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Editorial on the Research Topic 


Immunovirology in aquatic animals


Aquatic ecosystems are home to invertebrate and vertebrate animal species and they provide important natural resources, including food. Protein-rich aquatic animal foods contribute to global food security and nutrition. Over the last decades the production of fish food through aquaculture has surpassed that of fisheries (1). One of the challenges currently faced by aquaculture is viral infectious diseases, which can affect product quality and cause harvest losses. This Research Topic collects in its first volume part of the current knowledge on viral immunology in freshwater and marine fish species, from high commercial value species to species of interest for aquaculture diversification. 

Global warming in aquatic ecosystems alters the distribution of species contributing to the spread and emergence of new viruses. The stress response triggered in all living specimens by environmental changes, including pollution, pushes viral emergence to its peak. In this sense, mitigation tools will be needed in the near future and are worth investigating as in the case of iron nanoparticles, which have been found to modulate gene expression in fish (Kumar et al.). In addition, a soluble recombinant glycoprotein nanoparticle of IHNV was constructed and proved to be stable and immunogenic in vitro (Ahmadivand et al.), opening the possibility of using self-assembling ferritin nanocages as vaccine platforms for fish viral antigens. This volume also presents foundational research on viral diseases that affect global salmonid aquaculture. Extensive cell surface modulation in infectious salmon anemia virus (ISAV)-infected erythrocytes of Atlantic salmon was found to be directly linked to the viral surface glycoprotein hemagglutinin esterase, which binds to sialic acid, acting as a viral receptor-destroying enzyme (Fosse et al.). Infectious hematopoietic necrosis virus (IHNV) is another lethal viral pathogen that affects the global trout and salmon aquaculture industry, for which no commercial vaccine is available. A transcriptomic approach in salmonid red blood cells was performed to assess differentially expressed genes that may affect the viral propagation during the early phases of infection with piscine orthoreovirus 1 (PRV-1), which causes heart and skeletal muscle inflammation (HSMI) (Tsoulia et al.). Transcriptomics were also employed to assess the physiological status of a species of interest for Mediterranean aquaculture diversification: the Shi drum. This study established that high culture densities could hinder the control of nervous necrosis virus (NNV) outbreaks (Garcia-Beltran et al.). Since having an overview of the immune response is interesting for compiling knowledge on specific fish viral pathogens, this volume also presents a review of the recent advances in the immune response to Tilapia lake virus (TiLV) (Kembou-Ringert et al.), a novel lethal RNA virus that represents a threat to tilapia aquaculture, one of the top ten products of fisheries and aquaculture (1). Also, viral infectious diseases can affect global aquaculture production when they compromise meat quality or cause secondary infections. This is the case of the self-limiting chronic Lymphocystis disease, which is characterized by the growth of papilloma-like nodules on the skin and fins of infected fish. The differentially expressed genes in the infected skin nodules associated with the lymphocystis disease virus (LCDV) were investigated through transcriptomics in flounder (Paralichthys olivaceus), a species of economic importance in Asian countries (Zhang et al.). In gilthead seabream (Sparus aurata), a species of economic importance for Mediterranean aquaculture, the immune genes involved in the protection induced by a DNA vaccine based on the major capsid protein of an LCDV were investigated through an array platform (Leiva-Rebollo et al.). Acipenserid herpesvirus 2 (AciHV-2), another DNA virus, causes a fatal disease in juvenile white sturgeons (Acipenser transmontanus) and was found to affect the outcome of secondary bacterial infections (Quijano Cardé et al.). Finally, poly(I:C) (polyriboinosinic polyribocytidylic acid), an analogue of double stranded viral RNA that is used as an adjuvant and is known to induce viral immune responses in fish, was employed to assess the antiviral response in species such as lumpfish, a species that is important for the control of sea lice in salmon aquaculture, or the gadiform species Lota lota, whose population is decreasing.

The prevention and treatment of aquatic animal viral diseases requires basic research in comparative immunology to understand the host response in fish, a group of animals with evolutionary diversification. Our knowledge of viral immunology is essential for developing treatments and vaccines against infectious viral diseases in fish, which cause high mortality rates and significant economic losses for aquaculture producers. This first volume provides a foundation of knowledge on the cellular and molecular mechanisms underlying fish innate and adaptive immunity to different infectious viral diseases and explores novel treatments.
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Many sialic acid-binding viruses express a receptor-destroying enzyme (RDE) that removes the virus-targeted receptor and limits viral interactions with the host cell surface. Despite a growing appreciation of how the viral RDE promotes viral fitness, little is known about its direct effects on the host. Infectious salmon anemia virus (ISAV) attaches to 4-O-acetylated sialic acids on Atlantic salmon epithelial, endothelial, and red blood cell surfaces. ISAV receptor binding and destruction are effectuated by the same molecule, the haemagglutinin esterase (HE). We recently discovered a global loss of vascular 4-O-acetylated sialic acids in ISAV-infected fish. The loss correlated with the expression of viral proteins, giving rise to the hypothesis that it was mediated by the HE. Here, we report that the ISAV receptor is also progressively lost from circulating erythrocytes in infected fish. Furthermore, salmon erythrocytes exposed to ISAV ex vivo lost their capacity to bind new ISAV particles. The loss of ISAV binding was not associated with receptor saturation. Moreover, upon loss of the ISAV receptor, erythrocyte surfaces became more available to the lectin wheat germ agglutinin, suggesting a potential to alter interactions with endogenous lectins of similar specificity. The pruning of erythrocyte surfaces was inhibited by an antibody that prevented ISAV attachment. Furthermore, recombinant HE, but not an esterase-silenced mutant, was sufficient to induce the observed surface modulation. This links the ISAV-induced erythrocyte modulation to the hydrolytic activity of the HE and shows that the observed effects are not mediated by endogenous esterases. Our findings are the first to directly link a viral RDE to extensive cell surface modulation in infected individuals. This raises the questions of whether other sialic acid-binding viruses that express RDEs affect host cells to a similar extent, and if such RDE-mediated cell surface modulation influences host biological functions with relevance to viral disease.
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Introduction

Sialic acids are highly diverse (>80 derivatives known to date) and typically present on the outermost ends of glycans attached to plasma membrane-anchored proteins or lipids (1). Many sialic acid-binding viruses express a receptor-destroying enzyme (RDE) that removes the virus-targeted receptor and limits viral host cell attachment (2). An appropriate balance between viral receptor-binding and receptor-destroying activities promotes viral fitness. The RDE supports both early and late steps in the infectious cycle: First, RDE activity destroys decoy receptors in mucus and reduces the cell surface density of virus-targeted sialic acids; this appears to help virus particles reach sites on the plasma membrane that favor viral entry (3–6). Second, when new virus particles bud from the plasma membrane, RDE activity is required to prevent aggregation of viral particles and allow their release (7). The importance of viral receptor destruction can be exemplified by the strong reduction of influenza virus replication by compounds that inhibit its RDE, the neuraminidase (6). In addition, viral receptor destruction mediates attachment interference that limits host cell superinfection (8–11).

Despite the growing appreciation of the role of the viral RDE in the infectious cycle, little is known about its direct effects on the host. First, how extensive is the RDE-mediated modulation of target cell surfaces in an infected individual? Second, considering that cell surface sialic acids modulate a range of cellular functions, including the activation of immune responses (12–14), could the loss of sialic acid viral receptors influence host biological functions with relevance to viral disease?

Infectious salmon anemia virus (Isavirus salaris, ISAV) is an enveloped, segmented, single-stranded, negative sense RNA virus of the Orthomyxoviridae family. ISAV contains eight genomic segments that encode at least 10 proteins (15–17). Amongst these is the dual-function surface glycoprotein haemagglutinin esterase (HE) that is responsible for both binding to and hydrolysis of 4-O-acetylated sialic acids, identified as the ISAV receptor (18, 19). Infection with pathogenic ISAV variants causes disease (infectious salmon anemia, ISA) in farmed Atlantic salmon (Salmo salar L.) (20), and has led to vast economic losses in all major salmon-producing countries.

Vascular endothelial cells are the main target cells of pathogenic ISAV and support the generation of new virus particles that are released into the blood stream (21, 22). Moreover, clinical signs of ISA are compatible with a viral sepsis-like breakdown of central vascular functions, including petechial bleeds, vascular leakage, and focal necrosis (20). We recently revealed a global loss of vascular 4-O-acetylated sialic acids in ISAV-infected fish that correlated with the expression of viral proteins (23). While this suggested that the esterase activity of the HE could be involved in the host cell surface modulation, we could not exclude the involvement of endogenous host esterases.

Several lines of reasoning made us curious if erythrocyte surfaces in infected fish were modulated in a similar manner: First, nucleated fish erythrocytes are targeted by ISAV, but show limited, if any, permissiveness to infection (24). Consequently, any surface modulation would be independent of the cellular expression of viral proteins. Second, prior to the onset of sepsis-like clinical signs and mortality, ISAV-infected fish typically develop anemia (24, 25). In general, sialic acids and their 9-O-acetylation are involved in regulating the circulating half-life of erythroid-lineage cells in other species (26–29); hence, a modulation of erythrocyte sialic acids could potentially contribute to the pathogenesis of ISA. Finally, erythrocytes are accessible to sampling and ex vivo manipulation, facilitating exploration of underlying mechanisms.

We found that erythrocytes in infected fish, similar to endothelial cells, progressively lost the ability to bind new ISAV particles. By exposing erythrocytes from non-infected fish to ISAV and recombinant proteins ex vivo, we further revealed that the loss of ISAV binding was not due to saturation of the receptor, but associated with pruning of surface sialic acids by the ISAV esterase. These findings expand on our recent observation of loss of vascular 4-O-acetylated sialic acids in infected fish, as we provide direct mechanistic evidence that the surface modulation is caused by ISAV esterase activity, rather than endogenous host esterases. Moreover, we demonstrate that cells can be extensively modulated by RDE activity despite not permitting viral replication. Our observations raise the questions of whether RDEs of other sialic acid-binding viruses modulate target cell populations to the same extent, and if such surface modulations influence biological processes in infected hosts.



Results




Disease and viraemia in experimentally infected fish

Atlantic salmon (n = 47, median body weight 115 g) were challenged by immersion for two hours with ISAV (Glesvaer/2/90, 103.75 TCID50/mL) and subsequently maintained in a fresh water flow-through system at 12°C for the duration of the trial (Figure 1A). The first mortality in the infected fish group occurred 15 days post infection (dpi), with mortality rapidly increasing over the next days (Figure 1B). The trial was terminated 18 dpi, upon reaching its pre-determined end point of 40% cumulative mortality. No fish in the non-infected group (n = 26) died during the trial. Infected fish developed anemia 12 dpi (Figure 1C), prior to other clinical signs. Histological examination of hematoxylin & eosin-stained sections of formalin-fixed paraffin-embedded tissues revealed increased erythrophagocytosis in head kidney and spleen of infected fish that coincided with the onset of anemia (Figures S1A–C), suggesting that erythrocytes were removed from the circulation at an increased rate. Viraemia, measured by ISAV segment 8 RNA and infective particles in the blood, was detected in 3 out of 4 fish at the earliest sampling point (4 dpi) and all infected fish at subsequent samplings. Blood viral loads peaked and plateaued 14 dpi (Figure 1D), with no significant decline within the trial period (Table S1). Levels of viral RNA in the head kidney peaked and plateaued earlier, 10 dpi (Figure S1D), in line with the assumption that circulating ISAV particles originate from extensive replication in vascular endothelial cells (21, 22).
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Figure 1 | Disease and viraemia in experimentally infected fish. (A) Outline of the infection trial. Atlantic salmon were challenged with ISAV (NO/Glesvaer/2/90, 2 hours immersion) and followed for 18 days. The illustration was created in BioRender.com. (B) Cumulative mortality in the infected fish group. No deaths occurred in the non-infected group. (C) Hematocrits (HCT) of infected fish. Data points represent individual fish, and the line connects median values. The reference range (grey shading) is based on blood samples from 25 non-infected fish (mean +/- 2 standard deviation). (D) Viral RNA and infective particles in blood were measured by qPCR targeting ISAV segment 8 (left y-axis, black dots and line) and titration on ASK cells (right y-axis, open circles, stippled line). Data points represent individual fish, lines connect median values. (E) Representative micrograph of an acetone-fixed blood smear from an infected fish (12 dpi) immunostained for HE (clone 3H6F8, green/Alexa488). Nuclei are counterstained with Hoechst 33342 (blue), and bright field contrast shows the outline of the cells. The scale bar measures 20 μm. (F) The percentage of HE-positive cells in acetone-fixed blood smears were counted manually (black dots and line). PFA-fixed blood cells from infected fish were immunostained for HE, and the signal was measured by flow cytometry (open circles, stippled line). Data points represent individual fish. Lines connects median values. ***p<0.001: flow cytometry data from 14, 16, and 18 dpi were compared by Kruskall-Wallis test and Dunn’s multiple comparison (Table S1).

Erythrocyte-associated ISAV was first evaluated by manual counting of immunostained blood smears, detecting ISAV-positive erythrocytes in 2 out of 4 fish 6 dpi and all fish at subsequent samplings (Figures 1E, F, black dots). Blood smears obtained at 16 and 18 dpi were not of sufficient technical quality for analysis. Flow cytometry provided a more objective method for quantifying the erythrocyte-associated ISAV, and was performed at day 4, 8, 10, 12, 14, 16, and 18 dpi (Figure 1F, open circles, stippled line, Figure S1E). A decline in ISAV-positive cells was detected from 14 to 18 dpi (Figure 1F and Table S1). Both the percentage of ISAV-positive cells assessed by immunostaining of blood smears (Spearman r = 0.8302, p < 0.001, Table S1) and the flow cytometry-measured ISAV HE signal (Spearman r = 0.6774, p < 0.0001, Table S1) correlated with infective titers.




The ISAV receptor is lost from circulating erythrocytes in infected fish

Next, we assessed the distribution of the ISAV receptor in tissue sections and membrane-enriched fractions of erythrocytes from infected fish. We performed a virus binding assay where ISAV antigen produced in infected cells was used as the primary probe (21) (Figure 2A). Consistent with our recent observations (23), heart vascular endothelial cells lost their capacity to bind new ISAV particles 10 dpi and did not recover (Figures 2B, C). Despite ISAV remaining attached to circulating erythrocytes throughout the course of infection (Figure 1F), a similar loss of the capacity to bind new ISAV particles was observed 10 dpi onwards (Figures 2D–F). New ISAV binding to heart sections and erythrocyte membranes correlated in individual fish (Spearman’s correlation coefficient = 0.7494, p < 0.0001, Table S1). These findings reveal that erythrocytes in ISAV-infected fish lose the ability to bind new ISAV particles as the infection progresses in a similar manner to vascular endothelial cells (23), suggesting loss of the host cell surface receptor.
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Figure 2 | Like vascular endothelium, circulating erythrocytes in infected fish lose the ability to bind new ISAV. (A) The distribution of the ISAV receptor in heart tissues and membrane-enriched erythrocyte fractions was evaluated by serial incubation with ISAV antigen, mouse IgG1 targeting HE (clone 3H6F8), fluorescence- or HRP-conjugated secondary antibodies, and substrate if relevant. The illustration was created in Biorender.com. (B) Representative micrographs showing the ISAV receptor (brown) in hearts of non-infected and infected fish (8 and 16 dpi). Sections are counterstained with hematoxylin. Scale bars measure 100 μm. (C) Quantification of ISAV receptor signal in scanned heart sections. (D, E) Membrane-enriched erythrocyte lysates were separated by SDS-PAGE and blotted to nitrocellulose membranes, before evaluation of ISAV binding as described above. Representative blots show (D) total protein and (E) ISAV binding (arrow) to samples from non-infected fish harvested 0, 14, and 18 dpi and infected fish harvested 4, 6, 8, 10, 14, and 18 dpi. (F) Quantification of signal (4 fish per time point) normalized to total protein. (C, F) Data points represent individual fish. Lines connect median values.




The erythrocyte loss of ISAV binding is not mediated by saturation of the ISAV receptor

To understand the mechanisms behind the observed loss of the ISAV receptor in infected fish, we next exposed density-purified erythrocytes from non-infected fish to supernatants from ISAV-infected cells. After identifying a virus dose that did not saturate the ISAV binding capacity (105 TCID50 per 2 × 107 cells, Figure 3A), we evaluated ISAV binding in cells exposed to this non-saturating dose for 20 hours. Reflecting the situation in infected fish, we found that prior exposure to ISAV abolished subsequent ISAV binding to the membrane-enriched fractions (Figures 3B, C).
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Figure 3 | Loss of ISAV binding is not mediated by saturation of its cellular receptor. (A) Density-purified erythrocytes isolated from non-infected fish were incubated with ISAV at the indicated dose (per 20 million cells) and given duration, and the percentage of HE-positive cells was quantified by flow cytometry. Data points show measurements in cells from individual fish, with lines connecting values from the same fish when relevant. (B, C) Membrane-enriched erythrocyte lysates from three fish (1, 2, 3) exposed to medium or ISAV (105 TCID50 per 20 million cells, 20 hours) were separated by SDS-PAGE and blotted to nitrocellulose membranes. (B) Blots were stained for total protein by Revert700 Total Protein Stain, (C) and the level of ISAV receptor was evaluated by serial incubation with ISAV antigen, mouse IgG1 targeting HE (clone 3H6F8), HRP-conjugated secondary antibody, and substrate. The assay was repeated twice with identical results. The arrow points to the band representing ISAV binding in medium-treated erythrocytes.

This illustrates that exposure to ISAV-containing supernatants is sufficient to reproduce the loss of ISAV binding observed in infected fish, and that the loss of binding is not due to receptor saturation.




The loss of ISAV binding is accompanied by increased availability to sialic acid-binding lectins

Loss of 9-O-acetylation can make sialic acids more available to endogenous sialic acid-binding immunoglobulin-like lectins (siglecs), probably by reducing steric hindrance (29–31). Similarly, 4-O-acetylation prevents binding of the plant lectin wheat germ agglutinin (WGA) to a range of α2,3-linked sialic acids (32). Four members of the siglec family (siglec 1, 2, 4, and 15) are conserved in all vertebrates, including Atlantic salmon (33). As the binding specificities of Atlantic salmon siglecs have not been characterized, we here used WGA as a proxy for testing if the loss of the ISAV receptor could modulate interactions between lectins and Atlantic salmon erythrocytes.

We found that exposure to both low (105 TCID50 per 2 × 107 cells) and high (106 TCID50 per 2 × 107 cells) doses of ISAV increased the binding of WGA to erythrocytes (Figure 4A). The effect was evident as soon as 60 min after exposure. At this time, the low-dose effect was less prominent, but after 20 hours, the low and high doses of virus increased WGA binding to a similar extent (Figure 4A and Table S1). Only the high dose of ISAV increased binding of the sambucus nigra lectin (SNA), which specifically targets α2,6-linked sialic acids (32) (Figure 4B).
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Figure 4 | The loss of ISAV binding is accompanied by increased availability to sialic acid-binding lectins. The lectin-binding capacity of erythrocytes was evaluated by flow cytometry. (A, B) Density-purified erythrocytes isolated from non-infected fish were incubated with ISAV at the indicated dose (per 20 million cells) and given duration, and WGA-binding (A) and SNA-binding (B) was quantified in live cells by flow cytometry. Data points show measurements in cells from individual fish, with lines connecting values from the same fish. ** p < 0.01, Mann-Whitney U, ns, non-significant. (C, D) WGA-binding to PFA-fixed blood cells from infected fish was quantified by flow cytometry. Data points show values in individual fish. **** p < 0.0001, Mann-Whitney U. (E) Density-purified erythrocytes were incubated with plasma from infected fish harvested at the indicated time points (10 µL/106 cells) and incubated overnight before quantification of WGA-binding by flow cytometry. Data points show cells incubated with plasma from individual fish (4 per time point). The line connects medians.

Erythrocytes of infected fish (12-18 dpi) also bound WGA more efficiently than cells from non-infected individuals harvested at the same time (Figures 4C, D), confirming the in vivo relevance of our finding. Finally, incubation of erythrocytes from healthy fish with plasma from infected fish increased their binding to WGA (Figure 4E). Due to the limited amount of sample available, SNA-binding was not tested in samples from infected fish.




