138, 576. [Google Scholar] [CrossRef] [PubMed]

	



Ablasser, A.; Bauernfeind, F.; Hartmann, G.; Latz, E.; Fitzgerald, K.A.; Hornung, V. RIG-I Dependent Sensing of Poly(DA-DT) via the Induction of an RNA Polymerase III Transcribed RNA Intermediate. Nat. Immunol. 2009, 10, 1065–1072. [Google Scholar] [CrossRef]

	



Rehwinkel, J.; Gack, M.U. RIG-I-like Receptors: Their Regulation and Roles in RNA Sensing. Nat. Rev. Immunol. 2020, 20, 537–551. [Google Scholar] [CrossRef] [PubMed]

	



Howe, K.; Schiffer, P.H.; Zielinski, J.; Wiehe, T.; Laird, G.K.; Marioni, J.C.; Soylemez, O.; Kondrashov, F.; Leptin, M. Structure and Evolutionary History of a Large Family of NLR Proteins in the Zebrafish. Open. Biol. 2016, 6, 160009. [Google Scholar] [CrossRef]

	



Krupovic, M.; Blomberg, J.; Coffin, J.M.; Dasgupta, I.; Fan, H.; Geering, A.D.; Gifford, R.; Harrach, B.; Hull, R.; Johnson, W.; et al. Ortervirales: New Virus Order Unifying Five Families of Reverse-Transcribing Viruses. J. Virol. 2018, 92, e00515-18. [Google Scholar] [CrossRef]

	



Wicker, T.; Sabot, F.; Hua-Van, A.; Bennetzen, J.L.; Capy, P.; Chalhoub, B.; Flavell, A.; Leroy, P.; Morgante, M.; Panaud, O.; et al. A Unified Classification System for Eukaryotic Transposable Elements. Nat. Rev. Genet. 2007, 8, 973–982. [Google Scholar] [CrossRef]

	



Macchietto, M.G.; Langlois, R.A.; Shen, S.S. Virus-Induced Transposable Element Expression up-Regulation in Human and Mouse Host Cells. Life Sci. Alliance 2020, 3, e201900536. [Google Scholar] [CrossRef]

	



Srinivasachar Badarinarayan, S.; Shcherbakova, I.; Langer, S.; Koepke, L.; Preising, A.; Hotter, D.; Kirchhoff, F.; Sparrer, K.M.J.; Schotta, G.; Sauter, D. HIV-1 Infection Activates Endogenous Retroviral Promoters Regulating Antiviral Gene Expression. Nucleic Acids Res. 2020, 48, 10890–10908. [Google Scholar] [CrossRef]

	



Gázquez-Gutiérrez, A.; Witteveldt, J.; Heras, S.R.; Macias, S. Sensing of Transposable Elements by the Antiviral Innate Immune System. RNA 2021, 27, 735–752. [Google Scholar] [CrossRef]

	



Chernyavskaya, Y.; Mudbhary, R.; Zhang, C.; Tokarz, D.; Jacob, V.; Gopinath, S.; Sun, X.; Wang, S.; Magnani, E.; Madakashira, B.P.; et al. Loss of DNA Methylation in Zebrafish Embryos Activates Retrotransposons to Trigger Antiviral Signaling. Dev. Camb. Engl. 2017, 144, 2925–2939. [Google Scholar] [CrossRef] [PubMed]

	



Zuo, W.; Wakimoto, M.; Kozaiwa, N.; Shirasaka, Y.; Oh, S.-W.; Fujiwara, S.; Miyachi, H.; Kogure, A.; Kato, H.; Fujita, T. PKR and TLR3 Trigger Distinct Signals That Coordinate the Induction of Antiviral Apoptosis. Cell. Death Dis. 2022, 13, 707. [Google Scholar] [CrossRef] [PubMed]

	



Thapa, R.J.; Nogusa, S.; Chen, P.; Maki, J.L.; Lerro, A.; Andrake, M.; Rall, G.F.; Degterev, A.; Balachandran, S. Interferon-Induced RIP1/RIP3-Mediated Necrosis Requires PKR and Is Licensed by FADD and Caspases. Proc. Natl. Acad. Sci. USA 2013, 110, E3109–E3118. [Google Scholar] [CrossRef] [PubMed]

	



Gal-Ben-Ari, S.; Barrera, I.; Ehrlich, M.; Rosenblum, K. PKR: A Kinase to Remember. Front. Mol. Neurosci. 2019, 11, 480. [Google Scholar] [CrossRef] [PubMed]

	



García, M.A.; Meurs, E.F.; Esteban, M. The DsRNA Protein Kinase PKR: Virus and Cell Control. Biochimie 2007, 89, 799–811. [Google Scholar] [CrossRef] [PubMed]

	