The modulation of erythrocyte surfaces is mediated by the ISAV esterase

A monoclonal antibody (mouse IgG1 clone 9G1F10A) that inhibited cellular ISAV attachment and hemagglutination (Figure S2) prevented the increase in WGA and SNA binding (Figures 5A–C). Similarly, the increase in WGA-binding observed when erythrocytes were incubated with plasma from infected fish, was strongly reduced when the plasma samples were pre-incubated with this neutralizing antibody (Figure 5D). Finally, incubating erythrocytes with recombinant HE showed that HE was sufficient to induce an increase in WGA-binding (Figures 5E, F). However, when the HE esterase activity was silenced by alanine mutation of its catalytic serine (S32) (34), the HE-mediated increase in WGA was abolished (Figures 5E, F).
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Figure 5 | The pruning of erythrocyte surface is mediated by the ISAV esterase. (A–C) Virus supernatants were pre-incubated with antibodies targeting HE (9G1F10A) or the influenza A virus nucleoprotein (D67J) as a negative control (both: 5 µg/mL, 30 min, RT) before inoculation with erythrocytes (A-B: 106 TCID50 per 20 million cells, 60 min; C: 105 TCID50 per 20 million cells, 20 hours). Flow cytometry was used to evaluate (A, C) WGA-binding and (B) SNA-binding. (D) Plasma from infected fish harvested at the indicated time points was added to erythrocytes (10 µL/106 cells) either alone (black dots and line) or pre-incubated with the antibody 9G1F10A (open circles, stippled line). Samples were incubated overnight before quantification of WGA-binding by flow cytometry. Data points show cells incubated with plasma from individual fish (4 per time point). The lines connect medians. (E, F) WGA-binding to erythrocytes exposed to wild type or esterase-silenced (S32A) HE at 1 HAU per 106 cells for 20 hours. (A-D, F) Each data point represents blood cells isolated from one fish. Bars and line show median values. **p < 0.01, ***p < 0.001, ****p < 0.0001, Mann Whitney U.

Together, these findings suggest that ISAV-exposure renders erythrocyte sialic acids more available to lectin binding; that the attachment of ISAV to the cellular surface is required for this effect to take place; and that the ISAV-induced surface modulation at least in part is mediated by the hydrolytic activity of the viral RDE.

Our collected results support the conclusion that the ISAV RDE extensively removes 4-O-acetylated sialic acids from target cell surfaces in infected Atlantic salmon and suggest that this activity has potential to influence interactions with endogenous lectins.




Discussion

We recently discovered that the ISAV receptor disappears from the vascular surface of ISAV-infected Atlantic salmon (23). Here, we confirm and expand on that observation, by showing that circulating erythrocytes in infected fish also lose the ability to bind new ISAV particles, and that the viral esterase has a key role in this process. Our findings support a model where the HE first attaches to cell surface 4-O-acetylated sialic acids and then causes extensive hydrolysis of adjacent non-bound 4-O-acetylated sialic acids. The RDE-mediated loss of cell surface 4-O-acetylated sialic acids limits further ISAV binding and makes cell surface sialic acids more available to lectins, but does not affect already-bound ISAV particles.

Despite being nucleated, and in contrast to endothelial cells (21), only a minor fraction of Atlantic salmon erythrocytes supports ISAV protein production (24). Our findings therefore illustrate that the loss of viral receptor does not depend on viral replication and suggest that the cell surface is modulated at an early stage of the infectious cycle.

The loss of erythrocyte ISAV binding was attributed to the hydrolytic activity of HE: First, the effect was not associated with receptor saturation; suggesting that it was mediated by hydrolysis of 4-O-acetyl sialic acids, like in endothelial cells (23). Second, the loss of ISAV receptor from vascular endothelial cells and erythrocytes correlated in individual fish, indicating a common denominator. Third, exposing normal erythrocytes to plasma from infected fish reproduced the surface modulation, suggesting that this denominator was present in plasma. The plasma-induced surface modulation was inhibited by an antibody that prevented ISAV receptor engagement, strengthening the assumption that circulating ISAV particles were responsible for the effect, rather than secreted host esterases. ISAV-dependent surface modulation was also observed when erythrocytes from non-infected fish were exposed to supernatants from infected cells. Finally, exposure to recombinant HE was sufficient to induce the same surface modulation in normal erythrocytes, but only when the HE hydrolytic activity was preserved.

Even though erythrocytes from infected fish no longer supported the attachment of new virus particles, ISAV remained associated with erythrocytes throughout the trial, with only a small decline over the last four days. The antibody used to quantify erythrocyte-associated ISAV specifically binds the ISAV surface protein HE (35); hence, it will not detect virus proteins after their release to the cytoplasm. However, it is possible that pre-fusion virus particles in endosomes could account for part of the observed signal. Nevertheless, several studies have suggested that the dissociation of ISAV from Atlantic salmon erythrocytes is limited. The isolate used in the current study, Glesvaer/2/90, was the first ISAV isolate propagated (36) and has since been used in many of the key publications that characterize ISAV proteins, including HE (16–19, 34). The isolate efficiently hydrolyses both free and glycosidically bound 4-O-acetylated sialic acids (18), and both horse, rabbit, rainbow trout, cod, and crucian carp erythrocytes elute in the expected manner after Glesvaer/2/90-mediated agglutination (16, 17). Yet, the virus does not permit elution of agglutinated Atlantic salmon erythrocytes (16, 17). Interestingly, the same lack of elution is seen when Atlantic salmon erythrocytes are agglutinated with influenza C virus (17), which binds and hydrolyses 9-O-acetylated sialic acids (37, 38). This suggests that the lack of virus dissociation might be due to specific properties of Atlantic salmon erythrocytes.

The discrepancy between hydrolytic activity and virus dissociation indicates that the release of ISAV from the cell surface depends more on the on-off rate of the initial receptor engagement than the viral esterase hydrolytic activity. In other words, the ISAV esterase appears to limit the initiation of new attachments, rather than inducing the dissociation of already-bound ISAV particles. Nevertheless, the hydrolysis of adjacent receptors will reduce the local receptor density around the site initially bound by the virus, limiting the possibility to reattach to the cellular surface after release of the initial attachment (3, 4).

The erythrocyte surface modulation in infected fish that abrogated further ISAV attachment also increased the binding of the plant lectin WGA. The hydroxyl-group of sialic acid carbon 4 contributes to determining the specificity of WGA (39). Also, the binding of WGA to a range of α2,3-linked sialic acids is inhibited by 4-O-acetylation (32). It is therefore not surprising that the ability to bind WGA increases when the ISAV receptor is lost. The effect on SNA-binding was less expected. SNA is highly specific to α2,6-linked sialic acids, and its binding is not inhibited by 9-O-acetylation (32). While we have not identified any previous studies of how 4-O-acetylation influences SNA-binding, our findings suggest that this modulation could limit interactions between SNA and its ligand on Atlantic salmon erythrocytes, presumably α2,6-linked sialic acids.

In addition to increasing the knowledge of how ISAV interacts with target cell surfaces in the early phase of the infectious cycle, our observations raise two important questions:

First, does the RDE-induced cell surface-modulation influence biological functions in the host? In viral infection, it is essential for a successful outcome that the immune response is powerful enough to eliminate the viral infection, yet controlled and specific enough to avoid unsustainable collateral damage to the host. In addition to being exploited by numerous microbes for attachment (2), sialic acids regulate host tolerance and immune activation by interacting with siglec-expressing immune cells (12–14, 40). These interactions can be modulated by sialic acid O-acetylation (41–43). Sialic acid de-acetylation, which we have identified on erythrocyte and vascular surfaces in ISAV-infected fish, typically enhances siglec interactions (41), and the biological end-result will depend on the specific siglec and cell type involved. ISA is characterized by a severe reduction in the number of circulating erythrocytes and circulatory collapse, but surprisingly low levels of perivascular inflammation, despite a strong vascular endothelial expression of viral proteins (20, 21). Amongst several interesting observations that may be relevant to ISA pathogenesis is that loss of 9-O-acetylation enhanced interactions between murine erythroid leukemia cells and siglec-1 and promoted erythroid cell retention in the spleen and liver (29). Furthermore, loss of O-acetylated sialic acids promoted the activation of natural killer cell inhibitory siglecs and protected human cancer cell lines from cytotoxicity (42). Atlantic salmon siglecs and other sialic acid-binding molecules remain poorly characterized. Hence, it is difficult to predict the effects of the ISAV RDE-induced loss of vascular and erythrocyte 4-O-acetylated sialic acids. Nevertheless, in the light of ISA pathogenesis, it is reasonable to ask if this virus-mediated cell surface modulation could play a role in the premature removal of erythrocytes from circulation or a possible inhibition of cytotoxic immune responses in infectious salmon anemia.

Second, do other viral RDEs modulate target cell surfaces to a similar extent? A range of viruses targets different host sialic acid derivatives as highly specific attachment receptors, and many of these also express a RDE (2). The influenza A virus neuraminidase promotes viral fitness (6, 44), but little is known about its direct effects on host cells during infection. The same is true for other viral RDEs. Evidence for destruction of the human erythrocyte influenza virus receptor was provided in hemagglutination reactions more than 70 years ago (45). Still, we have not identified any studies that address possible modulations of erythrocyte surfaces in influenza virus-infected hostss. Two studies have documented loss of host sialic acids in lung tissues of influenza A virus (H1N1, H1N2, and H4N6)- and highly pathogenic avian influenza A virus (HPAIV) (H5N1)-infected animals, as well as ex vivo HPAIV (H5N1)-infected human lung biopsies (46, 47). These studies support the assumption that influenza A virus, similar to ISAV, modulates target cell surfaces during infection. Interestingly, in contrast to the ISAV esterase that appears to make host cell surfaces more available to lectins that target de-acetylated sialic acids, the influenza A virus neuraminidase removes the virus-targeted sialic acid from the cell surface (48). Hence, it is possible that RDE activity could reduce interactions with immune-modulatory lectins and contribute to the dysregulated inflammation characteristic of severe human influenza (49, 50). While most influenza A strains rarely cause viraemia in humans, HPAIV (H5N1) is an exception (51). Considering the zoonotic and even pandemic potential of HPAIV (52), we suggest that the consequences of a widespread loss of virus-targeted sialic acids in the context of this infection should be addressed by future studies.



Materials and methods




Fish and experimental infection

Atlantic salmon (AquaGen, Trondheim, Norway) were hatched, reared, and kept at the aquaculture research station: Center for Sustainable Aquaculture (Norwegian University of Life Sciences [NMBU], Ås, Norway). Fish were maintained on a 24 hour light photoperiod in circular tanks in a temperature-controlled (14 ± 1°C) fresh water recirculatory aquaculture system and fed a standard salmon diet in excess, using automatic belt feeders. Blood for use in ex vivo experiments was collected in heparinized containers by terminal blood sampling from the caudal veins of fish (body weight 100-300 g) anesthetized by Tricaine methanesulfonate immersion (100-200 mg/L). Prior to the infection trial, the relevant fish group was tested by qPCR and found negative for infectious salmon anemia virus (gills/heart/kidney), salmon pox gill virus (gills), infectious pancreatic necrosis virus, piscine rheovirus-1, piscine myocarditis virus, and salmonid alphavirus (all heart/kidney) by the diagnostic services at the Norwegian Veterinary Institute.

A total of 73 fish (median body weight 115 g) were transferred to the NMBU infection Aquarium (Ås, Norway) for use in the infection trial. The unit uses a fresh water flow-through aquaculture system at 12°C. After acclimatization, one group (n=47) was infected by 2-hour immersion in water containing the high-virulent Norwegian ISAV isolate NO/Glesvaer/2/90 (36) (103.75 TCID50/mL), as previously described (53). This protocol reliably infects all fish in a synchronized manner, but the severity of disease varies between trials (53, 54). Infected fish were sampled 4, 6, 8, 10, 12, 14, 16, and 18 dpi (n=4-6 fish per time point). A group of non-infected fish from the same batch (n=26) served as controls and was sampled 0, 12, 14, 16, and 18 dpi (n=4-6 fish per time point). At sampling, fish were anesthetized by immersion in benzocaine (40 mg/L), weighed and measured, and blood was collected from the caudal vein into heparinized containers. After blood sampling, the exterior of the fish was examined, fish were killed by cervical sectioning, the midline was incised, and organs were inspected and harvested. Hematocrits were measured within 90 min after sampling, by measuring the cell fraction of centrifuged blood (75 mm capillary tubes, 1200 rpm, 3 min, room temperature [RT]).




Cells

Atlantic salmon kidney (ASK) cells (55) were maintained in L-15 medium (Lonza) supplemented with fetal bovine serum (FBS, 10%, Lonza), L-glutamine (Lonza, 4mM), and penicillin/streptomycin/amphotericin (Lonza, 1%) or gentamicin (50 µg/mL). The cells were cultured in closed cap tissue culture flasks at 20°C and were split 1:2 every 14 days.

Erythrocytes for ex vivo experiments were isolated from heparinized blood from non-infected Atlantic salmon by density gradient centrifugation. Briefly, 0.25 mL blood was diluted in 5 mL phosphate-buffered isotonic saline (PBS), layered on top of 7.5 mL 51% Percoll Plus (Sigma-Aldrich), and centrifuged without breaks (500x g, 20 min, 10°C). The erythrocyte pellets were extensively washed in PBS and resuspended 2 × 107 cells/mL in the same culture medium as the ASK cells. Erythrocyte suspensions were maintained in 6-well cell culture plates on a microplate shaker (IKA-Werke, 150-200 rpm, 15°C) for up to 10 days. ISAV exposure was performed by resuspending erythrocytes in medium containing ISAV, plasma from infected fish, or recombinant HE (serial dilutions), followed by incubation in 24- or 48-well cell culture plates on a microplate shaker. Where relevant, ISAV or plasma from infected fish was pre-incubated with a mouse IgG1 targeting ISAV HE (clone 9G1F10A, generated by Knut Falk in the late 1990s) or mouse IgG2a targeting influenza virus NP (clone D67J, Thermo Fisher Scientific) (both: 5 µg/mL, 30 min, RT).




Virus and titer determination

ISAV was propagated in ASK cells at 15°C, and supernatants were harvested when cytopathic effects were close to complete, 14-28 dpi. Infective titers were determined by inoculating serial dilutions of supernatants or blood (10 µL heparinized blood was added to 500 µL L-15 medium and kept at -80°C until titration) in quadruplicate wells of ASK cells cultured in 96-well microtiter plates. Acetone-fixed cells were incubated with IgG1 against the ISAV nucleoprotein (P10, Aquatic Diagnostics Ltd, 0.4 µg/mL, 60 min, RT), washed (PBS × 3), and incubated with Alexa488-labelled goat anti-mouse IgG (A11001, Thermo Fisher Scientific, 5 µg/mL, 45 min, RT), and titers were calculated by the modified Kärber method, as previously described (17).




RNA extraction and qPCR

20 µL heparinized blood was added to 400 µL MagNA Pure LC RNA Isolation Tissue Lysis buffer (Roche). Head kidney pieces (15-30 mm3) were collected in RNA later (Thermo Fisher Scientific), transferred to 500 µL MagNA Pure LC RNA Isolation Tissue Lysis buffer, and homogenized with 3-5 mm steel beads in a TissueLyser II (Qiagen, 24 Hz, 2 × 3 min). 350 µL lysed blood or 200 µL lysed head kidney were transferred to a Magna Pure 96 Processing Cartridge (Roche), and the total volume of head kidney samples was adjusted to 350 µL by adding MagNA Pure LC RNA Isolation Tissue Lysis buffer. RNA was extracted on a MagNA Pure 96 instrument (Roche) with the MagNA Pure 96 Cellular RNA Large Volume Kit (Roche), using the RNA tissue FF standard cellular RNA protocol with an elution volume of 50 µL per sample. RNA yield and purity was determined by a Multiskan Sky spectrophotometer (Thermo Fisher Scientific). The QuantiTect reverse transcription kit (Qiagen) was used for cDNA synthesis. Real time PCR was carried out with the TaqMan fast Advanced kit (Applied Biosystems) using the following protocol: TaqMan Fast advanced master mix (1x), TaqMan assay probe (0.2 µM), forward and reverse primers (0.5 µM), and cDNA template (0.5 ng/µl) final concentrations. Thermocycling was performed on a CFX384 Bio-Rad) and CFX-manager (software version 3.1, Bio-rad) under the following conditions: 2 min at 50 °C, 20 seconds at 95 °C, 40 cycles of 3 seconds each at 95 °C, and 30 seconds at 60 °C. Standard curves of a synthetic DNA fragment containing the relevant target sequences (Integrated DNA Technologies) were used for calculation of copy number per µg RNA. Sequences for primer/probes/DNA: ISAV segment 8: FW 5′-CGAAAGCCCTGGAAACTTTAGA-3′; REV 5′-GATGCCGGAAGTCGATGAACT-3′; probe FAM-aaggccatcgtcgct-NFQ. ELF-1α (for normalization): FW 5′-GGCTGGTTCAAGGGATGGA-3′; REV 5′-CAGAGTCACACCATTGGCGTTA-3′; probe FAM-tcgagcgtaaggatg-NFQ. DNA fragment: CATGCTGGAGGCTAGCGCCAACATGGGCTGGTTCAAGGGATGGAAGGTCGAG
CGTAAGGATGGTAACGCCAATGGTGTGACTCTGCTGGAAGCCCTGGACGATGC
AGATGTATGCTCTAGGAGCGAGTTCGAAAGCCCTGGAAACTTTAGAAAAGGCC
ATCGTCGCTGCAGTTCATCGACTTCCGGCATCCTGCTCGACAGAGAAGATGGT
GCCAGGGTTGTATCCATGGTTGAAATGGACAGAGACGGCGTATCATTCATCTA
CGAGAAGCCTAGCATCTACCATAGTGATGGGTGCACTGGGACAGCATCGAGGG
TCTGGAGACGGGATCACAATGAGAGAGCTGGAGTTGAGCTTAGGGCTGGACTT
CACTTCAGAA.




Flow cytometry

100 µL heparinized blood from each fish in the infection trial was collected in PBS, washed, and fixed (3% paraformaldehyde, 10 min, RT) before staining (RT). Erythrocytes from ex vivo experiments were stained live (4°C). Cells were labelled with Alexa488-labelled WGA (1 µg/mL, Thermo Fisher Scientific, 60 min), FITC-labelled SNA (10 µg/mL, Thermo Fisher Scientific, 60 min), or mouse IgG1 specific to the ISAV hemagglutinin esterase (clone 3H6F8 (35), hybridoma supernatants diluted 1:10 for fixed and 1:100 for live cells, 60 min), washed (PBS × 3), and (for detection of ISAV only) incubated with Alexa488-labelled goat anti-mouse IgG (A11001, Thermo Fisher Scientific, 5 µg/mL, 45 min). Signal was detected by a NovoCyte flow cytometer (Agilent), recording 25 000 events per sample.




Immunostaining of blood smears

Blood smears were made and fixed (80% acetone, 15 min, RT) within 120 min of sampling, dried, and stored at -80°C until staining. Thawed and dried smears were incubated with 1x clear milk block (Thermo Fisher Scientific, 30 min, RT), mouse IgG1 specific to the ISAV HE (clone 3H6F8 (35), hybridoma supernatant diluted 1:100, 60 min, RT), washed (PBS × 3), and incubated with Alexa488-labelled goat anti-mouse IgG (A11001, Thermo Fisher Scientific, 5 µg/mL) together with Alexa594-labelled phalloidin (Thermo Fisher Scientific, 2 units/mL, 45 min, RT). Nuclei were counterstained by Hoechst 33342 (Thermo Fisher Scientific, 2 µg/mL, 5 min, RT), and slides were mounted in ProLong Gold antifade mountant (Thermo Fisher Scientific). Wide-field microscopy was performed by a Nikon Ti-2e inverted microscope, using a Plan Apo lambda DIC N2 63x oil objective (NA 1.4). The percentage of ISAV-positive cells in individual fish was quantified in ImageJ (version 1.53c) (56): Total cell numbers were determined using the Analyze particles function on thresholded images generated from the Hoechst channel. Next, the number of ISAV-positive cells were counted manually in the channel containing signal from the HE-staining, assessing a minimum of 99 cells per fish.




Histology

An organ panel including heart, spleen, and head kidney was collected from each fish, fixed in 10% formalin for at least 24 hours, dehydrated, and embedded in paraffin. Thin tissue sections were heat treated (60-70°C, 20 min), deparaffinized, and either stained with hematoxylin & eosin for histological evaluation or subjected to a virus binding assay, as described below.