Dalet, A.; Gatti, E.; Pierre, P. Integration of PKR-Dependent Translation Inhibition with Innate Immunity Is Required for a Coordinated Anti-Viral Response. FEBS Lett. 2015, 589, 1539–1545. [Google Scholar] [CrossRef] [PubMed]

	



Williams, B.R. PKR; a Sentinel Kinase for Cellular Stress. Oncogene 1999, 18, 6112–6120. [Google Scholar] [CrossRef] [PubMed]

	



García, M.A.; Gil, J.; Ventoso, I.; Guerra, S.; Domingo, E.; Rivas, C.; Esteban, M. Impact of Protein Kinase PKR in Cell Biology: From Antiviral to Antiproliferative Action. Microbiol. Mol. Biol. Rev. 2006, 70, 1032–1060. [Google Scholar] [CrossRef] [PubMed]

	



Andreev, D.E.; O’Connor, P.B.F.; Fahey, C.; Kenny, E.M.; Terenin, I.M.; Dmitriev, S.E.; Cormican, P.; Morris, D.W.; Shatsky, I.N.; Baranov, P.V. Translation of 5′ Leaders Is Pervasive in Genes Resistant to EIF2 Repression. eLife 2015, 4, e03971. [Google Scholar] [CrossRef]

	



Ventoso, I.; Sanz, M.A.; Molina, S.; Berlanga, J.J.; Carrasco, L.; Esteban, M. Translational Resistance of Late Alphavirus MRNA to EIF2α Phosphorylation: A Strategy to Overcome the Antiviral Effect of Protein Kinase PKR. Genes Dev. 2006, 20, 87–100. [Google Scholar] [CrossRef]

	



Mokas, S.; Mills, J.R.; Garreau, C.; Fournier, M.-J.; Robert, F.; Arya, P.; Kaufman, R.J.; Pelletier, J.; Mazroui, R. Uncoupling Stress Granule Assembly and Translation Initiation Inhibition. Mol. Biol. Cell. 2009, 20, 2673–2683. [Google Scholar] [CrossRef]

	



Wen, X.; Huang, X.; Mok, B.W.-Y.; Chen, Y.; Zheng, M.; Lau, S.-Y.; Wang, P.; Song, W.; Jin, D.-Y.; Yuen, K.-Y.; et al. NF90 Exerts Antiviral Activity through Regulation of PKR Phosphorylation and Stress Granules in Infected Cells. J. Immunol. 2014, 192, 3753–3764. [Google Scholar] [CrossRef]

	



McCormick, C.; Khaperskyy, D.A. Translation Inhibition and Stress Granules in the Antiviral Immune Response. Nat. Rev. Immunol. 2017, 17, 647–660. [Google Scholar] [CrossRef]

	



Onomoto, K.; Onoguchi, K.; Yoneyama, M. Regulation of RIG-I-like Receptor-Mediated Signaling: Interaction between Host and Viral Factors. Cell. Mol. Immunol. 2021, 18, 539–555. [Google Scholar] [CrossRef] [PubMed]

	



Onomoto, K.; Jogi, M.; Yoo, J.-S.; Narita, R.; Morimoto, S.; Takemura, A.; Sambhara, S.; Kawaguchi, A.; Osari, S.; Nagata, K.; et al. Critical Role of an Antiviral Stress Granule Containing RIG-I and PKR in Viral Detection and Innate Immunity. PLoS ONE 2012, 7, e43031. [Google Scholar] [CrossRef]

	



Lawrence, T. The Nuclear Factor NF-ΚB Pathway in Inflammation. Cold Spring Harb. Perspect. Biol. 2009, 1, a001651. [Google Scholar] [CrossRef]

	



Donzé, O.; Deng, J.; Curran, J.; Sladek, R.; Picard, D.; Sonenberg, N. The Protein Kinase PKR: A Molecular Clock That Sequentially Activates Survival and Death Programs. EMBO J. 2004, 23, 564–571. [Google Scholar] [CrossRef] [PubMed]

	



Choy, M.S.; Yusoff, P.; Lee, I.C.; Newton, J.C.; Goh, C.W.; Page, R.; Shenolikar, S.; Peti, W. Structural and Functional Analysis of the GADD34:PP1 EIF2α Phosphatase. Cell. Rep. 2015, 11, 1885–1891. [Google Scholar] [CrossRef] [PubMed]

	



Su, Q.; Wang, S.; Baltzis, D.; Qu, L.-K.; Raven, J.F.; Li, S.; Wong, A.H.-T.; Koromilas, A.E. Interferons Induce Tyrosine Phosphorylation of the EIF2α Kinase PKR through Activation of Jak1 and Tyk2. EMBO Rep. 2007, 8, 265–270. [Google Scholar] [CrossRef]

	



Gil, J.; García, M.A.; Esteban, M. Caspase 9 Activation by the DsRNA-Dependent Protein Kinase, PKR: Molecular Mechanism and Relevance. FEBS Lett. 2002, 529, 249–255. [Google Scholar] [CrossRef]