Preparation and blotting of membrane-enriched lysates

Cell pellets were prepared from full blood or density-purified erythrocytes and stored at -80°C before preparation of membrane-enriched fractions as previously described (24). Briefly, 100 µL cell pellets were lysed by 1:10 dilution in ice cold water with 1% protease inhibitor (P8340, Sigma-Aldrich, 10 min, on ice). The cells were homogenized with a tight-fitting Dounce homogenization (20 strokes), 1000 µL buffer A (75 mM Tris pH 7.5, 12.5 mM MgCl, 15 mM EDTA) was added, and the homogenization was repeated. To remove nuclei and organelles, the suspension was centrifuged (5000× g, 5 min), and the supernatant was collected on ice. The homogenization procedure was repeated three times with the cell pellet in buffer A diluted 1:1 with water, pooled supernatant fractions were centrifuged (40,000× g, 30 min), the membrane-enriched pellets were resuspended in 50 µL buffer B (20 mM Tris, 2 mM EDTA, pH 7.5), and samples were stored at -80°C. After thawing, 10 µL sample, 3.88 µL NuPage LDS sample buffer, and 1.55 µL NuPage sample reducing agent (both from Thermo Fisher Scientific) was mixed and homogenized by centrifugation in QiaShredder columns (Qiagen), heat-treated (10 min, 70°C), and loaded to gels (8 µL/well) for SDS-PAGE and Western blotting (NuPage Novex system, Thermo Fisher Scientific) to 0.45 µm nitrocellulose membranes (BioRad laboratories).




Production of antigen for virus binding assays

Antigens for virus histochemistry and virus binding assays were prepared by collecting membrane fractions of infected ASK cells, as previously described (21). Briefly, cells in 75 cm2 tissue culture flasks were harvested when cytopathic effects were evident but most cells remained attached, typically 3-7 dpi. Cells were washed and scraped on ice, and cell pellets containing cellular-expressed viral membrane glycoproteins were washed, resuspended in 0.5 mL PBS, and subjected to three rounds of freeze-thawing. Hemagglutination titers were determined by incubating serial dilutions of antigen preparations with 1% Atlantic salmon erythrocyte suspensions in 96-well V-bottom microtiter plates.




Virus binding assays

To map virus-binding sites in Atlantic salmon tissues and membrane-enriched cell fractions, we used virus antigen preparations as primary probes as previously described (21, 23, 24).

Deparaffinized formalin-fixed tissue sections were incubated with 100 µL ISAV antigen (512 HAU/mL, 60 min, RT), washed (PBS × 3), quenched with peroxidase block (5 min, RT), treated with blocking buffer (Background sniper, Biocare Medical, 30 min, RT), incubated with mouse IgG1 specific to ISAV HE (clone 3H6F8 (35), hybridoma supernatants diluted 1:100, 60 min, RT), washed (PBS × 3), and signal was visualized by the MACH2 HRP polymer-DAB (Biocare Medical) system, following manufacturer’s instructions. Signal was analyzed as described in the section Quantification of virus histochemistry signal.

Blotted membrane-enriched cell lysates (prepared as described above) were stained for total protein using Revert700 Total Protein Stain as recommended by the manufacturer (Licor Biosciences), treated with dry milk (5% in Tris-buffered saline [TBS], 60 min, RT), washed (TBS 0.1% Tween [TBST] × 2), incubated with ISAV antigen (256 HAU/mL diluted in TBS, 60 min, RT), washed (TBST × 3), incubated with mouse IgG1 specific to ISAV HE (clone 3H6F8 (35), hybridoma supernatants diluted 1:250 in TBST with 5% dry milk, 60 min, RT), and washed (TBST × 3). Bound primary antibody was detected either by incubation with IRDye800-labelled goat anti-mouse IgG (Li-Cor Biosciences, 1:10,000 in TBST with 5% dry milk, 60 min, RT), or by incubation with HRP-conjugated horse anti-mouse IgG (Cell Signaling, 1:1000, 60 min, RT), wash (TBST x 3), and incubation with Super Signal West pico substrate (Thermo Fisher scientific). Chemiluminescent or fluorescent signal was visualized by an Azure imager C500 (Azure Biosystems). For quantification, fluorescent signal was normalized to total protein signal, using Azure spot software (Azure Biosystems, version 2.2.167).




Quantification of virus histochemistry signal

Images of tissue sections subjected to virus binding assays were digitized using a Hamamatsu Nanozoomer digital slide scanner with 40x objective (114932 pixels per inch, 221 nm/pixel, JPEG compression at 80%). The virus histochemistry signal was analyzed using Visiopharm, v2022.2. For region of interest (= organ) detection and area measurement, a generic analysis protocol package using artificial intelligence (DeepLab V3) trained in our lab on collections of slides containing Atlantic salmon liver, heart, kidney, spleen and adipose tissue, was retrained on the full set of stained sections from the present study. Signal detection was performed at 20x magnification: The image pixel value was inverted, multiplied by 5, and combined with their red-green contrast values using a maximum pixel value filter. Pixels with resulting values above a threshold of 50 were considered positive. The total area covered by positive pixels per organ was divided by organ area to yield the fraction of positive signal relative to area of the organ in the section.




Generation of recombinant ISAV HE

Codon optimized sequences of the open reading frame encoding ISAV HE, corresponding to isolate NO/Finnmark/NVI-70-1250/2020 (Genbank accession UGL76651.1), as well as a variant where serine 32 was mutated to alanine to abolish catalytic activity (S32A), was synthesized and inserted in the pcDNA3.1 (+) vector commercially and delivered transfection-ready (GeneCust). Monolayers of CHSE-214 cells were cultured until 90-100% confluent and detached by Trypsin EDTA (Lonza). 4 transfection reactions, each with 106 cells and 10 µg plasmid DNA, were performed, using the Neon 100 µL Transfection System (Invitrogen, Waltham, MA, USA, three pulses at 1600 V and 10 ms width). Non-transfected cells were used as controls. The transfected cells were pooled and incubated 24 hours in antibiotic free medium, then another 24 hours in culture medium. Membrane fractions were collected as described for infected cells and previously (21).




Statistics

Statistics were performed in Graph Pad Prism 8 for Windows 64-bits, v.8.4.3.
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Supplementary Table 1 | Numericals and statistics used to generate the figures.

Supplementary Figure 1 | Supplemental to Figure 1 : (A, B) Manual scoring and (C) example micrograph of erythrophagocytosis in (A) head kidney and (B, C) spleen in hematoxylin and eosin-stained formalin-fixed, paraffin-embedded tissue sections of individual fish. Arrows point to examples of frequent erythrophagocytosis and pigmentation in spleen of an infected fish harvested 16 dpi, indicating breakdown of hemoglobin. (D) Viral RNA in head kidney was measured by qPCR targeting ISAV segment 8. Data points show values in individual fish, the line connects median values. (E) Gating strategy and examples of histograms showing HE-staining in PFA-fixed erythrocytes from non-infected (black) and infected (red) fish, harvested 12 dpi.

Supplementary Figure 2 | Supplemental to Figure 5: (A) ISAV was pre-incubated with monoclonal antibodies as indicated (5 µg/mL, 30 min, RT), before inoculation with density-purified erythrocytes isolated from non-infected fish (106 TCID50 per 2 ×107 cells, 60 min) and quantification of HE by flow cytometry. Data points show measurements in cells from individual fish. **p<0.01, Kruskal-Wallis with Dunn’s multiple comparisons test (Table S1). (B) Hemagglutination inhibition assay testing the ability of 9G1F10A to inhibit ISAV-induced agglutination (4 HAU ISAV antigen and 106 erythrocytes per well). The boxed area indicates the concentration range of the antibody that completely inhibited agglutination.
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Lymphocystis disease is one of the main viral pathologies affecting cultured gilthead seabream (Sparus aurata) in the Mediterranean region. Recently, we have developed a DNA vaccine based on the major capsid protein (MCP) of the Lymphocystis disease virus 3 (LCDV-Sa). The immune response triggered by either LCDV-Sa infection or vaccination have been previously studied and seem to be highly related to the modulation of the inflammatory and the IFN response. However, a comprehensive evaluation of immune-related gene expression in vaccinated fish after viral infection to identify immunogenes involved in vaccine-induced protection have not been carried out to date. The present study aimed to fulfill this objective by analyzing samples of head-kidney, spleen, intestine, and caudal fin from fish using an OpenArray® platform containing targets related to the immune response of gilthead seabream. The results obtained showed an increase of deregulated genes in the hematopoietic organs between vaccinated and non-vaccinated fish. However, in the intestine and fin, the results showed the opposite trend. The global effect of fish vaccination was a significant decrease (p<0.05) of viral replication in groups of fish previously vaccinated, and the expression of the following immune genes related to viral recognition (tlr9), humoral and cellular response (rag1 and cd48), inflammation (csf1r, elam, il1β, and il6), antiviral response (isg15, mx1, mx2, mx3), cell-mediated cytotoxicity (nccrp1), and apoptosis (prf1). The exclusive modulation of the immune response provoked by the vaccination seems to control the progression of the infection in the experimentally challenged gilthead seabream.
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1 Introduction

Self-limited chronic Lymphocystis disease (LCD) is a well-known viral infection in fish that is characterized by the growth of small pearl-like nodules, with papilloma-like appearance, on the skin and fins of affected fish (1, 2). It has an incidence rate that can be as high as 70%, meaning it causes significant economic losses in the aquaculture sector due to the appearance of external lesions and the difficult commercialization of specimens with signs of the disease (3). This viral disease affects a wide variety of freshwater, brackish, and marine fish species, with Lymphocystis disease virus 3 (LCDV-3, also named LCDV-Sa) being the main causative agent of LCD in gilthead seabream (Sparus aurata), and Senegalese sole (Solea senegalensis) in the Mediterranean and European South-Atlantic marine aquaculture (4–7). That said, recently LCDV belonging to genotype I, associated with LCD in Northern European countries, has also been reported to affect this fish species in Egypt (8). LCD lesions usually resolve one month after their appearance and are significantly influenced by water temperature. However, an asymptomatic carrier state is frequently detected in both gilthead seabream and Senegalese sole, with the detection of viral DNA and transcripts in a systemic distribution in fish tissues and organs. Asymptomatic infections are frequently detected in these fish species in fish farms, even when no sign of the disease or outbreaks are registered (4).

The genus Lymphocystivirus (Family Iridoviridae, subfamily Alphairidovirinae) has to date comprised four species: Lymphocystis disease virus 1 (LCDV-1), isolated from European flounder (Platichthys flesus) and plaice (Pleuronectes platessa) in Europe; Lymphocystis disease virus 2 (LCDV-2), isolated from Japanese flounder (Paralichthys olivaceus) in China; Lymphocystis disease virus 3 (LCDV-3), isolated from gilthead seabream (S. aurata) in Spain; and Lymphocystis disease virus 4 (LCDV-4), isolated from whitemouth croaker (Micropogonias furnieri) in Uruguay (9–13). These viruses have double-stranded DNA genomes, with icosahedral particles ranging from 130 to 300 nm in diameter, and nucleocytoplasmic replication (14).

The immune response of gilthead seabream against LCDV-3 involved in natural or experimental infections has been under-studied to date. In naturally infected fish, an impairment of the innate and adaptive immune response has been described, characterized by the presence of granular cells containing interleukin-1 beta (IL-1β) in perivascular sites and within capillaries, and also surrounding the lymphocysts, but with intense degranulation of acidophilic granulocytes or with no regulation of the transcript, diminished expression of antiviral genes ifn, irf3, and mx, a detriment of macrophages with down-regulation of csf1r, and also mhcIIα, tcrα, and ighm genes of antigen presentation cells (APC), and the main receptors of T and B cells, respectively (15, 16). Only a positive role in killing infected cells has been described for non-specific cytotoxic cells (NCCs) by the up-regulation of nccrp1 (16). Regarding the immune response of gilthead seabream after experimental infection, a partial response of the type I interferon system in head-kidney and intestine and a lack of genes related to the inflammatory process in both organs have also been observed, results that agree with those obtained in naturally infected fish and that could favor the establishment of asymptomatic chronic infection. In addition, nccrp1 was also up-regulated as it was described previously and postulated the NCCs as the main defensive mechanism of this fish species against this viral pathogen (17).

At present, there are no commercialized treatments or vaccines to prevent LCD, and the unique practices in hatcheries consist of controlling asymptomatic fish and/or food carriers, disinfectant procedures, and stocking density (18, 19). Recently, a plasmid DNA vaccine against LCDV-Sa has been developed by cloning the mcp (major capsid protein) gene into pcDNA3.1/NT-GFP-TOPO vector, and the protection conferred by the vaccine and the immune response induced in vaccinated fish was evaluated. The vaccine persists for at least 20 days with systemic distribution and mcp transcripts mostly detected in the head-kidney. In contrast to the results described during LCDV-Sa natural or experimental infections, the vaccine induced an inflammatory process by the overexpression of pro-inflammatory genes (il1β, il6, casp1, ck3, and ck10), and the down-regulation of the anti-inflammatory interleukin 10 (il10), also driving the production of specific neutralizing antibodies, conferring a possible protective state against LCDV-Sa. However, the type I interferon genes were not induced after the vaccination trials (20).

The relevance of the inflammatory response to control LCDV infection has been described in Japanese flounder and Senegalese sole as being critical to an effective innate and adaptive immune response to viral infections (21–23). It seems that in LCDV-infected gilthead seabreams, the opposite trend occurs, as inflammation was inhibited and early activation of il10 was observed, which could be related to the development of persistent infection in this important cultured fish species (17, 24).

The present study aimed to evaluate the immune response of vaccinated-gilthead seabream juveniles after LCDV-Sa infection, analyzing the hematopoietic organs (head-kidney and spleen), the mucosal immunity (intestine), and the target organ/tissue of viral replication (fin) using an OpenArray® platform consisting of 49 genes related to gilthead seabream immune response, with special emphasis on the inflammatory process as a potential marker of protection against LCD in this fish species.




2 Materials and methods



2.1 Fish maintenance

Gilthead seabream specimens (5-10 g weight) were obtained from a fish farm (Predomar SL, Almeria, Spain) and belonged to a single cohort. Fish were acclimated for two weeks before starting the experiment. The fish were maintained under natural photoperiod conditions and fed with a commercial pellet at a rate of 1% of the fish biomass administrated once per day. Water temperature and salinity conditions were 22 ± 1°C and 35–37 g L-1, respectively. During the acclimation stage, 10 fish were randomly analyzed by real-time PCR (qPCR) (25) to confirm a negative result for LCDV.




2.2 Vaccine preparation

The DNA vaccine used in the vaccination trial is based on the viral gene mcp (ORF LCDVSa062R, GenBank accession number KX643370.1) cloned into the eukaryotic expression vector pcDNA3.1/NT-GFP-TOPO (named pcDNA-MCP), following the manufacturer`s instructions (Invitrogen, Life Technologies Cop., Carlsbad, CA, USA). Escherichia coli One Shot TOP10 cells (Invitrogen) were transformed with pcDNA-MCP, and then the insert was confirmed by PCR and sequenced using primers and protocols previously described (20). For mock-vaccination trials, a re-ligated empty pcDNA3.1/NT-GFP-TOPO plasmid (pcDNA) was used.

E. coli containing pcDNA-MCP or pcDNA plasmids were conserved at -80 °C in LB broth, supplemented with ampicillin (100 µg mL-1), and glycerol (20%, vol/vol) as cryopreservant. The EndoFree Plasmid Mega Kit (Qiagen, Hilden, Germany) was used for plasmid purification, measuring its concentration by spectrophotometry using NanoDrop 1000 (Thermo Scientific, Life Technologies Co., Carlsbad, CA, USA). Purified plasmids were conserved at -20 °C until used.




2.3 Cell culture and viral isolate

SAF-1 cells were cultured in 25 cm2 flasks (Nunc) (Thermo Scientific) using growth medium (Leibovitz L-15 medium) (Gibco, Life Technologies Co., Carlsbad, CA, USA) supplemented with 1% penicillin-streptomycin (Sigma-Aldrich, Merck, Darmstadt, Germany), 2% L-glutamine (Sigma-Aldrich) and 10% fetal bovine serum (FBS) (Gibco).

The LCDV-Sa isolate used in this study was obtained from skin and fin lesions of diseased gilthead seabream specimens collected from a local farm (Southwestern Spain). Samples were homogenized (20% w/v) in an L-15 medium (Gibco). The cell suspension was sonicated at 40 W for 20 min and centrifuged (1000 x g, 5 min, 4 °C). The supernatant recovered was incubated with 10% penicillin-streptomycin overnight at 4 °C and stored at -80 °C. Viral titration was performed by end-point assays using SAF-1 cells grown on a 24-well plate. Cells were inoculated in triplicated with 200 µL per well of the appropriated viral dilution and incubated at 20 °C for 2 hours to ensure adsorption. The virus suspension was then replaced with 1 mL of maintenance medium (L-15 medium with 2% FBS and 1% penicillin-streptomycin). The cells were incubated at 20 °C and maintained for up to 14 days to observe CPE. The 50% cell culture infectious dose (TCID50) values were determined using the Reed and Muench method (26).




2.4 Experimental design

Gilthead seabream specimens (5 g mean weight) were separated into three experimental conditions and maintained in 100 L-capacity aquariums with independent water recirculation systems: 30 vaccinated fish (0.1 µg pcDNA-MCP/g fish dose), 30 mock-vaccinated specimens (same dose using pcDNA), and 60 fish were used as a control group (PBS, 100 µL). Animals were anesthetized with MS-222 (50 mg L-1) (Sigma-Aldrich) prior to the experiment being performed by intramuscular injection. Thirty days post-vaccination, the control group was divided into two groups, one injected with 100 µL of L-15 medium (negative control group), and the other one inoculated with the virus, establishing the non-vaccinated group. Vaccinated, mock-vaccinated, and non-vaccinated groups were inoculated with 100 µL of LCDV-Sa stock diluted in L-15 (106 TCID50 per fish). Six fish per group were randomly selected at 24, 48, and 72 hours post-inoculation (pi). Prior to sampling, all fish were euthanized by MS-222 overdose (400 mg L-1). Samples from the caudal fin, intestine, head-kidney, and spleen were aseptically collected and stored at -80 °C until used.

All procedures were carried out under the Guidelines of the European Union Council (Directive 2010/63/EU) and the Spanish directive (RD 53/2013) for the protection of animals used in scientific experiments and authorized by the Spanish authorities for the regulation of animal care and experimentation (registration number 10-06-2016-102).




2.5 DNA-RNA extractions and cDNA synthesis

Samples of the selected organs were homogenized with Tri Reagent® (Sigma-Aldrich), suspending the tissue (50-100 mg) in 1 mL and using the MM400 (Retsch, Haan, Germany) homogenizer. Afterward, 100 µL of 1-bromo-3-chloropropane (AppliChem, Darmstadt, Germany) was added and samples were centrifuged at 12.000 x g at 4 °C for 5 min. The aqueous phase was recovered and an equal volume of 75% ethanol was added. RNA extraction was carried out using the RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. RNA samples were quantified by spectrophotometry (NanoDrop 1000) ensuring their quality and integrity.

cDNA synthesis was carried out using MicroAmp Optical 96-well reaction plates (Applied Biosystems, Life Technologies Co., Carlsbad, CA, USA) and the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Each reaction contained 2 µg RNA, 2 µL of 10X RT Buffer, 2 µL of 10X RT Random Primers, 1 µL of 25X dNTPs, 1 µL of MultiScribe™ Reverse Transcriptase and 4 µL of RNase-free water. The synthesis profile was 10 min at 25 °C, 2 hours at 37 °C, 5 min at 85 °C, and during the final step, it was 4 °C.

DNA extractions were carried out using the E.Z.N.A. Tissue DNA Kit (Omega Bio-Tek Inc., Norcross, GA, USA) following the manufacturer’s instructions. DNA samples were suspended in DNase-free buffer, quantified spectrophotometrically, and stored at -20 °C until used.




2.6 LCDV-Sa detection and gene expression

Viral DNA quantification was carried out from caudal fin samples by qPCR in triplicate according to the procedure previously described (20), targeting a viral structural protein gene alternative to the mcp gene contained in the vaccine. The putative myristoylated membrane protein (mmp) gene (ORF LCDVSa074R, GenBank accession number KX643370.1) was used for qPCR assays. Amplification was performed using a 20-µL final volume reaction containing 12.5 µL of FastStart Essential DNA Green Master (Roche Diagnostics), 2 µL of each primer (10 pmol µL-1) (Table 1), and 200 ng of DNA. PCR amplifications were performed in a LighCycler® 96 Instrument (Roche Diagnostics). The amplification profile was: initial denaturation at 95 °C for 10 min, followed by 40 cycles at 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 10 s. Nonspecific amplification products were discarded by dissociation curve analyses following the thermal profile: 95 °C for 10 s, 65 °C for 60 s, and 97 °C for 1 s. LCDV-Sa DNA copy number was calculated by interpolation on a standard curve (20), and viral loads were expressed as mmp copies per microgram of DNA.

Table 1 | Primers used for gene expression analysis by real-time PCR.
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LCDV-Sa expression in caudal fin samples was quantified by real-time PCR from viral mmp. Viral RNA was extracted using the E.Z.N.A. total RNA kit, treated with RNase-free DNase I (Roche Diagnostics), and reverse-transcribed with the Transcription First Strand cDNA Synthesis Kit (Roche Diagnostics) following the manufacturer’s instructions and stored at -20 °C until used. Amplification was performed using a 20-µL final volume reaction according to the above-described conditions.




2.7 Gilthead seabream immune response after LCDV-Sa infection

To analyse the immune response in gilthead seabream after LCDV-Sa infection, qPCR reactions based on TaqMan™ probes were performed using an OpenArray® platform (ThermoFisher Scientific). The array includes 49 target genes, which were included based on their important role in the fish immune response against viral infections and, in some of them, for their activity against LCDV-Sa infections (17). There were viral recognition-related genes (tlr9, tlr5, cd209), inflammatory-related and cytokine genes (c3, il1β, il6, il8, il10, tnfα, ck3, ck7, ck8, ck10, cox2, csf1r, ncf4, ccr3, and elam), regulation of innate and adaptive immune response (clec10a, tgfβ1), antigen processing and presentation (mhcIα, mhcIIα, iclp and mrc1), type I IFN trigger genes and genes involved in IFN-1-dependent immune response (irf1, irf3, irf9, ifn, pkr, isg15, mx1, mx2, mx3 and ifi30), nonspecific cytotoxic cell receptor (nccrp1), proteolysis process (ctsb), apoptotic process (casp1, lgals1, perp, prf1), molecular stress response (hsp70 and hsp90) and genes involved in humoral and cellular immune response (tcrα, tcrβ, ighm, rag1, ilc, cd48 and cd276). Four genes have been selected as endogenous (rps18, ub, actβ, and ef1α). Primers and probes were designed using the Custom TaqMan™ Assay Design Tool with the option TaqMan™ Gene Expression Assays (Life Technologies). Selected transcripts, assay ID, assay sequences, primers, and TaqMan™ probes (Reporter dye FAM) and 3’ non-fluorescent quencher (NFQ) are indicated in Supplementary Table S1.

Quantitative PCRs were performed in the OpenArray® system QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems), sited in the Research Central Service of the University of Cordoba (Spain), using the TaqMan™ OpenArray® Real-Time PCR Master Mix kit (Applied Biosystems). Samples were loaded in triplicate into OpenArray® plates. For gene expression analysis, Ct values were obtained using the Thermo Fisher Connect™ (ThermoFisher Scientific) online application, and the Relative Quantification (RQ) software. The setup was adjusted with options Benjamini-Hochberg deactivated, maximum Ct was set up at 28, AMP score was activated and HIGHSD was changed to 0.25. Fold change (FC) values were obtained by the 2− ΔΔCt method (27). Values were normalized with endogenous gene rps18, which showed a more stable expression by OpenArray®, according to their score values, which were obtained using the Applied Biosystems™ Relative Quantitation Analysis Module (ThermoFisher cloud dashboard), and indicate how the Ct values for a specific endogenous gene varied between samples compared to the other genes used as endogenous. Samples from the control group (non-infected) were used as the calibrator. To identify the differentially expressed genes (DEGs) involved in gilthead seabream immune response against LCDV-Sa infection, genes with log2 fold change < -0.5 (down-regulated) or > 0.5 (up-regulated) and p<0.05 were considered DEGs. A cluster analysis of the samples, based on the log2 fold change of the host genes, was conducted using the Expression Heat Map option on the web server Heatmap-per (http://www2.heatmapper.ca/) (28) with Euclidean as distance measurement method, and complete linkage as a clustering method. In addition, the expressed genes were also clustered using the same parameters. The Venn diagram method was used for the comparative analysis of DEG datasets obtained in each experimental group and the timepoint analyzed after the infection with the virus (29).




2.8 Statistical analysis

The qPCR data were log-transformed to get normality and homogeneity of variance, and the normality of the data was analyzed using a Shapiro-Wilk test. To determine significant differences in viral load or gene expression levels between groups and/or time points, a one-way ANOVA followed by Fisher’s LSD test was used. Differences were considered significant when p<0.05. The statistical tests were performed using GraphPad Prism version 8.0.0 for Windows, GraphPad Software, Sand Diego, California USA, www.graphpad.com.





3 Results



3.1 Viral load and gene expression in gilthead seabream

To study the course of LCDV-Sa infection in gilthead seabream, viral load and mmp gene expression in caudal fin samples were analyzed by qPCR at 24, 48, and 72 hours pi for vaccinated, mock-vaccinated, and non-vaccinated animals inoculated with the virus by intramuscular injection (Figure 1). No signs of LCD were observed in any group at any time analyzed. LCDV-Sa was detected in all samples and timepoints in the infected groups, whereas no amplification was registered in the control group (L-15). Viral load in caudal fin samples at different times pi is shown in Figure 1A. Through the experiment, significant differences in viral load were observed between the non-vaccinated and vaccinated fish at all timepoints (1.1 ± 0.69 x 103, 1.97 ± 1.20 x 103, 3.15 ± 1.49 x 102, and 1.24 ± 0.26 x 102, 4.84 ± 0.65 x 101, 1.76 ± 0.52 x 101 copies of viral DNA µg-1 of tissue, respectively) (p<0.05 at 24- and 48-hours pi, p<0.01 at 72 hours pi). Regarding mock-vaccinated animals, significant differences were observed with the vaccinated animals at 48- and 72-hours pi (p<0.05) (2.97 ± 1.22 x 102 and 9.83 ± 2.97 x 101 copies of viral DNA µg-1 of tissue, respectively), and with the non-vaccinated animals only at 48 hours pi (p<0.05) where the highest viral load was detected. In all cases, the viral load in the vaccinated group had the lowest values at any timepoint analyzed, and also significant differences were observed within the group from 24 to 48 hours pi (p<0.0113) and 24 to 72 hours pi (p<0.0008), with a constant decrease in the viral load. The mmp gene expression in caudal fin samples is shown in Figure 1B. Significant differences were detected between vaccinated fish and the other groups at 48 and 72 hours pi (p<0.0001 and p<0.05 for mock-vaccinated, and p<0.05 for non-vaccinated animals, respectively). No expression of the mmp gene was detected in the vaccinated animals at 24 hours pi.
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Figure 1 | (A) Viral load (mmp copies/µg DNA) and (B) mmp gene relative expression in LCDV-Sa-infected gilthead seabreams analyzed by qPCR. Data are expressed as mean ± SEM (n = 6). Asterisks denote significant differences between experimental groups at a timepoint (*p<0.05, **p<0.01, ****p<0.0001). Letters establish significant differences through timepoint analyzed in a specific group.




3.2 Immune response of gilthead seabream infected with LCDV-Sa

In the present study, we evaluated the immune response in gilthead seabream juveniles after infection with LCDV-Sa using an OpenArray® carrying 49 different assays related to the immune system. Only 4 out of the 49 genes were not differentially expressed during the experiment in any group; those genes were involved in the inflammatory process (c3 and ck7), the interferon response (ifn), and antigen processing and presentation (mhcIα). Differentially expressed genes (DEGs) were analyzed in 4 different organs (head-kidney, spleen, intestine, and caudal fin) at 24, 48, and 72 hours pi. Regarding vaccinated animals, the number of DEGs detected was higher in the head-kidney and intestine (26 and 27, respectively) than in the spleen and caudal fin (14 and 16, respectively). A similar profile was detected in mock-vaccinated animals being 21 and 19 DEGs detected in the head-kidney and intestine, and 13 and 14 in the spleen and caudal fin. However, in the non-vaccinated group, a different profile of DEGs was detected, with the intestine and caudal fin being the organs where the highest number of DEGs was observed (42 and 28, respectively). Moreover, in the hematopoietic organs, the number of DEGs detected was lower than that observed in vaccinated and mock-vaccinated animals (18 and 9, for head-kidney and spleen) (Figure 2).
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Figure 2 | Distribution of differential expressed genes (DEGs) between organs from gilthead seabream infected with LCDV-Sa in non-vaccinated (full-line), vaccinated (segmented-line), and mock-vaccinated (dotted-line) animals through the whole experiment. Number of DEGs detected in the different experimental groups: in blue (vaccinated), black (Mock-vaccinated), and red (non-vaccinated).

Attending to the type of gene regulation, down-regulation of genes was the major event in the head-kidney, intestine, and caudal fin for all the experimental groups analyzed (66.7, 66.7, and 78.6%, respectively in non-vaccinated animals) (57.7, 77.8, and 68.7%, respectively in vaccinated animals) (52.4, 94.7, and 64.3%, respectively in mock-vaccinated animals), with the exception of spleens where a different trend was detected with major up-regulation of genes (88.9% in non-vaccinated animals) (85.7% in vaccinated animals) (92.3% in mock-vaccinated animals) (Table 2). Regarding the tendency of gene regulation between experimental groups, organs, and timepoints analyzed, there was a change of regulation observed exclusively in vaccinated animals compared to the other groups, registered in the intestine, head-kidney, and caudal fin at 24, 48- and 72-hours pi, respectively, shifting from down- to up-regulation of DEGs. In this experimental group, the opposite trend (up- to down-regulation) was also denoted in the caudal fin and intestine at 24 and 72 hours pi with respect to non-vaccinated animals, but in this case, these profiles of regulation were also identified in the mock-vaccinated group (Table 2). Specific genes that were differentially expressed in the organs analyzed are discussed in detail below. Fold change (FC) values will be shown as Log2 FC to clearly explain the type of gene regulation (negative values for down-regulation and positive values for up-regulation).

Table 2 | Differentially expressed genes (DEGs) detected in gilthead seabream post-infection (pi) with LCDV-Sa.
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3.2.1 DEGs in head-kidney

In the head-kidney samples of infected gilthead seabreams, 33 DEGs were detected between experimental groups and timepoints analyzed (Figure 3A). Regarding samples, the different experimental groups clustered to the timepoint of analysis, showing a general change of gene regulation from 24 h to 48- and 72-hours pi (down- to up-regulation of genes). The interferon regulatory factor 9 (irf9) gene had a strong modulation in this organ (FC of -2.62 in mock-vaccinated fish at 48 hours pi to 2.92 in non-vaccinated animals at 24 hours pi) (Supplementary Tables S2-4).
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Figure 3 | Hierarchical clustering analysis of samples from non-vaccinated, vaccinated, and mock-vaccinated LCDV-Sa infected gilthead seabreams at 24, 48, and 72 h pi. (A) Head-kidney, (B) spleen, (C) intestine, and (D) caudal fin samples. Green and red colors indicate down- and up-regulation of genes according to the scale shown [Log2 (FC)].

In non-vaccinated animals at 24 hours pi 9 DEGs were detected, all down-regulated and related to different processes of the immune response as viral recognition (tlr9 with FC of -1.60), regulation of innate and adaptive immune response (tgfβ1 with FC of -0.71), the type I interferon system (irf1 with FC of -0.58), inflammation (ck3 and ck8, with FC values of -1.60 and -1.18, respectively), antigen processing and presentation (iclp with FC of -0.86), apoptosis (casp1 and lgals1, with FC values of -0.60 and -2.25, respectively), and molecular stress response (hsp90 with FC of -0.51). On the other hand, only 3 DEGs were up-regulated and related to viral recognition (tlr5 with FC of 1.05) and the interferon response (irf9 and mx2, with FC values of 2.92 and 0.58, respectively). At 48 hours pi, the down-regulation of genes continued being predominant, with the detection of 3 DEGs related to inflammation (ck3 with FC of -0.985) and cell-mediated response (tcrβ and cd276 with FC values of -1.32 and -0.68, respectively). When infection progressed, up-regulation of the following genes were detected exclusively in isg15 (FC of 0.93), rag1 (FC of 1.21), and perp (FC of 0.6), indicating a change of tendency and slight promotion of antiviral response (Supplementary Table S2).

Regarding vaccinated animals, at 24 hours pi a major down-regulation of genes was also recorded related to viral recognition (tlr9 and cd209 with FC values of -1.32 and -0.97, respectively), the regulation of innate and adaptive immune response (tgfβ1 with FC of -0.74), type I interferon system (irf1 and ifi30 with FC of -0.74 and -0.92, respectively), inflammatory process (ck3, ccr3, ck8 and csf1r with FC of -2.12, -1.15, -0.94, and -0.6, respectively), antigen processing and presentation (mrc1 with FC of -1.18), cellular-mediated response (tcrα and cd48 with FC values of -0.54 and -0.86, respectively), proteolysis and apoptosis (ctsb and lgals1 with FC values of -0.79 and -1.89, respectively), and stress response (hsp90 with FC of -0.51). However, the recombination-activating gene 1 (rag1 with FC of 0.93) was the only gene up-regulated at this timepoint indicating an early cell-mediated response in comparison with the non-vaccinated animals (Supplementary Table S3). At this timepoint, 7 DEGs were exclusively detected in this group (cd209, ifi30, csf1r, tcrα, cd48, ctsb, and rag1). At 48 hours pi, a clear change of expression profile was recorded with up-regulation of genes related to the regulation of the innate and adaptive immune response (clec10a with FC of 1.48), inflammation (il1β and il6 with FC values of 2.05 and 0.86, respectively), and cell-mediated response (cd48 and nccrp1 with FC values of 0.71 and 1.12, respectively) (Supplementary Table S3). Comparatively, the non-vaccinated animals showed a stronger antiviral response mediated by the interferon-related genes at 72 hours pi with the detection of isg15, irf3, mx1, mx2, and mx3, all of which were up-regulated with FC values of 0.86, 0.72, 1.92, 1.89, and 2.01, respectively (Figure 4A1-3, Table 3, Supplementary Tables S2-3).
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Figure 4 | Venn diagram analysis of DEGs obtained for each experimental group from (A) head-kidney, (B) spleen, (C) intestine, and (D) caudal fin samples at (1) 24 (2), 48, and (3) 72 h pi.

Table 3 | DEGs commonly or exclusively detected between non-vaccinated, vaccinated, and mock-vaccinated fish after infection with LCDV-Sa.
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Regarding the mock-vaccinated group, DEGs were mainly shared with the other experimental groups at 24- and 72-hours pi. However, the exclusive down-regulation of genes related to viral recognition (tlr9 with FC of -0.775 at 48 hours pi), inflammation (il8 with FC values of -1.25 and -1.18 at 24- and 72-hours pi), and regulation of interferon response (irf9 with FC of -2.62 at 48 hours pi) was detected. In addition, up-regulation of genes related to interferon induced proteins (ifi30 with FC of 1.07), non-specific cell-mediated response (nccrp1 with FC of 1.12), and apoptosis (lgals1 with FC of 0.91) were detected at 72 hours pi (Figure 4A1-3, Table 3, Supplementary Tables S-4).




3.2.2 DEGs in spleen

In spleen samples, 19 DEGs were detected between experimental groups and the timepoints analyzed (Figure 3B). In this organ, the lowest modulation of differential gene expression was detected in the entire experiment. Regarding samples, three clusters of gene expression profiles were obtained, where all the samples of the different experimental groups clustered together at 24 hours pi. However, a clear distinction between groups was obtained at 48- and 72-hours pi, establishing a separate cluster for vaccinated and mock-vaccinated fish at the last timepoint of analysis (Figure 3B). The chemokine 3 (ck3) gene registered the lowest fold change value (-1.24 in mock-vaccinated fish at 24 hours pi) in this organ. On the contrary, the perforin 1 (prf1) gene had strong up-regulation in the vaccinated group (6.28 at 72 hours pi) (Supplementary Tables S5-7).

In non-vaccinated animals, a higher antiviral interferon-related response was only detected early on in the infection (24 hours pi), with the up-regulation of irf9, pkr, isg15, mx1, and mx2 (FC values of 2.15, 0.81, 0.89, 1.29, and 1.74, respectively) in comparison to vaccinated and mock-vaccinated groups. In vaccinated fish, only mx1 and mx2 were up-regulated at 24 hours pi (FC values of 1.18 and 1.82, respectively). However, later on during the infection (72 hours pi) the three Mx were detected (FC values of 2.62, 2.08, and 1.65, respectively), indicating sustained interferon response during the infection. In contrast, in mock-vaccinated animals, the interferon pathway was only up-regulated at 72 hours pi but with a more complete gene profile (irf3, pkr, mx1, mx2, and mx3, with FC values of 1.14, 1.55, 3.07, 2.38, and 1.83) (Figure B1-3, Table 3, Supplementary Tables S5-7).

Regarding inflammation, early down-regulation of genes was observed in all the groups, with chemokine 3 (ck3) most commonly detected (Figure 4B1). Only in vaccinated animals, the endothelial leukocyte adhesion molecule (elam) was initially down-regulated (FC of -0.85 at 24 hours pi). However, at 48 hours pi the modulation of this gene changed and was up-regulated in these fish (FC of 1.71), promoting inflammation. In mock-vaccinated fish, the promotion of inflammation occurred at the same timepoint as in vaccinated fish with the up-regulation of the interleukin 8 (il8) gene (FC of 0.93). This is contrary to the pro-inflammatory response in non-vaccinated fish, which was not detected until 72 hours pi mediated by the up-regulation of interleukin 1 subunit beta (il1β) gene (FC of 2.06) (Table 3, Supplementary Tables S5-7).

In addition, in non-vaccinated animals, genes related to the humoral response (ighm with FC of 1.06) and viral recognition (tlr5 with FC of 1.94) were detected at 48- and 72-hours pi, respectively. Interestingly, in vaccinated and mock-vaccinated animals, the toll-like receptor 9 (tlr9) was the nucleic acid sensor up-regulated, with an earlier modulation in vaccinated fish (FC of 1.03 at 24 hours pi) compared to the mock group (FC of 1.78 at 72 hours pi). Non-specific cell mediated response, humoral immune markers, and apoptosis were also promoted in these fish (vaccinated and mock), with the up-regulation gene profile of ighm and ilc (FC values of 1.34 and 1.25 at 48 hours pi), nccrp1 (FC values of 0.7 and 0.87 at 24 and 72 hours pi, respectively), and strong modulation of prf1 (FC of 6.28 at 72 hours pi) in vaccinated fish, and tcrα and ighm (FC values of 0.86 and 0.94 at 48 hours pi), nccrp1 (FC of 1.42 at 72 hours pi), lgals1 and prf1 (FC values of 1.4 and 2.38 at 72 hours pi, respectively) in the mock animals (Table 3, Supplementary Tables S5-7).




3.2.3 DEGs in the intestine

In intestine samples 35 DEGs were detected between experimental groups and the timepoints analyzed (Figure 3C). In this organ, samples of the different experimental groups constituted 3 clusters, where all the samples of the mock-vaccinated fish clustered together at the three timepoints analyzed. Although gene expression profiles of samples from vaccinated and non-vaccinated fish were more similar, establishing two clusters at 24- and 48-hours pi, a clear distinction of gene profiles between them was observed at 72 hours pi (Figure 3C). The genes with strong modulation in this organ were the interferon-gamma-inducible protein 30 (ifi30) gene (-5.44 at 48 h pi in vaccinated fish) and interleukine-1β (il1β) (2.41 at 72 hours pi in non-vaccinated fish) (Supplementary Tables S8-10).

In this organ modulation of gene expression was higher in the non-vaccinated animals (Figure 4C1-3). Regarding antiviral response mediated by type I interferon, a higher number of genes were up-regulated in this group (isg15 with FC values of 0.94 and 0.97 at 24 and 72 hours pi, respectively, and mx1, mx2, and mx3 with FC values of 1.38, 1.42, and 1.11 at 24 hours pi) compared to the vaccinated fish (isg15 and mx1 with FC values of 0.78 and 1.87 at 24 hours pi). Interestingly, in both groups, a strong down-regulation of ifi30 was detected throughout the experiment. Contrary to this, in mock-vaccinated animals, no up-regulation of genes related to this pathway was observed. Moreover, a down-regulation of pkr, mx2, and mx3 was registered at 48 hours pi pointing out an inhibited antiviral response in this fish group (FC values of -0.55, -1.59, and -0.98, respectively) (Supplementary Tables S8-10).