	



Gil, J.; Esteban, M. The Interferon-Induced Protein Kinase (PKR), Triggers Apoptosis through FADD-Mediated Activation of Caspase 8 in a Manner Independent of Fas and TNF-α Receptors. Oncogene 2000, 19, 3665–3674. [Google Scholar] [CrossRef]

	



Tsuchiya, Y.; Nakabayashi, O.; Nakano, H. FLIP the Switch: Regulation of Apoptosis and Necroptosis by CFLIP. Int. J. Mol. Sci. 2015, 16, 30321–30341. [Google Scholar] [CrossRef] [PubMed]

	



Ram, D.R.; Ilyukha, V.; Volkova, T.; Buzdin, A.; Tai, A.; Smirnova, I.; Poltorak, A. Balance between Short and Long Isoforms of CFLIP Regulates Fas-Mediated Apoptosis in Vivo. Proc. Natl. Acad. Sci. USA 2016, 113, 1606–1611. [Google Scholar] [CrossRef]

	



Chukwurah, E.; Farabaugh, K.T.; Guan, B.-J.; Ramakrishnan, P.; Hatzoglou, M. A Tale of Two Proteins: PACT and PKR and Their Roles in Inflammation. FEBS J. 2021, 288, 6365–6391. [Google Scholar] [CrossRef]

	



Balachandran, S.; Kim, C.N.; Yeh, W.C.; Mak, T.W.; Bhalla, K.; Barber, G.N. Activation of the DsRNA-Dependent Protein Kinase, PKR, Induces Apoptosis through FADD-Mediated Death Signaling. EMBO J. 1998, 17, 6888–6902. [Google Scholar] [CrossRef] [PubMed]

	



Donzé, O.; Dostie, J.; Sonenberg, N. Regulatable Expression of the Interferon-Induced Double-Stranded RNA Dependent Protein Kinase PKR Induces Apoptosis and Fas Receptor Expression. Virology 1999, 256, 322–329. [Google Scholar] [CrossRef]

	



Xu, C.; Gamil, A.; Munang’andu, H.; Evensen, Ø. Apoptosis Induction by DsRNA-Dependent Protein Kinase R (PKR) in EPC Cells via Caspase 8 and 9 Pathways. Viruses 2018, 10, 526. [Google Scholar] [CrossRef] [PubMed]

	



Best, S.M. Viral Subversion of Apoptotic Enzymes: Escape from Death Row. Annu. Rev. Microbiol. 2008, 62, 171. [Google Scholar] [CrossRef]

	



Mocarski, E.S.; Upton, J.W.; Kaiser, W.J. Viral Infection and the Evolution of Caspase 8-Regulated Apoptotic and Necrotic Death Pathways. Nat. Rev. Immunol. 2011, 12, 79–88. [Google Scholar] [CrossRef]

	



Petrie, E.J.; Hildebrand, J.M.; Murphy, J.M. Insane in the Membrane: A Structural Perspective of MLKL Function in Necroptosis. Immunol. Cell. Biol. 2017, 95, 152–159. [Google Scholar] [CrossRef]

	



Vandenabeele, P.; Galluzzi, L.; Vanden Berghe, T.; Kroemer, G. Molecular Mechanisms of Necroptosis: An Ordered Cellular Explosion. Nat. Rev. Mol. Cell. Biol. 2010, 11, 700–714. [Google Scholar] [CrossRef] [PubMed]

	



Schilling, R.; Geserick, P.; Leverkus, M. Characterization of the Ripoptosome and Its Components: Implications for Anti-Inflammatory and Cancer Therapy. Methods Enzymol. 2014, 545, 83–102. [Google Scholar] [CrossRef] [PubMed]

	



Kalai, M.; Suin, V.; Festjens, N.; Meeus, A.; Bernis, A.; Wang, X.-M.; Saelens, X.; Vandenabeele, P. The Caspase-Generated Fragments of PKR Cooperate to Activate Full-Length PKR and Inhibit Translation. Cell. Death Differ. 2007, 14, 1050–1059. [Google Scholar] [CrossRef]

	



Tummers, B.; Green, D.R. Mechanisms of TNF-Independent RIPK3-Mediated Cell Death. Biochem. J. 2022, 479, 2049–2062. [Google Scholar] [CrossRef]

	



Cesaro, T.; Michiels, T. Inhibition of PKR by Viruses. Front. Microbiol. 2021, 12, 757238. [Google Scholar] [CrossRef]

	



Wu, C.; Zhang, Y.; Hu, C. PKZ, a Fish-Unique EIF2α Kinase Involved in Innate Immune Response. Front. Immunol. 2020, 11, 585. [Google Scholar] [CrossRef]

	