Regarding inflammatory process, major down-regulation of genes was detected (il8, ck3, ck8, and ck10 in the non-vaccinated; il8, ck3, ccr3, ck10, and cox2 in the vaccinated fish; il8, tnfα, ck3, ccr3, ck10, and elam in the mock-vaccinated group) (Table 3), although at 72 hours pi in non-vaccinated animals up-regulation of il1β, il10, csf1r, and ncf4 (FC values of 2.41, 1.48, 0.96, and 1.04, respectively) was registered. Interestingly, in vaccinated fish, the detection of csf1r (FC of 0.58), related to macrophages and inflammatory process, was also detected but early on in the infection (24 hours pi). In addition, il1β was also up-regulated in vaccinated fish at the same timepoint as the non-vaccinated fish (FC of 1.06) (Supplementary Tables S8-10). No gene related to inflammation was up-regulated in the mock-vaccinated fish in this organ.

In non-vaccinated animals, an exclusive up-regulation of tlr5 (FC of 2.17) was detected at 72 hours pi, as described previously in the spleen samples. At the same timepoint genes coding for c-type lectin 10a (clec10a), related to modulation of the immune response, the humoral marker ilc, and hsp70, related to molecular stress response, were also up-regulated (FC values of 2.3, 1.28, and 0.69, respectively). Regarding non-specific cellular-mediated response, early on in the infection, the up-regulation of nccrp1 (FC of 0.59) was observed. However, the expression of the nccrp1 was inhibited later on (FC of -0.84) at 48 hours pi. This profile of expression changes in the vaccinated fish where the up-regulation remained from 24 to 48 hours pi (FC values of 0.58 and 0.82, respectively). In contrast, no modulation of this gene was observed in the mock group. However, an exclusive up-regulation of perp, related to cellular apoptosis, was detected at 24 hours pi (FC of 0.7) in mock-vaccinated fish (Supplementary Tables S8-10).




3.2.4 DEGs in caudal fin

In caudal fin samples, 32 DEGs were identified through the experiment. The clustering analysis of the different samples showed the same profile that was obtained in the spleen, with samples of all experimental groups establishing a cluster at 24 hours pi, and the differentiation of samples for the vaccinated and mock-vaccinated fish at 72 hours pi (Figure 3D). Chemokine 10 (ck10) gene registered the lowest fold change value in this organ in non-vaccinated animals (-1.88 at 72 hours pi). In contrast, the MX dynamin Like GTPase 3 (mx3) gene had the highest fold change value in vaccinated fish (2.28 at 72 hours pi) (Supplementary Tables S11-13).

In non-vaccinated animals, the up-regulation of genes related to type I IFN (pkr, with FC of 0.5), inflammation (il1β, with FC of 0.95), B-cell markers (cd48, with FC of 0.54), non-specific cell-mediated response (nccrp1, with FC of 1.09), and cellular apoptosis (casp1 and perp, with FC values of 0.56 and 0.7, respectively) were detected at 24 hours pi. In ulterior times post-infection, all DEGs were down-regulated in this fish group (Figure 4D1-3, Table 3, Supplementary Table S11). In contrast, in vaccinated fish a clearly different profile of expression was observed, with major down-regulation at 24 hours pi. Regarding type I IFN response, the exclusive up-regulation of isg15, mx1, mx2, and mx3 (FC values of 1.27, 1.06, 1.03, and 2.28, respectively) at 72 hours pi was remarkable. In addition, cellular apoptosis was mediated by casp1 up-regulation, which occurred in non-vaccinated fish, but at a later point in time (48 hours pi) (Figure 4D1-3, Table 3, Supplementary Table S12). The immune response studied in the mock group revealed a different profile of expression compared to the other groups and was characterized by the induction of isg15 (FC of 0.81), and the pro-inflammatory interleukin 8 (il8, FC of 0.97) at 48 hours pi. Chemokine 3 receptor (ccr3) and chemokine 10 (ck10) were also up-regulated (FC values of 0.6 and 1.02, respectively) at 24 hours pi; however at 48 hours pi their tendency of expression changed to down-regulation (FC values of -1.58 and-1.41, respectively). At the same timepoint, hsp70, which is related to the stress response, was also induced (FC of 0.53) in this group but only where the expression of this gene was modulated during the experiment in caudal fin samples (Figure 4D1-3, Table 3, Supplementary Table S13).






4 Discussion

The study demonstrated that the DNA vaccine (pcDNA-MCP) when administrated to gilthead seabream juveniles one-month before experimental challenge, was able to significantly reduce (p<0.05) the viral load and expression of LCDV-Sa in the target site of viral replication (caudal fin) in vaccinated fish compared to that of fish who were not vaccinated or inoculated with an empty plasmid (pcDNA). Both, vaccine and viral inoculation were performed by intramuscular injection. The efficacy of this route of administration was previously reported for vaccine and viral dissemination in fish species (17, 20, 30). Other studies have verified the remarkable efficacy of protection against viral diseases for DNA vaccines administered intramuscularly (31–33).

The immune response of gilthead seabream against LCDV-Sa infection and after a vaccination trial with the pcDNA-MCP has been previously described in head-kidney and intestine samples (17, 20). The profile of the gene expression was different in the infection and vaccination trial groups. Inhibition of the inflammatory process, antigen processing and presentation, humoral and cellular response and a slight activation of the type I interferon route characterized the host response against the viral infection, which was proposed as the cause of LCDV-Sa chronic infection in aquaculture facilities (17). By contrast, for the vaccination trial, an up-regulation of genes related to inflammation was postulated as being responsible for the reduction of viral replication, acting as a marker of vaccine protection efficacy (20). In the present study, we evaluated the immune response in infected-gilthead seabream juveniles that were vaccinated one month prior to the challenge. Head-kidney, spleen, intestine, and caudal fin samples were analyzed, covering a wider spectrum of immune organs and the target tissue for the virus.

Viral infections trigger local and systemic inflammatory responses in the host, recruiting immune cells for adaptive (lymphocytes) and innate immunity (neutrophils, monocytes, and NK cells). Virus recognition by cellular sensors initiates the transcription of pro-inflammatory cytokines, including type I IFN, inducing the synthesis of ISGs as antiviral effector proteins and regulators of immunity (34). In addition, the transcription of toll-like receptors tlr5 and tlr9, and the c-type lectin cd209 genes were analyzed to evaluate its implication in LCDV-Sa, vaccine, or plasmid recognition by immune cells. It is well known that both, TLR5 and TLR9, have similar functions to the mammalian TLRs (35). Interestingly, different profiles of expression were observed for the different nucleic acid sensors analyzed in the different samples. Regarding TLR9, it has been described as having a higher presence in the spleen compared to other fish organs of different fish, such as zebrafish (Danio rerio), Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss), and cobia (Rachycentron canadum) (36–39). Up-regulation of tlr9 only occurred in the spleen of vaccinated (24 hours pi) and mock-vaccinated (72 hours pi) gilthead seabream, while up-regulation of tlr5 was observed in head-kidney, spleen, and intestine samples of non-vaccinated fish and the head-kidney of mock animals. Similar results were obtained in a previous study using the same model of pathogen-host interaction, where tlr9 was not differentially expressed in the head-kidney and, on the contrary, tlr5 was upregulated in head-kidney and intestine of LCDV-Sa-infected gilthead seabreams (17). However, in vaccinated fish no modulation (up or down-regulation) of tlr5 was detected in any sample analyzed, indicating specific immune induction of toll-like receptors for the different experimental groups. TLR9 has been previously associated with the recognition of different dsDNA viruses (40), including the human cytomegalovirus whose promoter is present in the vaccine vector (pcDNA). Regarding TLR5, it was primarily associated with the detection of bacterial flagellin, however different studies have described the role of this receptor in the reactivation of persisting ranavirus infection through bacterial coinfections (41). Therefore, overexpression of the mcp gene in vaccinated fish appears to cause differential expression of pathogen recognition-related genes and could indicate an mcp-independent mechanism of LCDV-Sa entry and recognition through TLR5 regulation. A down-regulation of the expression of CD209, a c-type lectin receptor found specifically in dendritic cells (DC), was observed only in the head-kidney of vaccinated animals early on infection in addition to the tlr9 inhibition. It has been described that viral recognition by c-type lectin receptors (CTLRs) could favor infection by different viruses (42), therefore its inhibition in vaccinated fish could have a protective role for gilthead seabreams during LCDV-Sa infection.

Regarding inflammation related-gene regulation and IFN response, the specific profiles of gene expression were obtained for the non-vaccinated, vaccinated, and mock fish in an organ-dependant manner. In the head-kidney samples of non-vaccinated animals, inhibition of the inflammatory process and slight IFN response was recorded with the down-regulation of ck3 (24 and 72 hours pi) and ck8 (24 hours pi), and only the up-regulation of irf9, mx2 (24 h pi), and isg15 (72 hours pi). In contrast, in vaccinated fish from 48 hours pi a high pro-inflammatory response mediated by the up-regulation of il1β and il6 transcripts was detected. At the same timepoint, the up-regulation of the c-type lectin domain family 10 member A (clec10a) transcript was detected. This receptor was related to the regulation of adaptive and innate immune responses and the induction of the synthesis of several pro-inflammatory cytokines in rainbow trout macrophages and fibroblast-like cells (43). Moreover, at 72 hours pi a higher IFN response was registered through the up-regulation of irf3, isg15, mx1, mx2, and mx3 genes. Nevertheless, the induction of IFN genes was also detected in the mock fish, without the up-regulation of clec10a and pro-inflammatory interleukins, establishing a possible role for the vector (pcDNA) as an adjuvant of IFN response induction in this organ. In mammals, it has been described as a “built-in” adjuvant effect derived from CpG-motifs and double-strand DNA for DNA plasmids which are detected by toll-like receptor 9 (TLR9), stimulating IFN-γ-secreting cells in TLR9 +/+ mice but also in TLR9 -/-, suggesting that DNA vaccines induce immune responses by multiple mechanisms different from TLR9 following DNA immunization (44). In the head-kidney samples of mock fish, the tlr9 transcript was down-regulated. Moreover, the adjuvant properties of the backbone plasmid pcDNA3.3 compared to the plasmid encoding the envelope glycoprotein, hemagglutinin esterase (pHE), of ISAV was able to induce IFN-I response at a higher level in cells (45). In addition, it has been described to have an adjuvant effect of the CpG-enriched plasmid DNA pcDNA3.1 (used in this study) co-administrated with the inactivated grass carp reovirus (GCRV) vaccine in grass carp fingerlings, providing increased levels of IgM in serum, spleen, and head-kidney, as well as up-regulation of tlr9 and mx2 expression, inhibiting GCRV proliferation (46). In spleen samples, inflammation and IFN response took place in all experimental groups. However, the timepoint of IFN response diverged between them and different effectors were recorded regarding inflammation. In non-vaccinated animals, high IFN-related transcripts were up-regulated at 24 hours pi, and only il1β was up-regulated at 72 hours pi. In vaccinated fish, although the IFN response was less intense, it was prolonged in time. In turn, the only gene associated with inflammation that was overregulated was elam. The cytokine TNF-α and il1β released by resident cells are known to induce E-selectin and other chemokines in teleost (47). Endothelial cell leukocyte adhesion molecule-1 (ELAM-1) or E-selectin has been described as an inducible endothelial cell-adhesion molecule for neutrophils and memory T-cells, related to extravasation of these cells at sites of acute inflammation (48). In mammals, leucocytes are maturated in the secondary lymphoid organs, waiting to be recruited by the immune system. In gilthead seabream, the head-kidney has been described as a major hematopoietic and lymphoid organ, with a role in the migration of leucocytes to injured locations (49). Therefore, the up-regulation of elam in the present study could indicate a role for the spleen, the secondary lymphoid organ, in the recruitment of leucocytes in this fish species. On the other hand, in mock fish, the IFN response was only observed at 72 hours pi and the unique inflammatory effector detected was interleukin 8 (il8). The DEGs detected in the intestinal samples showed the opposite expression trend to that described for the head-kidney, as part of which the interferon response was more intense and took place earlier in the non-vaccinated fish compared to other groups that received the vaccine or the empty plasmid. In addition, the profile of upregulated genes related to inflammation was broader (il1β, il10, csf1r, and ncf4) compared to fish inoculated with the DNA plasmid (csf1r and il1β). This establishes the differential function of the immune organs. However, it is interesting to note that in vaccinated fish the inflammation-related gene csf1r was up-regulated early (24 hours pi) compared to non-vaccinated fish (72 hours pi). Furthermore, in the latter, up-regulation of the anti-inflammatory interleukin il10 was detected at 72 hours pi. The kinase receptor CSF-1R is the receptor found in macrophages for the colony-stimulating factor-1 (CSF-1). These have an important role in homeostasis, providing early defense against pathogens, regulation of immune responses and tissue repair (50). Related to inflammation in teleost, it has been described as playing a direct role in promoting the expression of several cytokines including IL-1, Il-6, IL-8, Il-18, TNFα, and IFN (51, 52). Even though the early expression of this genetic marker for macrophage proliferation was detected in vaccinated fish, no significant differences were detected in comparison with the non-vaccinated fish related to cytokine production in the intestine samples. The possible implication of this early expression of csf1r in the intestine and the exclusive pro-inflammatory response detected in the head-kidney of vaccinated fish 24 hours later remains uncertain. However, it has been identified as a soluble form of CSF-1R in goldfish (Carassius auratus L.), which regulates the CSF-1 activity (53), and promotes the proliferation of kidney primary macrophages (54). In addition, this soluble factor was found in the serum of goldfish giving it a role in systemic regulation of this activity (53). Finally, in caudal fin samples, it is worth noting the exclusive induction in vaccinated fish of the interferon-mediated antiviral response at 72 hours pi (isg15, mx1, mx2, and mx3), which was very scarce in non-vaccinated fish and those inoculated with the empty plasmid (pkr at 24 hours pi and isg15 at 48 hours pi, respectively). The differential expression of the pro-inflammatory caspase-1 (casp1) and the no-modulation of the expression of the different chemokines analyzed could be the crucial factor that differentiates the results obtained from those of the non-vaccinated group, where a strong anti-inflammatory response by down-regulation of ccr3, ck3, and ck10 was detected at 48 and 72 hours pi. This down-regulation of chemokines could inhibit the early inflammatory response mediated by the up-regulation of casp1 and perp detected in the same group at 24 hours pi. In the mock fish, this kind of inflammation-related response was observed by the early up-regulation of ccr3 and ck10 and subsequent up-regulation of isg15 and il8 24 h later (48 hours pi). At 48 hours pi, chemokines were down-regulated and no inflammatory or interferon responses were observed later on. The antiviral role of the inflammatory response mediated by chemokines in gilthead seabream has been studied under nodavirus infection in the target site (brain) of viral replication, and a strong up-regulation of CK3, CK8, and CK10, among others chemokines, was correlated with antiviral defense in seabream (55). It seems that the infection by LCDV-Sa in gilthead seabream triggers a different profile of chemokine expression that could be related to the immune evasion mechanisms of the virus at the target site of replication. However, the administration of the vaccine seems to compensate for the lack of chemokine-mediated inflammation through the caspase-1 pathway, triggering an efficient antiviral interferon response.

In terms of antigen presentation and humoral and cellular responses, a major trend in gene dysregulation was detected in the different experimental groups. Regarding hematopoietic organs, in vaccinated gilthead seabream, early expression of recombination activating gene 1 (rag1) (24 hours pi), compared to non-vaccinated fish (72 hours pi), and a cluster of differentiation 48 (cd48) genes (48 hours pi) were detected in head-kidneys. The rag1 gene encodes a protein with endonuclease activity related to the assembly of the diversity of immunoglobulins and T cell receptor genes (56) and serves as a marker for the development of the adaptive immune response. It has been postulated that the expression of rag genes is crucial to the maturation of B cells and the production of Ig, and its expression within a lymphoid organ can be used as a developmental marker to assess immunological competence (57). Moreover, the cell-surface receptor CD48 is a lipid-anchored protein expressed on all antigen-presenting cells and T cells that contributes to maintaining the inflammatory response (58). As described earlier, at 48 hours pi the up-regulation of il1β and il6 was observed exclusively in the head-kidney of vaccinated fish. Therefore, based on the early expression of these genes in the vaccinated animals, an immunocompetent state provoked by the DNA vaccine could be postulated. In addition, in spleen samples, the markers of humoral response ighm (also detected in the other experimental groups) and the immunoglobulin light chain (ilc) gene were differentially expressed at 48 hours pi. However, no up-regulation of genes was observed in the intestine and caudal fin, defining an organ-specific immune response in gilthead seabream. Interestingly, in these latter organs, in the non-vaccinated group, the ilc (intestine) and cd48 (caudal fin) genes were detected. The expression of the T-cell receptor (tcrα) was only detected in the mock fish. This impaired T-specific cell immunity in contrast to the promotion of humoral response and has been previously described in gilthead seabream infected with LCDV-Sa (17).

Regarding the elimination of infected cells by cell-mediated response, two main genes were detected, the non-specific cytotoxic cell receptor (nccrp1) and perforin (prf1), which are previously described as crucial effectors for virus clearance. Major differences were observed regarding the non-specific cytotoxic response mediated by the nccrp1 gene in the different experimental groups. In non-vaccinated fish no modulation of the gene was recorded in hematopoietic organ samples and an up-regulation was detected in vaccinated and mock fish; however, it was only present in vaccinated fish early on in infection. In contrast, in intestine samples, this gene was up-regulated in non-vaccinated and vaccinated fish exclusively, but in the latter, its up-regulation was maintained for a longer period. However, in caudal fin samples, nccrp1 gene was exclusively up-regulated in non-vaccinated fish. The importance of the innate immune response of this cytotoxic cell effector has been described in gilthead seabream against LCDV (16) and nodavirus (59) infection, as it mediates the leucocyte killing of virus-infected cells. Genes related to apoptosis were scarcely modulated through the experiment. Only in spleen samples, prf1 gene up-regulation was remarkable, especially in vaccinated fish at 72 hours pi, which was the transcript with the highest fold change values registered in the experiment, although it was also detected in mock fish at the same timepoint but with lower expression. Perforin gene has been identified in several teleost fish, including zebrafish (60), Japanese flounder (Paralichthys olivaceus) (61), rainbow trout (62), rock bream (Oplegnathus fasciatus) (63), ginbuna crucian carp (Carassius auratus langsdorfii) (64), and common carp (Cyprinus carpio) (65). Similar to mammals, perforin is involved in the immune defense against virus infections in teleosts. Perforin, a pore-forming glycoprotein, has been demonstrated to play key roles in clearing virus-infected cells, also playing indispensable roles in CD8+T cell-mediated cytotoxicity (64). This is the first study to analyse the involvement of perforin in the immune response of gilthead seabream after infection with LCDV. Interestingly, in the head-kidney samples, the main immune organ in teleost fish (66), no differential expression of prf1 was detected. The up-regulation of perforin genes has been described after infection with different viruses (60, 63, 65, 67, 68) and has mainly been studied in kidney samples where the modulation occurred several days after infection, which could explain the results of this study, establishing specific immune roles in a time-dependant manner against pathogens between the two hematopoietic organs analyzed.

In conclusion, our data suggest that the administration of the DNA vaccine (pcDNA-MCP) in gilthead seabream juveniles reduces the viral replication after inoculation of fish with LCDV-Sa. In addition, specific immune determinants have been detected exclusively in vaccinated fish that could be related to this control of viral multiplication. The specific role of the immune response of each of the organs analyzed has been denoted. An early humoral and cellular response mediated by rag1 and cd48, and a pro-inflammatory response mediated by il1β and il6 in head-kidney were also observed. This could be related to the possible presence of a soluble form of macrophage receptor (CSF-1R) found in intestine samples. In addition to a specific modulation of toll-like receptor 9 (tlr9), a recruitment of leukocytes by overexpression of elam and a cell-mediated cytotoxic response controlled by nccrp1 and prf1 was detected in the spleen. Moreover, an efficient antiviral response was detected through the interferon effectors isg15, mx1, mx2, and mx3 in the target site of viral replication in the context of lymphocystis disease. More comparative studies examining the route of administration by oral chitosan beads containing the vaccine will be carried out. This study furthers understanding of the immune determinants modulated in vaccinated gilthead seabream following infection with LCDV-Sa, outlining which could confer protection against this viral disease for the aquaculture sector.
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Tilapia lake virus (TiLV) is a novel contagious pathogen associated with a lethal disease affecting and decimating tilapia populations on several continents across the globe. Fish viral diseases, such as Tilapia lake virus disease (TiLVD), represent a serious threat to tilapia aquaculture. Therefore, a better understanding of the innate immune responses involved in establishing an antiviral state can help shed light on TiLV disease pathogenesis. Moreover, understanding the adaptive immune mechanisms involved in mounting protection against TiLV could greatly assist in the development of vaccination strategies aimed at controlling TiLVD. This review summarizes the current state of knowledge on the immune responses following TiLV infection. After describing the main pathological findings associated with TiLVD, both the innate and adaptive immune responses and mechanisms to TiLV infection are discussed, in both disease infection models and in vitro studies. In addition, our work, highlights research questions, knowledge gaps and research areas in the immunology of TiLV infection where further studies are needed to better understand how disease protection against TiLV is established.
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1 Introduction

Tilapia lake virus (TiLV) or Tilapia tilapinevirus is an enveloped icosahedral virus of 55–75 nm (1), belonging to the Amnoonviridae family, and is characterized by a 10,323 kb segmented, negative sense, and single-stranded RNA (ssRNA) genome (2). TiLV is currently the sole representative member of this virus family (3), although recent meta-transcriptomic and data mining studies have identified several viral segments and transcripts related to TiLV PB1 gene (4, 5), that probably belong to novel divergently TiLV-related viruses. The TiLV genome is composed of ten ribonucleoproteins (RNP) units and encodes at least 14 predicted proteins (6), including the recently identified NP protein encoded by segment 4 (7).