Liu, Z.-Y.; Jia, K.-T.; Li, C.; Weng, S.-P.; Guo, C.-J.; He, J.-G. A Truncated Danio Rerio PKZ Isoform Functionally Interacts with EIF2α and Inhibits Protein Synthesis. Gene 2013, 527, 292–300. [Google Scholar] [CrossRef]

	



Wu, C.; Hu, Y.; Fan, L.; Wang, H.; Sun, Z.; Deng, S.; Liu, Y.; Hu, C. Ctenopharyngodon Idella PKZ Facilitates Cell Apoptosis through Phosphorylating EIF2α. Mol. Immunol. 2016, 69, 13–23. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.; Hur, J.; Park, K.; Bae, S.; Shin, D.; Ha, S.C.; Hwang, H.-Y.; Hohng, S.; Lee, J.-H.; Lee, S.; et al. Distinct Z-DNA Binding Mode of a PKR-like Protein Kinase Containing a Z-DNA Binding Domain (PKZ). Nucleic Acids Res. 2014, 42, 5937–5948. [Google Scholar] [CrossRef]

	



Wu, C.-X.; Wang, S.-J.; Lin, G.; Hu, C.-Y. The Zα Domain of PKZ from Carassius Auratus Can Bind to d(GC)n in Negative Supercoils. Fish. Shellfish. Immunol. 2010, 28, 783–788. [Google Scholar] [CrossRef]

	



Bergan, V.; Jagus, R.; Lauksund, S.; Kileng, Ø.; Robertsen, B. The Atlantic Salmon Z-DNA Binding Protein Kinase Phosphorylates Translation Initiation Factor 2 Alpha and Constitutes a Unique Orthologue to the Mammalian DsRNA-Activated Protein Kinase R: Atlantic Salmon Z-DNA Binding Protein Kinase. FEBS J. 2008, 275, 184–197. [Google Scholar] [CrossRef]

	



Liu, T.-K.; Zhang, Y.-B.; Liu, Y.; Sun, F.; Gui, J.-F. Cooperative Roles of Fish Protein Kinase Containing Z-DNA Binding Domains and Double-Stranded RNA-Dependent Protein Kinase in Interferon-Mediated Antiviral Response. J. Virol. 2011, 85, 12769–12780. [Google Scholar] [CrossRef] [PubMed]

	



Hu, C.; Xie, Z.; Zhang, Y.; Chen, Y.; Deng, Z.; Jiang, J.; Gui, J. Binding of the Zα Domain from a Carassius Auratus Protein Kinase PKR-like to Polyinosinic: Polycytidylic Acid; Kunming Institute of Zoology, Chinese Academy of Sciences: Kunming, China, 2005. [Google Scholar]

	



Nailwal, H.; Chan, F.K.-M. Necroptosis in Anti-Viral Inflammation. Cell. Death Differ. 2019, 26, 4–13. [Google Scholar] [CrossRef]

	



Berghe, T.V.; Linkermann, A.; Jouan-Lanhouet, S.; Walczak, H.; Vandenabeele, P. Regulated Necrosis: The Expanding Network of Non-Apoptotic Cell Death Pathways. Nat. Rev. Mol. Cell. Biol. 2014, 15, 135–147. [Google Scholar] [CrossRef] [PubMed]

	



Land, W.G. (Ed.) Regulated Cell Death. In Damage-Associated Molecular Patterns in Human Diseases: Volume 1: Injury-Induced Innate Immune Responses; Springer International Publishing: Cham, Germany, 2018; pp. 427–466. ISBN 978-3-319-78655-1. [Google Scholar]

	



Zhou, X.; Jiang, W.; Liu, Z.; Liu, S.; Liang, X. Virus Infection and Death Receptor-Mediated Apoptosis. Viruses 2017, 9, 316. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Suárez, N.M.; Wilkie, G.S.; Dong, C.; Bergmann, S.; Lee, P.-Y.A.; Davison, A.J.; Vanderplasschen, A.F.C.; Boutier, M. Genomic and Biologic Comparisons of Cyprinid Herpesvirus 3 Strains. Vet. Res. 2018, 49, 40. [Google Scholar] [CrossRef] [PubMed]

	



Vancsok, C.; Peñaranda, M.M.D.; Raj, V.S.; Leroy, B.; Jazowiecka-Rakus, J.; Boutier, M.; Gao, Y.; Wilkie, G.S.; Suárez, N.M.; Wattiez, R.; et al. Proteomic and Functional Analyses of the Virion Transmembrane Proteome of Cyprinid Herpesvirus 3. J. Virol. 2017, 91, e01209-17. [Google Scholar] [CrossRef] [PubMed]

	



Abramoff, M.D.; Magelhaes, P.J.; Ram, S.J. Image Processing with ImageJ. Biophotonics Int. 2004, 11, 36–42. [Google Scholar]

	



BBTools. Available online: https://jgi.doe.gov/data-and-tools/software-tools/bbtools/ (accessed on 5 October 2022).