TiLV primarily infects tilapia species [particularly Nile tilapia Oreochromis niloticus, Mozambique tilapia O. mossambicus, Gray tilapia (Oreochromis niloticus x O. aureus) and Red tilapia Oreochromis spp.)], although other fish species such as tinfoil barbs (Barbonymus schwanenfeldii) (8, 9), giant gourami Osphronemus (10), angelfish (Pterophyllum scalare) and firemouth cichlid (Thorichthys meeki) (11) have also shown susceptibility to TiLV infection and could be experimentally infected with the virus. TiLV clinical infection has also been experimentally recapitulated through intraperitoneal (IP) injection of adult zebrafish (Danio rerio) (12, 13), zebrafish larvae (14), juvenile rainbow trout (Oncorhynchus mykiss) and brown trout (Salmo trutta) (15).

Cases of co-infection of TiLV with Aeromonas hydrophila and Streptococcus agalactiae in farmed red hybrid tilapia have also been reported (16). In general, co-infections with TiLV and Aeromonas spp. seem to be frequent, and infection with TiLV appears to promote secondary bacterial infections, especially with Aeromonas veronii (17) and Aeromonas hydrophila (18). Together with sporadic Streptococcus agalactiae co-infections, these bacteria co-infections can synergistically increase fish mortality and worsen disease severity in affected tilapia (16–18). Indeed, TiLVD can cause mortalities as high as 90% in affected fish populations (19), even though a few cases of inapparent infection have also been documented (20).

The virus has a broad tissue tropism and can induce a systemic infection. Tissue tropism studies have shown the presence of the virus in multiple organs, including the brain, liver, kidney, muscles, gills, fins, spleen, intestines, eye, heart, ovaries and testis (21). Moreover, all the life stages of tilapia, including fertilized eggs, yolk-sac larvae, fries, fingerlings, and adults appear to be susceptible to TiLV (21–24) and vertical transmission from broodstock to progeny can also occur (25, 26), altogether making TiLV a significantly lethal pathogen.

The elimination of virus pathogens such as TiLV during infection largely depends on the presence of a functional immune system. In bony fish such as tilapia, the host innate immune system, which is at the forefront of fish immune defenses, activates and triggers antiviral and pro-inflammatory responses early during infection (27). The adaptive immune response, although often delayed, also plays a critical role in the clearance of viral pathogens during the later stages of infection and is essential for long-lasting immunity and a key factor in successful vaccination (28).

It has been shown that tilapia mount a protective immune response following exposure to TiLV (29), as around 200 differently expressed microRNAs regulating genes involved in the immune response have been identified in tilapia fish infected with TiLV (30). Moreover, over 4640 genes, some of which are involved in antigen processing and presentation, nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB), interferon (IFN) and chemokine signaling, were found to be differentially expressed in the liver of tilapia experimentally infected with TiLV (31), all suggestive of an attempt to establish an antiviral state.

However, it has also been shown that TiLV can downplay the innate immune response, especially during the early stages of infection (32), suggesting the existence of yet to be discovered viral effector proteins involved in and associated with immune response modulation.

The development of effective therapeutics and prevention strategies against viral diseases certainly requires an understanding of the various immunopathogenesis processes and mechanisms occurring during viral infections and contributing to disease establishment and persistence. Although also associated with the damages caused by viral replication (viral related factors), disease pathogenesis following viral infections often appears to result from an abnormal host response or overreaction of the immune system (host-related factors) to resolve the infection. Given that several studies aimed at elucidating the immune responses occurring during TiLV infection have recently emerged, it is timely to review our current understanding of the mechanisms governing the antiviral response to TiLV infection as it is important for the development of novel drugs and antiviral treatment strategies for controlling TiLV infection.




2 Pathology of TiLV disease

The pathogenesis of TiLV is not yet fully defined and understood, partly because the cellular receptor for this virus has not yet been identified and its mode of entry is not yet fully resolved. From what is currently known, TiLV enters endothelial TmB cells via a dynamin-mediated endocytic pathway largely dependent on cholesterol rich lipid-rafts and cytoskeleton but not on clathrin (33). In addition, endosomal acidification seems to not be required for TiLV endosomal escape during virus entry (33).



2.1 TiLV tissue tropism

As previously mentioned, TiLV appears to exhibit a very broad tissue tropism as the virus is capable of replicating in the brain, liver, kidney, muscles, gills, fins, spleen, intestines, eye, heart, ovaries and testis (13, 34) of both infected tilapia and zebrafish, and immunohistochemical detection of TiLV using a TiLV immunoglobulin G antibody has revealed the presence of the virus in the endothelial cells of various organs (liver, pancreas, kidney, gills, intestines, brain, and spleen) as well as in the circulating leukocytes in the blood vessels (34).

Syncytia formation is a major pathological change reported by several studies during TiLVD (1, 17, 19, 24, 35–37). Although the mechanisms underlying this pathological finding have not yet been elucidated in the specific case of TiLV, several viruses are known to produce proteins capable of fusogenic activity (38, 39), and membrane fusion during infection with such viruses is a crucial step during virus entry of target cells. Although the fusion protein of TiLV remains to be identified and its fusogenic activity demonstrated, similar underlying fusion mechanisms as the ones described for some parainfluenza virus lineages (for which membrane fusion does not require low-pH) could be at play during TiLV infection. Moreover, the gene for RhoA, whose signaling has been associated with cell-to-cell fusion and syncytium formation during respiratory syncytial virus (RSV) infection (40), is upregulated in the liver during TiLV infection (31), suggesting that this small GTPase may play a role in initiating cell-to-cell fusion during TiLV infection. Further studies are thus required to shed some light on TiLV syncytia formation and the specific role of RhoA during this event.




2.2 Routes of infection and infection models

TiLV seems to have a relatively narrow host range with tilapia species being the canonical host for the virus. Therefore, the immune responses to TiLV infection have mainly been measured in Nile and red hybrid tilapia. Apart from the limited number of results obtained from infection performed by cohabitation, most results from experimental infections have been obtained following IP injection. This type of infection route does not allow the elucidation of the key antiviral responses at virus entry sites. Infection models based on IP injections of the canonical host often lead to a very fast onset of disease and mortality. In addition, TiLVD has also been modelled using an intragastric challenge model (35, 37). However, the low mortality rates observed with this route of infection (40% mortality after 10 days as opposed to 70% mortality in IP injected tilapia) may suggest a lack of systemic absorption from the digestive tract and raises the possibility that this route of infection is not the principal entry route of the virus in natural infection.

Other than tilapia, immune responses during TiLV infection have also been modelled in zebrafish which were also infected by IP injection (12, 13), or injection via duct of Cuvier of zebrafish larvae (14). In the zebrafish model, the virus has the ability to spread to several tissues of the body although it does not lead to high mortality (12, 13). Both zebrafish and tilapia are ray-finned fish and can tolerate tropical to sub-tropical water temperatures. Although most fish immune related genes are well-annotated in zebrafish (due to extensive studies conducted with zebrafish as an animal model) and can significantly inform our understanding of immune responses and pathways activated during TiLV infection, the zebrafish model remains limited by the requirement for IP-injection to initiate viral infection. Moreover, cases of natural infection of zebrafish with TiLV have not yet been reported suggesting the existence of factors restricting TiLV infection at virus entry sites in zebrafish, further emphasising that zebrafish is not a natural host for TiLV. As such, antigen recognition, disease establishment and progression, and immune responses and modulation might be different in this model.





3 Innate immune response

TiLV seems to be well recognized by pattern recognition receptors (PRRs) which elicit several key host immune responses such as increasing the release of antiviral factors important in restricting viral replication and spreading.

It is generally accepted that upon viral infection, the pathogen-associated molecular patterns (PAMPs) of viruses, either non-capped double or single stranded RNA (dsRNA or ssRNA) are sensed by cellular pattern recognition receptors (PRRs) located at the cell surface, in endosomes or in the cytosol. Sensing of viruses by PRRs such as Toll-like receptors (TLRs) and retinoic acid inducible gene I (RIG-I)-like receptors (RLRs) leads to the activation of several signaling pathways and transcription factors such as the interferon regulatory factors (IRFs) and NF-κB (41), both subsequently inducing the transcription of type I IFNs, crucial for the establishment of an antiviral state.



3.1 Activation of innate immune signaling upon intracellular detection of TiLV infection

It has been demonstrated that during TiLV infection, there is a significant upregulation of the PRR sensors TLR3 and TLR7 in the brain of TiLV-infected tilapia (31, 42). In contrast, upregulation of TLR3 as well as the fish-specific TLR22 (a cell surface TLR sensor) was observed in the spleen and kidney of TiLV-infected adult zebrafish and larvae (12–14). The upregulation of TLR3, normally present in cellular endocytic compartments, suggests its possible interaction with TIR-domain-containing adapter inducing interferon β (TRIF) to mediate the activation of NF-κB and the Interferon regulatory factor 3 (IRF3), leading mainly to the promotion of both inflammatory and IFN-β-mediated antiviral responses. Indeed, an abundant and upregulated expression of the gene transcripts encoding IRF3, a key transcriptional regulator of type I interferon (IFN)-dependent immune responses which plays a critical role in the innate immune response against DNA and RNA viruses, has been observed in the liver, spleen, intestine, gills and kidney of both tilapia and zebrafish infected with TiLV (12–14, 35).

In addition, a significant increase in IRF1 gene expression early during infection was observed in the liver of TiLV-infected tilapia (43). Similarly to IRF3, IRF1 is a member of the IRF family. Although it seems to not be essential for the induction of type I IFNs, IRF1 has nevertheless been found to play a significant role in IFN-mediated signaling, in TNF-mediated type I IFN signaling and in IFN-dependent inflammation (44). IRF1 protein can induce the expression of type I IFNs downstream of RLRs (45), and although IRF3 and IRF7 have always been assumed to be the predominant transcriptional regulators in the canonical TLR signaling, IRF1 has also nevertheless been shown to also participate in the transcriptional responses involving the engagement of some TLRs (such as TLR9, TLR7, TLR2, TLR3 and TLR4) or involving the myeloid differentiation primary response 88 (MYD88) protein. Increases in IRF1 expression induced by viral infections in most cases primarily result from NF-κB and STAT1-mediated transcriptional activation. IRF1 expression is usually induced rapidly following virus infection and there is evidence that IRF1 effector genes can suppress the replication of a variety of RNA viruses (46). Moreover, IRF1 can regulate basal antiviral states that restrict both positive- and negative-stranded RNA viruses in various cell types.

Likewise, IRF7 has also been found to be upregulated in both adult zebrafish and larvae (12–14). Both IRF7 and IRF3 promote the expression of genes encoding type I IFNs. IRF5 involved in the activation of the expression of type I IFNs and inflammatory cytokines downstream of endolysosomal toll-like receptors TLR7, TLR8 and TLR9 was also found to be upregulated (31), as well as the gene transcripts encoding for other interferon regulatory factors such as IRF4 and IRF8 (primarily involved in the adaptive immune response). Their possible role in adaptive immunity is discussed later in the section “Activation and modulation of the T-cell adaptive immune response”.

A significant upregulation of the PRR sensor RIG-I has also been reported in both adult zebrafish and larvae infected with TiLV (12–14). The signaling pathway triggered when RIG-I is activated is well characterised in mammals. After binding its nucleic acid ligands (RNA with a 5’ triphosphate moiety, uncapped short ssRNA or dsRNA), RIG-I signals via interaction of its caspase activation and recruitment domain (CARD) with an adapter protein associated with the outer mitochondrial membrane known as MAVS (mitochondrial antiviral signaling protein or IFN-β promoter stimulator (IPS)-1 protein) (47, 48). This CARD-dependent association of RIG-I and MAVS triggers a downstream transduction signaling cascade subsequently leading to the activation of IRF3 and IRF7 as well as NF-κB, thus causing the expression of a variety of type I IFNs and cytokines aimed at inhibiting viral replication (49). These mechanisms are also very likely to take place in teleost fish such as tilapia, especially when considering that RIG-I and MAVS (IPS) also exist in teleost fish (50–52), and their salmonid orthologues also have the same domain structures as seen in mammals (27).

In fact, MAVS (or IPS-1) has been found to be upregulated in the kidney and brain of tilapia fish during late stages (96 hours post-infection) of TiLV infection (42). In Atlantic salmon, a MAVS homologue protein (AsMAVS) has been found to mediate the activation of the salmon IFN-a1 promoter (53) although possessing the CARD, proline-rich and transmembrane domains found in mammalian MAVS. The observation that MAVS is also induced and upregulated during TiLV infection, indicates that MAVS may play a significant role in the RIG-I innate immune processes occurring during TiLV infection.

It has been shown that over-expression of MAVS in teleost fish protects cells from infection by both DNA and RNA viruses by inducing IFN stimulated genes (ISGs), such as IRF3 and the myxovirus resistance (Mx) as well as type I IFN (54, 55). The overexpression of MAVS protein could thus represent a potential therapeutic approach (56), for the treatment and prevention of TiLVD. Overall, PRRs sensors of the innate immune system and their adaptor proteins are activated during TiLV infection (Figure 1).
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Figure 1 | Innate immune response against Tilapia lake virus (TiLV) infection. Intracellular detection of TiLV infection by the host pathogen recognition receptors (PRRs) activates the transcription factors nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB), interferon regulatory factor 3 (IRF3), and IRF7. The PRRs involved include toll-like receptors (3, 7 and 22) and retinoic acid-inducible gene-I protein (RIG-I). By signaling through the adaptor proteins MYD88 and TRIF, the activated transcription factors translocate to the nucleus and trigger the expression of type I and type III interferons (IFNs) which are crucial for the establishment of the antiviral state. Original image realized with CorelDRAW graphics suite 2020.




3.2 Antiviral molecules involved in innate immunity against TiLV infection

The activation of transcription factors such as NF-κB, IRF1, IRF3 and IRF7 during TiLV infection results in their translocation into the nucleus, where they initiate the transcription of genes encoding type I IFNs, inflammatory cytokines such as tumour necrosis factor (TNF)α, interleukins (IL-8, IL-1β and IFNγ1-2), and proinflammatory gene products such as cyclooxygenase-2 (COX-2) (31). Although the specific activation of NF-κB during TiLV infection has not yet been demonstrated, upregulation of both the tumour necrosis factor receptor associated factor 3 (TRAF3) and the nuclear factor-kappa-B-inhibitor alpha (NFKBIA) gene has been observed in the liver of TiLV-infected tilapia (31). TRAF3 is an adaptor protein that functions both independently as a negative regulator of the NF-κB pathway and as a positive regulator of type I IFN production. It is therefore at the intersection between the IFN-I and NF-κB pathways (57). The NFKBIA gene on the other hand, encodes for the alpha subunit of the IκB kinase (IKK) protein complex, which is a group of related proteins regulating the activity of NF-κB. The specific upregulation of these 2 factors regulating NF-κB function suggests the modulation of NF-κB downstream of the RIG-I sensing signaling pathway during TiLV infection. It will thus be interesting to determine how NF-κB is regulated during TiLV infection and if TiLV also induces an upregulation of the melanoma differentiation-associated protein (MDA5).

The significant upregulation of type I IFNs (ifnϕ1) during TiLV infection has been demonstrated in adult zebrafish and larvae (12–14). Moreover, treatment with exogenous recombinant zebrafish IFNϕ1 (zfIFNϕ1) has been shown to significantly decrease both the mortality and the viral load at 48 hours post-infection in TiLV-infected zebrafish larvae (14), suggesting the early administration of exogenous IFN as a therapeutic strategy. Indeed, it was recently shown that human IFN-α2a both completely prevented and inhibited TiLV infection (by more than 80%) when administered before the infection (58). Similarly, the fish IFNc significantly reduced TiLV-induced CPE and viral loads in a dose-dependent manner; further demonstrating the protective role of type I IFNs in preventing TiLV infection (58).

It is well known that type I IFNs act in autocrine and paracrine ways to induce the transcription of several ISGs, some of which encode antiviral proteins such as Mx (59, 60). The expression of genes encoding for Mx is controlled by type I interferons (61). Indeed abundant and significantly upregulated mx genes transcripts were detected in the brain, liver, spleen, intestine, and gills of TiLV-infected tilapia (31, 32, 35), and in adult and zebrafish larvae infected with TiLV (12–14) as well as brown and rainbow trout (15). Moreover, the administration of exogenous recombinant zfIFNϕ1 was found to up-regulate Mxa expression in zebrafish larvae infected with TiLV, which coincided with the observation of a significant reduction of TiLV viral load in zfIFNϕ1 pre-treated zebrafish larvae (14). Mx proteins are key components of the antiviral state induced by interferons. One unique property of some Mx GTPases is their antiviral activity (illustrated in Figure 2) against a wide range of RNA viruses, including orthomyxoviruses, paramyxoviruses, rhabdoviruses and members of the bunyavirus family. It has been shown for instance that the constitutive expression of Atlantic salmon (Salmo salar) Mx1 protein in CHSE-214 cells (fibroblastic cells deriving from Chinook Salmon - Oncorhynchus tshawytscha - embryo) conferred resistance to the cells against cytopathic infectious salmon anemia virus (ISAV) strain NBISA01. A resistance characterized by a delayed development of cytopathic effect (CPE), a significant reduction in the severity of CPE, and a 10-fold reduction in virus yield (62). An open question is thus whether or not TiLV is sensitive to the antiviral action of Mx.

[image: Illustration depicting the antiviral signaling pathway inside a cell. It shows virus detection by RIG-I, activation of MAVS, and subsequent signaling leading to the production of interferons (IFNs). The IFNs activate the JAK/STAT pathway via IFNAR, leading to the expression of interferon-stimulated genes (ISG) like Mx, which block viral replication in the cell.]
Figure 2 | Mx production following virus infection and antiviral activity. In general, following virus infection, the RNA PAMPs of viruses activate RIG-I (which then activates the adaptor molecule MAVS downstream of RIG-I). This PRR signaling leads to the subsequent activation of the transcription factor IRF-3 for the induction of IFN. Secreted IFNs dock onto their receptor IFNAR and thus mediate the expression of antiviral ISGs via the JAK/STAT signaling pathway. This results in the production of Mx which blocks viral replication and is involved in IFN-mediated inhibition of viruses. Original image realized with CorelDRAW graphics suite 2020.

Interestingly, the rsad2 gene encoding for radical s-adenosyl methionine domain containing 2 protein, (also known as viperin), a multifunctional IFN-inducible protein, is also significantly highly upregulated in the liver of TiLV-infected tilapia (43). Although this IFN-inducible protein is constitutively highly expressed in the liver, its significant upregulation in liver cells of TiLV-infected tilapia suggests that viperin could be playing an important role in the regulation of TiLV infection cycle as this protein has been shown to inhibit a broad spectrum of DNA and RNA viruses, including herpesviruses, flaviviruses (Hepacivirus C [HCV], West Nile virus, and dengue virus), paramyxoviruses (Sendai virus and measles virus), a rhabdovirus (vesicular stomatitis virus), an alphavirus (Sindbis virus), a retrovirus (human immunodeficiency virus type 1, HIV-1) and an orthomyxovirus (Influenza A virus) (63). As an IFN-inducible protein, viperin is produced in a variety of cell types by stimulation with all types of IFNs and by infection with multiple viruses. Viperin induction by viruses is mediated by the classical ISG induction pathways involving the engagement of TLR3, TLR4 and RIG-1, which in turn activates IRF3 and IRF7. Alternatively, viperin can also be upregulated independently of IFNs by a number of viruses including human cytomegalovirus (HCMV), vesicular stomatitis virus, Japanese encephalitis virus, and Chikungunya virus (63).

In fact, the direct stimulation of viperin expression can occur through the activation of MAVS following the downstream activation of IRF1 and IRF3. In this case, the stimulation of RLRs by dsRNA leads to the activation of the adaptor protein MAVS (or IPS-1) either residing on the peroxisome or at the mitochondrial membrane through an IRF1- and IRF3-dependent gene induction [illustrated in Figure 3 and reviewed in (64)]. Thus, it appears that the significant upregulation of both IRF1 (43) and IRF3 (35) during TiLV infection, especially in the liver, could be leading to their translocation into the nucleus and their subsequent binding to the rsad2 promoter (which contains functional binding sites for both IRF1 and IRF3). This in turn, leads to the induction of viperin in an IFN-independent manner; although the significant upregulation of type I IFNs [in adult zebrafish and larvae (12–14)] also raises the possibility that this protein might also be induced in an IFN-dependent manner.
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Figure 3 | Viperin induction upon viral infection. Viperin expression is mediated by both the classical IFN-stimulated gene induction pathway (right panel) and the IFN-independent pathway (left panel). In the IFN-independent pathway, viperin gene expression is regulated by IRF1 and IRF3, which can be activated by viral factors or by the peroxisomal MAVS signaling pathway. In the IFN-mediated pathway, viperin gene expression is regulated by the ISGF3 complex. Upon viral infection, cytosolic sensing of viral nucleic acids by PRRs leads to the activation of downstream signaling factors including those dependent on endosomal TLRs and mitochondrial MAVS and culminates in the activation of the transcription factors IRF3 and IRF7. IRF3 and IRF7 translocate to the nucleus resulting in the induction of IFNs (more specifically IFN-β). The secreted IFN-β then signals both in autocrine and paracrine manners upon binding to its receptor, leading to the downstream activation of the Jak-STAT pathway. This in turn results in the formation of the heterotrimeric complex ISGF3, which translocates to the nucleus and binds to the promoter of ISGs, including that of viperin. Viperin itself can also increase IFN-β induction by promoting TRAF6-dependent ubiquitination of IRAK1 and phosphorylation of IRF7. Original image realized with CorelDRAW graphics suite 2020.

The full antiviral mechanisms at play and associated with viperin antiviral functions against a wide range of viruses remain somewhat elusive, but overall range from inhibition of viral RNA replication, direct binding to viral proteins, to blocking of viral particles release (viral budding) by disruption of lipid rafts (65). However, some DNA viruses (notably the dsDNA herpesviruses HCMV and Kaposi’s sarcoma-associated herpesvirus - KSHV) appear to have repurposed the cellular roles of viperin to their benefit during viral replication. The first by co-opting viperin (HCMV) and the second by enhancing the activity of its viral protein (KSHV). Indeed, the co-option of viperin by HCMV alters the cellular metabolism which in turns favours HCMV replication. In the case of KSHV, the binding of viperin to the viral helicase protein enhances the stability of the protein and thus promotes viral replication (64). Therefore, can the remarkably high expression profile of viperin in the liver during TiLV infection (43), promote viral infection at this site or is it an attempt by host cells to restrict and inhibit viral replication? The severity of the infection in the liver [one of the main target organs of TiLV, hence the name syncytial hepatitis originally attributed to TiLVD (1, 23)] could make the first case scenario possible. Evidence is needed to draw any conclusions on the possible antiviral effects of viperin on TiLV replication.

It has been observed that TiLV infection induces an up-regulation of the expression of the gene encoding for pro-inflammatory cytokine IL-1β at mucosal sites such as the intestine and gills (35), as well as in the brain and liver of infected tilapia (31, 32, 66, 67). High expression levels of this mediator of inflammatory response have also been reported in both adult zebrafish and larvae experimentally infected with TiLV (12–14). IL-1β acts downstream of the nucleotide-binding domain leucine-rich repeat (NLR) family pyrin domain containing 3 (NLRP3) inflammasome (NLRP3) following binding to the IL-1 receptor (IL-1R). In fact, the activation of NLRP3 inflammasome contributes to the enzymatical maturation of the inactive precursor pro-IL-1β into its active form IL-1β (68). A signaling pathway thought to ensure the efficient secretion of IL-1β for the initiation of host innate immunity, which subsequently leads to the induction of both NF-κB-dependent inflammation and trafficking of neutrophils and T-cells (69). Similarly, an upregulation of the gene encoding for IL-8 was observed in the liver, spleen and head kidney of TiLV-infected tilapia (43, 70), and in both adult zebrafish and larvae infected with TiLV (12–14). IL-8 acts as a chemoattractant cytokine that specifically attracts and activates neutrophils in inflammatory regions (71). Therefore, the concerted action of IL-1β and IL-8 at infection sites may drive the massive infiltration of lymphocytic inflammatory cells that has been consistently observed in multiple organs including the brain, liver, intestines and spleen, during TiLVD (19, 35, 42, 43). The role of the NLRP3 inflammasome during TiLV infection and disease pathogenesis should thus be elucidated.

TNF-α is another inflammatory cytokine for which mRNA expression has been reported to be significantly upregulated during TiLV infection in both tilapia and zebrafish (12–14, 31, 66). TNF-α is produced by epithelial, endothelial and smooth muscle cells, as well as by astrocytes, activated macrophages, T and B lymphocytes, natural killer cells, and some tumour cells (72). It induces endothelial adhesion molecules, which trigger the migration of innate immune cells, such as blood-borne dendritic cells (DCs), natural killer (NK) cells and macrophages, to the site of infection. It is an interesting pro-inflammatory cytokine as it has been shown to inhibit the replication of viruses such as vesicular stomatitis virus, encephalomyocarditis virus, herpes simplex virus, influenza virus and HIV-1 in specific cell lines (72–74), but also stimulates HIV-1 replication in chronically infected T-cells and promonocytic cell lines (75–77). TNF-α also plays a crucial role in both the mitogen-activated protein kinases (MAPK) and the necroptosis (programmed necrosis) pathways. In the necroptosis pathway, the binding of TNF-α to membrane receptors TNFR1 activates the intracellular RIP (receptor interacting protein) family kinases. TNFR1 in turn interacts with the death domain of other adapter proteins, ultimately recruiting the receptor-interacting serine/threonine protein kinase 1 (RIPK1). RIPK1 and other proteins form a complex most often consisting of RIPK1, RIPK3, FADD and mixed lineage kinase domain like pseudokinase (MLKL), thereby activating MLKL. Activated MLKL then translocates to cellular membranes, causing their rupture (78).

This “dirty death” of cells i.e. necrosis, could be important in shaping disease evolution and pathogenicity as it enhances inflammatory reactions that may help curtail viral reproduction. Necrosis has been consistently associated with TiLVD pathology in several studies (1, 13, 19, 21, 24, 31, 32, 35, 37, 42). In addition, in TiLV-infected tilapia, several genes namely tnfa, tnfrsf6b, and ripk1 all involved in the regulation of necroptosis have also been found to be upregulated (31). It is therefore possible that such a significant upregulation in tnfa and in genes involved in the regulation of necroptosis during TILVD progression both drive the development of programmed necrosis as observed in multiple organs, especially in the liver of TiLV-infected fish. It might thus be a host-induced strategy to both inhibit viral replication as previously reported (72–74) and enhance inflammatory reactions to lessen viral reproduction. It will therefore be crucial to elucidate the contribution of necroptosis in TiLVD pathogenesis. Furthermore, it will be interesting to determine if TNF-α inhibits or stimulates TiLV replication as previously described for other viruses and to determine in which specific cells this inhibition occurs, as this might be cell-type specific.

Chemokine genes, encoding for chemotactic key player cytokines controlling the migration of immune cells in tissues during the innate immune response to infections, have also been found to be upregulated in the liver of TiLV-infected tilapia, notably the chemokine (C-C motif) ligand (CCL3) together with its receptor CCR1 (31).

CCL3, produced by macrophages and implicated in macrophage, neutrophil and NK-cell migration as well as in T-cell – dendritic cells interactions, has been reported to be associated with antiviral immunity through the production of IFNγ, meaning that it is almost invariably associated with viral infections (79), although with few exceptions. Of note, the ifnγ1-2 gene was also found to be significantly upregulated in the brain of adult zebrafish during TiLV infection (12). Therefore, together with IFNγ, CCL3 could be driving the inflammatory response and phenotype in affected tissues, through the recruitment of CCR1 as previously described during paramyxovirus infection (80).

Genes coding for CXCR4, the specific receptor for the chemokine CXCL12, a highly potent chemoattractant involved in chronic inflammation (81) was also found to be upregulated in the liver of tilapia during TiLV infection (31). The production of CXCR4, is induced highly in the liver during HCV or Hepatitis B virus (HBV) infection and has been reported to be involved in directing immune cells from the circulation to the liver, while promoting their retention (81). It is therefore possible that CCL3 (possibly together with CXCL12) participates in driving the infiltration of lymphocytic inflammatory cells consistently observed in the liver during TiLV infection (21, 32, 35, 82). This is even more plausible when considering that genes encoding hematopoietic cell kinase - HCK [associated with enhanced secretion of pro-inflammatory cytokines (83)], and dedicator of cytokinesis - DOCK2 [reported to be critical for migration and activation of leukocytes (84)], both involved in inflammation and leukocytes migration, were also upregulated in the liver during TiLV infection (31).




3.3 Complement activation during TiLV infection

The complement system is a major component of the innate immune system. It consists of several plasma proteins responsible for various innate immune functions such as the elimination of invading pathogens, promotion of inflammatory responses, clearance of apoptotic cells and necrotic cell debris, and modulation of adaptive immune responses (85). Activation of complement leads to proteolytic cascades, terminating in opsonization and lysis of the pathogen as well as in the generation of the classical inflammatory response through the production of potent proinflammatory molecules. Almost all of the mammalian components of the complement system have homologues in teleost fish (27), and activation of complement generally occurs via three main pathways (classical, lectin, and alternative), depending on specific recognition molecules. It was recently found that genes coding for a significant number of components of the complement system such as C3, C4, C1R, CFB, CFD, C8A, C9, C1S, CFI and CFH, belonging to all three complement activation pathways, are upregulated in the liver of tilapia during TiLV infection (31). Moreover, genes encoding opsonins such as C-reactive protein (CRP) and signaling lymphocytic activation molecule (SLAM)-associated protein (SAP) which are involved in complement activation and facilitate the clearance of pathogens through phagocytosis (86) were also found to be upregulated during TiLV infection (31). Similarly, the gene encoding lysozyme LYZ, which is reported to stimulate the cellular and humoral defense mechanisms of fish and to provide protection against viral diseases (87), was also upregulated in addition to phospholipase A2 gene (pla2s) (31), which has been reported to block viral entry into cells (88). Furthermore, the gene encoding alpha2-macroglobulin (a2M), which has been reported to be involved in innate immunity against viruses and apoptosis (89), was also upregulated during TiLV infection (31).




3.4 Local innate immune response in the brain: TiLV induces brain inflammation and microglia activation

The consistent reports of TiLV infection and pathology in the brain (12, 16, 19, 32, 35, 42, 66, 82, 90), clearly demonstrate that TiLV exhibits neurotropism. When cells of the brain become infected, the rapid production of type I IFNs is important to ensure host survival, as it has been shown that mice lacking the receptor for these IFNs were more susceptible to fatal disease progression following Sindbis virus infection (91, 92).

As previously mentioned, genes encoding RIG-I, TLR3 and TLR7 are all upregulated during TiLV infection in the brain (12, 47), similarly to IRF3, IRF7 and MAVS (IPS-1) (12, 42). Interestingly, type I IFN genes (infϕ1) are also significantly upregulated in the brain of zebrafish IP-injected with TiLV (12). It is known that in mammals IFN-β is immediately and preferentially produced by neurons and glial cells of the brain during virus infection (93, 94), probably because of its reduced central nervous system (CNS) toxicity compared to IFN-α (93, 94). Moreover, IFN-β might induce the production of neurotrophic factors by astrocytes (95) and might also induce the local production of the anti-inflammatory cytokine IL-10 (96), which all participate in maintaining the integrity of brain cells by dampening the inflammatory response in the brain. In support of this, high levels of the gene encoding the anti-inflammatory cytokine IL-10 were also found in the brain of zebrafish during TiLV infection (12). However, probably in response to brain damage as a result of virus replication and as an attempt of the host to clear the infection, high levels of the genes encoding proinflammatory cytokines such as IL-1β, IFNγ1-2, TNF-α, IL-8 (cxcl8a), the enzyme COX2b, and the antiviral effector Mxa were also detected in the brain during TiLV infection (12, 66). This results in the induction of brain inflammation or encephalitis (12) reported during TiLV infection in the brain, probably driven by the concomitant potent inflammatory action of IL-1β and IL-8 cytokines on brain cells (71, 97).

Inflammatory cytokines such as TNF-α, IL-1β, and IFN-γ disrupt the blood-brain barrier (BBB) as well as the tight junction integrity of brain endothelial cells (98–100). These inflammatory cytokines signaling at the BBB during infection facilitate leukocytes trafficking into the CNS, which although essential for virus clearance (100, 101), has multiple consequences, including enhancement of inflammation and activation of microglia as also observed during TiLV infection (12).

Microglia are brain resident antigen presenting cells (APCs) and macrophages. They are involved in first line innate immunity of the CNS and have a large regulatory role in CNS immunity. They play an important role in controlling viral replication and reducing mortality in the early stage of infection (102). Activated microglia have a direct antiviral effect during viral infection by producing IFN-I after recognition of virus by PRRs, and the IFN produced by microglia exerts an indirect antiviral effect by acting on other cells. In addition, microglia can restrict viral infection by autophagy (103). In fact, microglia also affect the induction of the adaptive immune response in the brain, as it has been shown that the total number and percentage of activated CD4+ T-cells decrease, as well as the frequency and number of T regulatory cells significantly decrease following depletion of microglia (102), indicating that they are crucial for fully activating virus-specific T-cell responses.

Microglia activation during TiLV infection was characterized by a change in their shape from highly ramified cells in their resting state, to ameboid, spherical morphology when activated. Furthermore, genes expressing microglia markers such as csf1r and cd68 in the brain of adult zebrafish and apoeb in the larvae were all upregulated further supporting their activation (12). However, phagocytosis or autophagy were not demonstrated. It thus remains to be determined whether such an activation also results in phagocytosis of TiLV-damaged brain cells. The ultimate questions however remain which specific cells of the brain (neurons, microglia, oligodendrocytes, meninges, astrocytes) are targeted by TiLV virus during its neurotropic stage of infection and what is the specific route of entry of TiLV virus into the CNS.





4 Adaptive immunity against TiLV infection

In general, the adaptive immune system recognizes foreign pathogens by means of two types of cellular receptors: the B-cell receptor (BCR) and the T-cell receptor (TCR). B- and T-cells are the main effector cells of the adaptive immune response. The adaptive immune response is regulated by several mechanisms and increases with antigen exposure, producing an immunological memory, which constitutes the basis of vaccine development. The adaptive response is generally established days after infection and can recognize specific foreign antigens, thus leading to a response that increases in both speed and magnitude with subsequent exposures (104). In general, B-cells mediate the antibody (humoral) responses while T-cells are mainly involved in cell-mediated immune responses. However, both the humoral and cell-mediated responses are essential in antiviral defense and the function of both arms occurs in concert.

The relationship between the innate and adaptive immune system occurs via the antigen-presenting cells (APC) such as dendritic cells (DCs) and macrophages which, after processing microorganisms, display the processed antigen molecules on their surface to be presented to T lymphocytes via the major histocompatibility complex (MHC) class 2 receptors, which in turn initiates the adaptive cell mediated immune response.



4.1 Induction of the adaptive immunity by activation of melano-macrophage centres

In teleost fish such as tilapia, antigen trapping and presentation occurs in melano-macrophage centres (MMCs), which often exist as complex discrete centres containing lymphocytes and macrophages (105). As such, they are thought to participate in the adaptive immune response, and they likely perform similar functions as mammalian germinal centers (GCs), although with certain differences (106). These immune-related structures, commonly seen within the reticuloendothelial supporting matrix of hematopoietic tissues, have been found to significantly increase in size and frequency in conditions of environmental stress and during infection (107, 108), and their proliferation is often associated with late stages of chronic infection (109, 110).

Throughout the progression of TiLVD, MMCs have been consistently found to increase in size and number in the liver and the spleen (36, 90), and in the kidney (82) of tilapia exposed to TiLV. Such an increase in MMC abundance is thus likely indicative of the activation of the adaptive immune system as the populations of lymphocytes (and macrophages) capable of mounting an immune response are often situated close to these sites of antigen trapping also associated with accumulations of melano-macrophages (27).




4.2 Cell-mediated adaptive immune response

Histocompatibility molecules are glycoprotein receptors encoded by a gene complex, which are expressed in almost all nucleated cells of the organism. MHC plays an important role for the presentation and recognition of both endogenous and exogenous antigens. In fact, antigen presentation is an important immunological process playing a crucial role in both the detection of viruses and virally infected cells by T-cells and the activation of cell-mediated adaptive immunity (111).



4.2.1 Antigen presentation

As previously mentioned, antigens processed by cells are displayed on their surface via the MHC I and MHC II receptors to be presented to T-cells for cell-mediated immune response activation. MHC class I molecules are ubiquitously expressed while MHC class II molecules are expressed in specialized APCs such as DCs, B-cells and macrophages. While MHC class I molecules are expressed on the surface of all nucleated cells and present peptides to be recognized by the T cell receptor of CD8+ T-cells, MHC class II molecules are expressed by specialized immune cells and present peptides to CD4+ T-cells (111).

During TiLV infection, a couple of genes coding for proteins regulating and modulating MHC class I antigen presentation were found to be upregulated, especially in the liver of TiLV-infected tilapia fish (31). The pmse2 gene, involved in altering the cleavage properties of the proteasome thereby enhancing MHC class I antigen presentation (112), was found to be upregulated during TiLV infection. Genes encoding heat shock proteins such as HSPA1s, HSPA4, HSPA5, and HSP90A, reported to serve as post-proteasomal peptide carriers delivering processed antigen peptides to transporters associated with antigen processing (TAPs) thereby preventing the degradation of processed epitopes by cytosolic peptidases (113), were also found to be upregulated during TiLV infection (31).

Similarly, genes encoding molecules involved in MHC class II pathway regulation such as the CD74 (I chain), which facilitates the assembly of alpha and beta subunits of the MHC II molecules within the endoplasmic reticulum (114), as well as GILT and CTSL, involved in reducing protein disulfide bonds formation thereby exposing epitopes for efficient MHC II-restricted binding and subsequent antigen presentation (115) and in the processing of class II-associated invariant chains followed by the loading of antigenic peptides into MHC II molecules (116) respectively, were all found to be upregulated during TiLV infection (31). The upregulation of these genes associated with and involved in MHC I and MHC II antigen presentation suggests that TiLV-deriving antigens and peptides are effectively processed, transported to the cell surface and presented to T-cells for the efficient induction of the cell-mediated adaptive immunity.





4.3 Activation and modulation of the T-cell adaptive immune response

Mature T-cells possess a T-cell receptor (TCR) by which they recognize linear antigens presented by MHC molecules. They express the TCR co-receptor CD8 or CD4 which drives their specificity for MHC class I or MHC class II presented antigens respectively, while also having the potential to form immunological memory in case of future pathogen insult.

There is a clear distinction between CD8 and CD4 expressing T cells, based on the expression of the co-receptors CD8 or CD4 (CD8+ and CD4+ cells respectively). While CD8 marks cytotoxic T lymphocytes (CTLs) that recognize antigenic peptides associated with MHC class I molecules on the surface of antigen presenting cells and whose main function is the direct killing of target cells. CD4 on the other hand, marks T helper cells (Th cells) that recognise peptides associated with MHC class II and which orchestrate several aspects of the adaptive immune response via the release of modulatory cytokines.