	



Babraham Bioinformatics—FastQC A Quality Control Tool for High Throughput Sequence Data. Available online: https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 5 October 2022).

	



Pertea, M.; Kim, D.; Pertea, G.M.; Leek, J.T.; Salzberg, S.L. Transcript-Level Expression Analysis of RNA-Seq Experiments with HISAT, StringTie and Ballgown. Nat. Protoc. 2016, 11, 1650–1667. [Google Scholar] [CrossRef]

	



Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-Based Genome Alignment and Genotyping with HISAT2 and HISAT-Genotype. Nat. Biotechnol. 2019, 37, 907–915. [Google Scholar] [CrossRef]

	



Danecek, P.; Bonfield, J.K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; Keane, T.; McCarthy, S.A.; Davies, R.M.; et al. Twelve Years of SAMtools and BCFtools. GigaScience 2021, 10, giab008. [Google Scholar] [CrossRef] [PubMed]

	



Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



GitHub. Stringtie/PrepDE.Py at Master Gpertea/Stringtie. Available online: https://github.com/gpertea/stringtie/blob/master/prepDE.py (accessed on 5 October 2022).

	



GitHub. Kevinblighe/EnhancedVolcano: Publication-Ready Volcano Plots with Enhanced Colouring and Labeling. Available online: https://github.com/kevinblighe/EnhancedVolcano (accessed on 13 October 2022).

	



Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498–2504. [Google Scholar] [CrossRef]

	



Doncheva, N.T.; Morris, J.H.; Gorodkin, J.; Jensen, L.J. Cytoscape StringApp: Network Analysis and Visualization of Proteomics Data. J. Proteome Res. 2019, 18, 623–632. [Google Scholar] [CrossRef]

	



Franz, M.; Rodriguez, H.; Lopes, C.; Zuberi, K.; Montojo, J.; Bader, G.D.; Morris, Q. GeneMANIA Update 2018. Nucleic Acids Res. 2018, 46, W60–W64. [Google Scholar] [CrossRef]

	



Chin, C.-H.; Chen, S.-H.; Wu, H.-H.; Ho, C.-W.; Ko, M.-T.; Lin, C.-Y. CytoHubba: Identifying Hub Objects and Sub-Networks from Complex Interactome. BMC Syst. Biol. 2014, 8, S11. [Google Scholar] [CrossRef]

	



Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression Profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [Google Scholar] [CrossRef]

	



Mootha, V.K.; Lindgren, C.M.; Eriksson, K.-F.; Subramanian, A.; Sihag, S.; Lehar, J.; Puigserver, P.; Carlsson, E.; Ridderstråle, M.; Laurila, E.; et al. PGC-1alpha-Responsive Genes Involved in Oxidative Phosphorylation Are Coordinately Downregulated in Human Diabetes. Nat. Genet. 2003, 34, 267–273. [Google Scholar] [CrossRef] [PubMed]

	



Data Formats. GeneSetEnrichmentAnalysisWiki. Available online: https://software.broadinstitute.org/cancer/software/gsea/wiki/index.php/Data_formats#Phenotype_Data_Formats (accessed on 13 October 2022).

	



Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al. Gene Ontology: Tool for the Unification of Biology. The Gene Ontology Consortium. Nat. Genet. 2000, 25, 25–29. [Google Scholar] [CrossRef] [PubMed]

	



Gene Ontology Consortium the Gene Ontology Resource: Enriching a GOld Mine. Nucleic Acids Res. 2021, 49, D325–D334. [CrossRef] [PubMed]

	



Kanehisa, M.; Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27–30. [Google Scholar] [CrossRef]

	



Kanehisa, M. Toward Understanding the Origin and Evolution of Cellular Organisms. Protein Sci. Publ. Protein Soc. 2019, 28, 1947–1951. [Google Scholar] [CrossRef]

	



Kanehisa, M.; Furumichi, M.; Sato, Y.; Ishiguro-Watanabe, M.; Tanabe, M. KEGG: Integrating Viruses and Cellular Organisms. Nucleic Acids Res. 2021, 49, D545–D551. [Google Scholar] [CrossRef]

	



Geistlinger, L.; Csaba, G.; Zimmer, R. Bioconductor’s EnrichmentBrowser: Seamless Navigation through Combined Results of Set- & Network-Based Enrichment Analysis. BMC Bioinform. 2016, 17, 45. [Google Scholar] [CrossRef]

	



Merico, D.; Isserlin, R.; Stueker, O.; Emili, A.; Bader, G.D. Enrichment Map: A Network-Based Method for Gene-Set Enrichment Visualization and Interpretation. PLoS ONE 2010, 5, e13984. [Google Scholar] [CrossRef] [PubMed]

	



Kucera, M.; Isserlin, R.; Arkhangorodsky, A.; Bader, G.D. AutoAnnotate: A Cytoscape App for Summarizing Networks with Semantic Annotations. F1000Research 2016, 5, 1717. [Google Scholar] [CrossRef] [PubMed]

	



Luo, W.; Brouwer, C. Pathview: An R/Bioconductor Package for Pathway-Based Data Integration and Visualization. Bioinforma. Oxf. Engl. 2013, 29, 1830–1831. [Google Scholar] [CrossRef] [PubMed]

	



Mark, A.; Thompson, R.; Afrasiabi, C.; Wu, C. Mygene: Access MyGene. Info Services. 2022. Available online: https://www.bioconductor.org/packages/release/bioc/html/mygene.html (accessed on 15 February 2023).








[image: Viruses 15 00768 g001 550] 





Figure 1. Generation and verification of CRISPR-Cas9 eif2ak2 (pkr) and pkz mutations in zebrafish (a) Structure of zebrafish eif2ak2 (pkr) and pkz genes and proteins. The protein domains including double stranded RNA-binding domains (dsRB), Z-DNA/RNA binding domains (zα) and kinase domains are aligned to the corresponding exons. The CRISPR/Cas9 gene editing targets were exon 2 in zebrafish eif2ak2 gene and exon 1 in zebrafish pkz gene; sgRNA target sequences are also displayed (orange, PAM lower case). The CRISPR/Cas9-induced changes in the WT eif2ak2 gene (34-base insertion) to generate PKR-KO, and WT pkz gene (14-base deletion) to generate the PKZ-KO mutant strains are displayed. After the generation of the PKZ-KO mutant strain, the WT eif2ak2 gene in this strain was also mutated, resulting in the PKR-PKZ-KO mutant strain (displayed below). The mutated eif2ak2 gene in the PKR-PKZ-KO strain exhibits a different mutation (7-base deletion with 1-base insertion) relative to the mutated eif2ak2 gene in PKR-KO mutant. Inserted and deleted sequences are highlighted in green (deleted sequences are represented by “-“). (b) Results from genotyping of homozygous WT, PKR-KO, PKZ-KO and PKR-PKZ-KO zebrafish groups. This involved PCR amplification of eif2ak2 (pkr) and pkz genes, in each mutant group (left and right gel images, respectively, with expected sizes of WT alleles indicated). Each gel consists of the same layout: Lane 1: 1kb Molecular Marker, Lanes 2–9 each represent a DNA extracted from single whole larva, Lanes 2–3: WT Larvae, Lanes 4–5: PKR-KO mutants, Lanes 6–7 PKZ-KO mutants, Lanes 8–9 PKR-PKZ-KO mutants. Mutant eif2ak2 (pkr) alleles were detected in PKR-KO and PKR-PKZ-KO larvae exhibiting 188-bp and 148-bp amplicons, respectively (left gel). The mutant pkz allele was detected in in PKZ-KO and PKR-PKZ-KO larvae, both exhibiting 151-bp amplicons (right gel). Higher quality figures for the whole manuscript are available in the PDF version. 
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Figure 2. Infection of ZF4 cells by cypriniviruses. ZF4 cells were infected with the AngHV-1 Luc-copGFP, CyHV-2 Luc-copGFP and CyHV-3 EGFP recombinant strains. Infection progression was imaged by epifluorescence microscopy. Infected cells were identified based on green fluorescence expression at the indicated timepoints of infection. Scale bars = 100 µm. 
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Figure 3. Quantification of CyHV-2 and CyHV-3-infected cells in ZF4 monolayer over time. This data was acquired via time-lapse fluorescent microscopy (IncuCyte). Cells were cultured in a 24-well plate and infected with CyHV-2 Luc-copGFP or CyHV-3 EGFP recombinants (1.2 × 106 PFU/mL for each recombinant). At 24 hpi, cells were imaged every 2 h for 11 days. Data represent the mean ± standard errors from three replicates/wells. Data from each replicate at each timepoint represent the sum of fluorescent cells observed in nine separate locations of each well. 
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Figure 4. Kinetics of appearance and death of CyHV-2 and CyHV-3-infected cells before and after infection peak. The bars relate to the temporal pattern of appearance and disappearance of CyHV-2-infected or CyHV-3-infected cells (based on fluorescent reporter expression). The quantities are based on the total amount of observations made in 9 different locations in each well/replicate. The green and red curves show the total amount of infected cells up until the peak of infection (represented by the black vertical line) and after the peak, respectively. The values on top of the curves represent the average rate of appearance of infected cells per hour (green) and the average rate of death per hour (red). Analysing the rate of appearance/hour before the peak for CyHV-2 and CyHV-3 revealed no differences between the viruses. 
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Figure 5. Survival kinetics for CyHV-2 and CyHV-3-infected cells displayed as Kaplan-Meier plots. CyHV-2 and CyHV-3-infected cells observed at 120 hpi were monitored until the end of the experiment. Cell death events and times were identified based on the disappearance of fluorescent signals (Figure S2). N = Number of cells followed. 
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Figure 6. Cell death characteristics observed in CyHV-2 and CyHV-3 infections (a) Representative morphological observations among populations of infected cells (those exhibiting fluorescence) in the periods leading up to cell death (disappearance of fluorescence). Top panel: Morphological features consistent with apoptosis (cell shrinkage, membrane blebbing followed by the appearance of cell debris resembling apoptotic bodies, and progressive decrease of fluorescent signal). Bottom panel: Morphological features not consistent with apoptosis (cell swelling, followed by cell shrinkage, and absence of cell debris resembling apoptotic bodies prior to disappearance of fluorescent signal). Key examples of individual cells undergoing apoptosis-like and non-apoptosis-like death in each panel are highlighted by red circle and yellow arrows, respectively, which track the progression of morphology in a single cell with respect to time. Time postinfection (in days and hours) is indicated in images. Scale bars = 100 µm. (b) Percentage of infected cells exhibiting features of apoptosis-like or non-apoptosis-like cell death among those that died during the observation period (c) Mean survival time of infected cells undergoing cell death during the observation period according to the type of death observed. Data represents mean ± standard error from 3 replicates. **** p < 0.0001; *** p < 0.001; * p < 0.05. 
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Figure 7. Susceptibility and permissivity of zebrafish larvae to infection with cypriniviruses after inoculation by microinjection (a) Epifluorescence microscopy images representative of larvae inoculated with CyHV-2 and CyHV-3 according to time postinfection (longitudinal observation of the same larvae over all timepoints) Scale bars = 200 µm. (b) Numbers of CyHV-2 and CyHV-3-infected larvae among groups inoculated by microinjection (n = 15). Data represents mean ± standard errors from 3 independent experiments (longitudinal observation of the same larvae over all timepoints). (c) Levels of AngHV-1, CyHV-2 and CyHV-3 detected in infected larvae according to time postinfection based on Luc2 signal expressed by viral recombinants. The data points represent the mean radiance per larvae according to time postinfection with mean ± standard error represented for each group at each timepoint (n = 30). The discontinuous line represents the cut-off for positivity and represents the mean + 3 × SD of the values obtained for mock-infected larvae. The number of positive larvae at each timepoint is represented by bars. * p < 0.05; ** p < 0.01. 
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Figure 8. Frames from timelapse video of CyHV-3 EGFP infection in zebrafish larvae from 2–3 dpi (Video S1). The video represents overlay of brightfield/transmission and EGFP fluorescence (green). Time postinfection (in days, hours, and minutes) is indicated under each frame. (a) Entire field of view from light-sheet microscopy. For the purposes of visual orientation, identifiable anatomical features and corresponding locations within larvae body (inset image) are indicated in the first panel. Images show that the infection is primarily localized around the inoculation site (red square), and a decrease in viral levels from 2.5–3 dpi. Scale bars = 100 µm. (b) Enlarged images of the area within red square in (a), representing key examples of apoptosis-like death occurring among large numbers of infected cells (red circles) around the inoculation site, with such events primarily characterized by blebbing followed by the appearance of cell debris resembling apoptotic bodies (c) Key example of highly motile infected cell (highlighted with yellow circle), migrating away from the site of inoculation. 
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Figure 9. Network representing the functional associations between some of the top 250 most significant DEGs at 2 dpi. Using STRING protein query function in Cytoscape, 208 of the top 250 most significant DEGs were identified and scored based on functional association with each other. These data were used to generate a network in Cytoscape, which was then arranged based on GeneMania force directed layout. Each DEG is represented by a node, with edges (connecting lines) representing functional association. The largest contiguous network resulting from this analysis (136 nodes and 696 edges) is displayed. For visualization purposes, nodes in the peripheral regions of the network (representing DEGs LOC100006895, rnasel3, ndrg1b, pde6ha, and serpinb1l1) were omitted. This resulted in one large cluster (a), and two smaller clusters (b) and (c). STRING functional enrichment analysis indicated that most DEGs in this network were related to the immune response to infection (Table S6), and genes were labelled based on the main types of gene-set categories enriched in each of their respective clusters. This revealed distinct functions associated with each gene cluster, for example (a) interferon and PRR signalling, (b) antigen processing and presentation, and (c) complement response. The network was also analysed by CytoHubba, which was used to identify the potentially most important hub nodes within the network, with each node scored and coloured based on maximal clique centrality within the network, according to the CytoHubba score colour scale provided; however, this is better represented in Figure S5, with corresponding CytoHubba scores in Table S7. 
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Figure 10. Summary of GSEA output indicating gene-set enrichment based on gene expression in CyHV-3-infected relative to mock-infected zebrafish larvae at 2 dpi. Cytoscape Network representing functional relationships between all significantly enriched gene-sets (positive or negative) identified in GSEA output (FDR adjusted p-value < 0.25). Nodes in the network represent GO (blue border) and KEGG Pathway (gold border) gene-sets. Edges (connecting lines) between nodes represent the similarity coefficient (measuring the functional/gene overlap between pairs of gene-sets). Edge thickness corresponds to magnitude of similarity coefficient (only edges with coefficient ≥2 are displayed). Each gene set exhibits either a positive or negative normalized enrichment score (NES), indicating predominant upregulation or downregulation of constituent genes, respectively. Accordingly, node colour and size both represent NES magnitude (exponentially transformed scale), with positive and negative enrichment represented by red and green, respectively, according to the colour scale provided. The node border thickness indicates the significance of enrichment (inverse of FDR adjusted p-values, thus the lower the FDR adjusted p-value, the greater the thickness). Using the MCL cluster algorithm, GO and KEGG gene-sets were clustered together based on their functional similarity as indicated by similarity coefficients (beige ovals), and numbers were assigned to each cluster. For the purposes of visual clarity, clusters were manually repositioned, and within some clusters, sub-clusters were manually grouped based on functional similarity. Clusters that are overlapping or touching in the absence of any visible edges between their respective nodes have shared edges below the 0.2 coefficient cut-off for display. Clusters that do not exhibit edges between their respective nodes and are also not touching or overlapping either have no common edges or have common edges with similarity coefficient >0.1. Higher quality figures for the whole manuscript are available in the PDF version. 
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Figure 11. Visualization of differential gene expression in CyHV-3-infected zebrafish larvae (2 dpi) within KEGG pathway maps. Using the R package Pathview, gene expression data from our experiment was mapped to corresponding nodes in KEGG pathways (a) Herpes simplex virus 1 infection (b) Apoptosis and (c) Necroptosis pathways. Nodes represent zebrafish homologs of genes known to be involved in each pathway, with colour representing the log2-fold-change in gene expression in CyHV-3-infected relative to mock infected zebrafish larvae. Upregulated and downregulated genes are represented by red and green shades respectively, according to scale in the top right of each pathway. For visual clarity (due to large differences in fold change between genes) the maximum and minimum values in the colour scale is set at –1 and 1 log2-fold-change (corresponding to a two-fold change). It should be noted that many nodes represent combined differential expression from several zebrafish paralogs, thus the generic KEGG gene symbols are used as node names, which relate to the common names used to refer to protein products at each node. Not all the paralogs represented by each node are significantly differentially regulated. The list of zebrafish orthologs/paralogs corresponding to each node in these pathways can be accessed in the KEGG database using the corresponding gene-set references (Herpes simplex virus 1 infection (DRE05168), Apoptosis (DRE04210) and Necroptosis (DRE04217)), which can then be cross-referenced with data in Table S5 (using NCBI/Entrez/GenBank Gene IDs or Gene Symbols). Key genes involved in IFN-stimulated PKR-mediated programmed cell death, i.e., translational inhibition [114,116,128] leading to apoptosis [112] (blue), IFN-stimulated PKR-mediated apoptosis [129,130] (pink), and IFN-stimulated PKR-mediated necroptosis [113] (yellow) are highlighted. Genes with dashed line borders indicate instances where downregulation, translational inhibition or post-translational inactivation of protein products promote the processes in question (see main text and references provided within this caption for details). White nodes represent instances where zebrafish homologs have not been assigned thus far, or where gene expression from zebrafish homologs have not been detected. Higher quality figures for the whole manuscript are available in the PDF version. 
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Figure 12. Replication of CyHV-3 in different zebrafish strains. (a) Epifluorescence microscopy images representative of larvae inoculated by microinjection with either CyHV-3 EGFP or mock-inoculated with PBS according to time postinfection (longitudinal observation of the same larvae over all timepoints). For all strains infection clearance commenced from 4–5 dpi. Scale bars = 500 µm. (b) Numbers of infected larvae among zebrafish strains inoculated with CyHV-3 EGFP (n = 15). Data represents mean ± standard errors from 3 independent experiments (longitudinal observation of the same larvae over all timepoints). (c) IVIS analysis measuring Luc2 expression in different zebrafish strains microinjected with CyHV-3 Luc (n = 30). The data points represent the mean radiance per larvae according to time postinfection with mean ± standard error represented for each group at each timepoint. The discontinuous line represents the cut-off for positivity and the mean + 3 × SD of the values obtained for mock-infected larvae. The number of positive larvae at each timepoint is represented by bars. * p < 0.05; *** p < 0.001; **** p < 0.0001. 
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