The specific activation and cytotoxic actions of CD8+ cells during TiLV infection have not yet been demonstrated. However, at later stages during TiLV infection (at 6 to 14 days post-infection), a significant up-regulation of the expression of CD4 markers cd4-1 and cd4-2 was observed in the liver and spleen of TiLV-infected zebrafish (13), suggesting the activation of CD4+ and their cell-mediated antiviral action. The role of CD4+ T-cells in antiviral immunity is highly dependent on the production of pro-inflammatory cytokines such as IFN‐γ (79, 117), which has also been found to be significantly upregulated in the spleen and kidney of zebrafish during TiLV infection (13). CTLs are major producers of IFN‐γ, which is also the hallmark cytokine of Th1 cells activation. By also producing IFN‐γ, Th1 cells, which are crucial for controlling most viral infections, promote CTL-mediated lysis of infected target cells by stimulating the maturation of CTL precursors. In addition, IFN‐γ stimulates the production of several other proteins that contribute to enhanced antigen presentation and T-cell activation including MHC molecules.

It is also possible that the significant up-regulation of genes encoding the anti-inflammatory cytokines tumour growth factors (TGF)-β and IL-10 in the intestine, spleen, liver and kidney of TiLV infected tilapia and zebrafish (13, 35, 67) aims at promoting the development of Th17 cells, although IL-6 and IL-1 might also be required; the presence and up-regulation of which have not yet been demonstrated during TiLV infection. Such an upregulation in TGF-β and IL-10 levels might also predict the activation of T-reg cells since these two cytokines are also produced by T-reg cells. Although Th17 differentiation is inhibited by IFN‐γ and IL-4, DCs can also efficiently present antigens to Th17 in the presence of TGF-β, thereby promoting Th17 cell differentiation. However, TGF-β and IL-10 remain natural anti-inflammatory cytokines which, together with T-reg cells, can strongly suppress immune responses to pathogens.

Other gene transcripts encoding for other interferon regulatory factors involved in adaptive immunity have also been found to be upregulated in the liver of tilapia fish infected with TiLV. This is for instance the case of IRF4 (31), thought to regulate the maturation and differentiation of immune cells, especially the development of effective cytotoxic T-cell responses during viral infection (118) and IRF8 (31), which is involved in CD8+ dendritic cell differentiation and is required for natural killer (NK)-cell-mediated antiviral immunity by promoting the proliferation of virus-specific NK cells (119). As previously mentioned, the gene transcripts coding for viperin (rsad2) are also significantly upregulated in the liver during TiLV infection (43). Such an upregulation in the expression of viperin suggests that this IFN-induced protein may also be involved in regulating Th2 cells response (120) during the infection and could thus be modulating anti-TiLV T-cell-mediated immunity.



4.3.1 Adaptive immunity activation in the brain

During most neurotropic viral infections in mammals, the activation of naive T-cells and B-cells occurs in secondary lymphoid tissues outside of the CNS (121–123), although there exist cells that can present antigens to primed T-cells in the CNS. Although the route of entry of TiLV into the CNS remains to be determined, inoculation of neurotropic viruses directly into the cerebrospinal fluid (CSF) tends to elicit a potent immune response characterized by marked antibody responses and priming of cytotoxic CD8+ T-cells (124). Both tight junctions and the relative nonreactivity of cerebral capillary endothelial cells generally restrict the entry of circulating leukocytes into the CNS. However, it has been shown that activated T-cells can routinely cross the blood–brain barrier as part of the normal immunological surveillance of all tissues (125–127) and can be retained in the CNS when the relevant antigen is present and associated with appropriate MHC molecules (125).

Indeed, infiltration of mononuclear inflammatory immune cells into the CNS can occur days following neurotropic virus infections, with cells first accumulating in the perivascular areas, as also observed during TiLV infection in the brain (16, 90), followed by massive infiltration in the regions of virus infection, which has also been described during TiLV infection (32, 42, 82). Such a massive infiltration can drive the occurrence of lymphocytic meningitis, a condition often associated with brain inflammation, and which has also been described during TiLV infection (19).

It will thus be of interest to elucidate if the local production of chemokines during brain inflammation caused by TiLV infection induces the expression of adhesion molecules by endothelial cells, which could enhance the entry of activated immune cells into the CNS. Of particular interest, the expression profiles of the genes encoding the intercellular adhesion molecule 1 (ICAM1, CD54) and the vascular-cell adhesion molecule 1 (VCAM1) during TiLV infection could be investigated as this could provide insights into the immune cell infiltration observed during TiLV infection, and open avenues for lymphocytic entry blockade using antibodies or ligands binding to these molecules.

Microglia activation has also been reported during brain inflammation following TiLV infection (12), whether such an activation, in turn, leads to brain DCs differentiation remains to be elucidated.





4.4 Humoral (antibody) response during TiLV infection

As previously mentioned, B-cells mediate antibody (humoral) responses. During antibody responses, B-cells are activated to secrete antibodies, which are soluble forms of their surface immunoglobulin (Ig) antigen receptor. The antibodies circulate in the bloodstream, binding specifically to the foreign antigen that stimulates their production. The binding of antibodies to their targets such as viruses, results in their inactivation and the blocking of their ability to bind to their receptors on host cells. In addition, antibody binding also tags invading pathogens for destruction by cells such as phagocytic cells of the innate immune system bearing cell surface receptors for the Ig molecules.

During TiLV infection, it has been shown that tilapia can mount a humoral antibody response reaching high levels within 2 to 4 weeks post primary exposure to the virus (29). This antibody response is characterized by an upregulation of IgM mRNA levels in organs such as the brain, head kidney, liver (in tilapia), spleen and kidney (in zebrafish) of TiLV infected fish (13, 32). In some individuals, circulating antibodies persisted for up to 110 days in TiLV-exposed tilapia; upon re-exposure, an antibody response was shown to develop within 7 to 14 days (Figure 4) (29). Interestingly, some individuals only produce antibodies against TiLV about 12 weeks post-primary exposure to the virus. Moreover, few tilapia have been found to survive both the initial exposure and a subsequent TiLV virus challenge without generating an antibody response (29). This suggests a great variation in disease susceptibility and probably immune defense mechanisms which could be characterized by the induction of a robust innate immune response which could have resolved the infection without inducing the adaptive immunity in these individuals. Alternatively, it is also possible that these individuals are naturally resistant to TiLV infection. Factors associated with disease resistance are thus also discussed later.
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Figure 4 | Antibody response following first exposure and re-exposure to TiLV infection. It has been shown (29) that the antibody response in most tilapia fish following first exposure to TiLV reaches its highest level within 4 weeks post exposure. The antibody levels then gradually declines but remains maintained till about 16 weeks post-exposure. After re-exposure, an elevated and more rapid (7 to 14 days to establish itself) antibody response can be observed which then gradually declines.

Strikingly, fish specific IgT antibody production, which is associated with mucosal immunity in teleost fish (128, 129), has not yet been reported following TiLV natural infection. Moreover, the gene transcripts encoding this antibody isotype (igt 1/2) were downregulated in the liver, gill and brain of TiLV-resistant tilapia fish strains and only slightly upregulated in the brain of a TiLV-susceptible strain later during infection (67). Interestingly, a significant upregulation of this antibody isotype was observed in the head kidney of tilapia fish vaccinated with heat-inactivated whole TiLV virus (130), suggesting that IgT might still be produced at mucosal surfaces during infection with live virus. Moreover, accelerated host responses in mucosa could be related to significantly lower viral loads in a TiLV-resistant tilapia strain (67), probably indicating that mucosal immunity also plays an important role in protection from TiLV infection.

The role of mucosal immunity during TiLV infection should warrant further studies, which will also enable the mechanisms governing specific B-cells activation during TiLV infection to be uncovered. The full spectrum of antibodies produced during infection with TiLV should also be explored as this could reveal a great deal about humoral immunological responses against viral infections in teleost fish such as tilapia in general.





5 Interplay between TiLV and host responses



5.1 Host factors associated with resistance to TiLV infection

Several significant quantitative trait loci (QTL) affecting resistance to TiLV were identified on chromosomes Oni3 and Oni22 of farmed Nile tilapia (Oreochromis niloticus). The average mortality rate of tilapia fish homozygous for the resistance allele at the most significant single nucleotide polymorphism (SNP) on these QTLs was 11% compared to 43% for tilapia homozygous for the susceptibility allele. Several candidate genes related to the host response to viral infection were identified within these QTLs, including cdc42, trim21 and trim29 (131).

In mice, CDC42 appears to be a key regulator of B-cell differentiation required for antiviral humoral immunity (antibody responses), germinal center formation, and formation of plasma cells during influenza virus (PR8 strain) infection (132). Moreover, cdc42 gene was also mapped to a QTL associated with host resistance to cardiomyopathy syndrome (133) in Atlantic salmon populations. The role of CDC42 as a key regulator of B-cell fate and physiology during TiLV infection should thus be explored.

The ubiquitin ligase tripartite motif containing-21 (TRIM21) antibody receptor provides one of the last lines of defense against invading viruses by acting as a sensor that intercepts antibody-coated viruses (virus neutralization) that have evaded extracellular neutralization and breached the cell membrane (134). TRIM29 on the other hand has been found to negatively control antiviral immune response to DNA viruses (135). Moreover, TRIM29 has been found to inhibit innate immune activation following Epstein-Barr virus infection (136) and to negatively regulate type I IFN production during dsRNA reovirus infection by interacting with MAVS and by inducing its K11-linked ubiquitination and degradation (137).

Interestingly, the gene coding for TRIM21 was found to be significantly upregulated in the liver, gill and brain of TiLV-susceptible tilapia strains but only in the liver and gill of a TiLV-resistant tilapia strain during TiLV infection (67). However, resistance to TiLV disease in this resistant tilapia strain was correlated with lower viral loads both at the mucosa-rich tissue of the gills and internal tissues, once more highlighting the need for studies to understand the role of mucosal immunity during TiLV infection. Moreover, a higher magnitude of Mx-1-based antiviral response possibly limiting virus spread in the initial phase of infection was proposed as a possible mechanism driving such lower viral load as well as the lower pro-inflammatory responses exhibited by the TiLV-resistant strain, which is thought to additionally contribute to its protection from developing pathological changes related to the disease (67).

The resistance of red hybrid tilapia to TiLV infection could also be modulated using probiotic-supplemented diets, which resulted in lower cumulative mortality rate and significantly lower viral load (in the liver, spleen and head kidney), especially in red hybrid tilapia fed with 1% Bacillus spp probiotics. In addition, in tilapia fed with 1% Bacillus spp, a significant upregulation of the expression of inf-γ and il-8 genes was observed in the liver, spleen, and head kidney subsequently contributing to improving the antiviral response mounted by this group of fish against TiLV (70).




5.2 Possible immune subversion by TiLV virus

It has been shown that TiLV can downplay the innate immune responses during the early stage of infection in Nile tilapia (32). Although the exact mechanisms by which TiLV subverts and modulates the immune response remain to be elucidated, it has been observed that, following TiLV infection, there is a downregulation of genes encoding both the interferon-induced proteins with tetratricopeptide repeats (IFIT1) (in interferons) and TRIM25 (in the NF-kB pathway) in the liver of TiLV-infected tilapia (31), further suggesting that TiLV is capable of modulating the host immune response to its advantage to establish and sustain the infection.

Indeed, IFIT1 is strongly induced downstream of type I IFN signaling. Although the mechanisms underlying the antiviral activity of IFITM proteins in general remain uncertain, IFIT1 could exert one of its antiviral activities by recognizing and potentially sequestering viral triphosphorylated RNA (PPP-RNA), thereby preventing it from being translated by the host machinery (138). In addition, it has been shown that human IFIT1 can suppress IRES-dependent viral RNA translation during HCV infection (139). It has also been shown to directly bind to viral proteins such as the human papillomavirus (HPV) viral helicase E1 protein required for HPV viral replication, leading to E1 sequestration within the cytoplasm, thus preventing it from aiding in viral replication within the nucleus (140, 141).

On the other hand, the E3 ubiquitin ligase TRIM25 has been shown to play a role in the RIG-I pathway, triggering the expression of type I interferons upon viral infection. TRIM25 has been shown to inhibit influenza A virus (IAV) infection by destabilizing IAV viral mRNA, and its direct tethering to an RNA molecule is also sufficient to downregulate the targeted RNA (142). TRIM25 could also inhibit flavivirus and birnavirus replication in vitro (143, 144) and in the case of birnavirus infection, by targeting VP3 for ubiquitination and degradation (144).

The downregulation of such antiviral restriction factors suggests possible immune evasion and modulation strategies of TiLV to successfully establish and sustain the infection within its host. Immune evasion and modulation strategies by the virus should therefore warrant further investigations.





6 Discussion



6.1 Knowledge gaps

It is clear that many questions remain to be addressed regarding the immune responses of tilapia to TiLV infection. The exact virus entry site(s) remain to be determined as well as the specific immune responses at those entry sites. The mechanisms by which TiLV escapes the early immune responses at entry sites, and which lead to its systemic dissemination [and systemic infection - (43)] also remain unresolved.

TiLV has been shown to persist in the brain (for up to 90 days) during infection (12). Such a long viral persistence in the brain suggests that the brain is an immune privileged site incapable of clearing the infection. Ideally, the development of antibodies (especially neutralising antibodies) during the infection, should provide sterile immunity against the pathogen. However, the persistent detection of the virus in asymptomatic tilapia could indicate that the virus can hide from the immune system even at late stages of the infection. The immune evasion mechanisms governing this persistence of the virus as well as the lack of virus clearance in the brain also remain largely unknown.

Infection with TiLV is in most cases lethal. However there have been reports of fish surviving the infection (67, 90, 131) suggesting the existence of specific immune mechanisms leading to both favourable (preventing mortality) and unfavourable (immunotoxic) disease outcomes, both of which are still to be established.

TiLVD outbreaks are often detected within complex diseases involving the virus and additional pathogens, most often bacteria and parasites. Moreover, TiLV has been associated with co-infections with other viruses such as tilapia parvovirus (TiPV) (145). Although the synergism between TiLV and TiPV coinfection remains to be determined, this could suggest that TiLV is passively (by disrupting mucosal barriers) or actively (by inducing immunosuppression) promoting superinfections, thus worsening disease severity. However, the mechanisms of mucosa disruption or immune subversion by TiLV infection remain to be clarified.




6.2 Closing remarks

Since the initial reports of TiLV disease and infection in 2014 (23, 90), several studies have been undertaken to elucidate the immune responses occurring during TiLV infection. Although these studies, and the immune response branches they address (all summarized in Table 1), have greatly contributed to our knowledge of the possible immune responses of tilapia to TiLV infection, it remains clear that the specific mechanisms underlying the antiviral response to TiLV infection are still poorly studied and understood. For instance, the nature of the specific cells involved in innate immunity against TiLV infection remains to be determined as well as the exact mechanisms by which TiLV suppresses and subverts the host immune response to establish the infection. The full spectrum of antibodies generated during TiLV infection remains to be established, and the exact mechanisms of TiLV entry into the CNS remain to be uncovered as well as the specific brain cells targeted by the virus.

Table 1 | Summary of the different studies addressing the pathology and immune responses to TiLV infection.


[image: Table detailing immune responses to disease, organized by immune component: pathogenesis, innate immunity, adaptive immunity, and interplay between Tilapia Lake Virus (TiLV) and host responses. It includes specific immune processes such as gene regulation and cellular activity in species like tilapia and zebrafish, with reference numbers for each entry.]
The presence of TiLV in the intestine (13, 34) raises the notion of TiLV antigen sampling in the intestine, which we believe should also be addressed, since it could significantly improve our knowledge of the development of the adaptive cellular and humoral response in the intestine (which could be one of the main port of entry for the virus).

We have seen that resistance to TiLV disease in some tilapia strains correlates with lower viral loads at the mucosa-rich tissue of the gills (67) and that accelerated host responses in mucosa could be related to such significantly lower viral loads in a TiLV-resistant tilapia strain (67). It thus becomes clear that the extent of the role played by mucosal immunity during TiLV infection control should be further addressed.

The complex network regulating both the innate and adaptive immune responses during TiLV infection remains to be uncovered and explored. It will be interesting to know whether similar mammalian Th1, Th2, Th17 and Treg responses occur during TiLV infection and if these responses are governed by mechanisms similar to those in their mammalian counterparts. Moreover, the T-cell and B-cell interplay should be explored to understand their implications in immunopathogenesis.

An overall downregulation of genes involved in cellular metabolism has been observed during TiLV infection (31). The implications of such a downregulation on the overall immune profile of the host tilapia during the infection should also thus be explored.
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Lymphocystis disease is frequently prevalent and transmissible in various teleost species worldwide due to lymphocystis disease virus (LCDV) infection, causing unsightly growths of benign lymphocystis nodules in fish and resulting in huge economic losses to aquaculture industry. However, the molecular mechanism of lymphocystis formation is unclear. In this study, LCDV was firstly detected in naturally infected flounder (Paralichthys olivaceus) by PCR, histopathological, and immunological techniques. To further understand lymphocystis formation, transcriptome sequencing of skin nodule tissue was performed by using healthy flounder skin as a control. In total, RNA-seq produced 99.36%-99.71% clean reads of raw reads, of which 91.11%-92.89% reads were successfully matched to the flounder genome. The transcriptome data showed good reproducibility between samples, with 3781 up-regulated and 2280 down-regulated differentially expressed genes. GSEA analysis revealed activation of Wnt signaling pathway, Hedgehog signaling pathway, Cell cycle, and Basal cell carcinoma associated with nodule formation. These pathways were analyzed to interact with multiple viral infection and tumor formation pathways. Heat map and protein interaction analysis revealed that these pathways regulated the expression of cell cycle-related genes such as ccnd1 and ccnd2 through key genes including ctnnb1, lef1, tcf3, gli2, and gli3 to promote cell proliferation. Additionally, cGMP-PKG signaling pathway, Calcium signaling pathway, ECM-receptor interaction, and Cytokine-cytokine receptor interaction associated with nodule formation were significantly down-regulated. Among these pathways, tnfsf12, tnfrsf1a, and tnfrsf19, associated with pro-apoptosis, and vdac2, which promotes viral replication by inhibiting apoptosis, were significantly up-regulated. Visual analysis revealed significant down-regulation of cytc, which expresses the pro-apoptotic protein cytochrome C, as well as phb and phb2, which have anti-tumor activity, however, casp3 was significantly up-regulated. Moreover, bcl9, bcl11a, and bcl-xl, which promote cell proliferation and inhibit apoptosis, were significantly upregulated, as were fgfr1, fgfr2, and fgfr3, which are related to tumor formation. Furthermore, RNA-seq data were validated by qRT-PCR, and LCDV copy numbers and expression patterns of focused genes in various tissues were also investigated. These results clarified the pathways and differentially expressed genes associated with lymphocystis nodule development caused by LCDV infection in flounder for the first time, providing a new breakthrough in molecular mechanisms of lymphocystis formation in fish.
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1 Introduction

Lymphocystis disease virus (LCDV) is a member of the genus lymphocystivirus of the Iridoviridae family and the causative agent of lymphocystis disease (1). LCDV has infected more than 140 species of marine and freshwater fish worldwide, including flounder (Paralichthys olivaceus), which is economically important in Asian countries such as Japan, Korea, and China, causing great economic losses (2, 3). Fish with lymphocystis disease develop benign cauliflower-like nodules on the skin, gills, fins, mouth, and some internal organs (4). LCDV mainly infects fibroblasts, and a large number of fibroblasts exist in the connective tissue of the skin, so the skin is the main target tissue where the presence of lymphocystis nodules is usually observed (4). These nodules vary in size, present creamy white or pink (vascularly congested), and are either dispersed or aggregated into clusters. Histopathologically, the nodules contain a large number of hypertrophied cells (i.e., lymphocystis cells) developed from the infected fibroblasts in the connective tissue underlying the epithelium, which may be up to 100 times the size of normal cells in fish, with a thick hyaline capsule outside the cell membrane, expanded and irregular nuclei, and cytoplasm containing a large number of viral particles and inclusion bodies (5–8). Although lymphocystis disease is a self-limiting and rarely fatal disease, and the lesions can heal and the fish may recover after a few weeks, the benign nodules lead to nonmarketability of diseased fish, poor growth, and secondary bacterial infections that can lead to mortality (2, 3). To elucidate the mechanism of LCDV infection and develop effective preventive measures, considerable research has focused on LCDV-host interaction. Remarkably, a 27.8 kDa protein on the cell membrane of flounder gill (FG) cells is identified as the cellular receptor for LCDV entry, which is further confirmed to be voltage-dependent anion channel protein 2 (VDAC2) and receptor of activated protein C kinase 1 (RACK1), and the two receptors mediate LCDV invasion of host cells through interacting with a 32kDa viral adhesion protein (VAP) of LCDV that encoded by LCDV ORF038 gene, using the caveolae/raft mediated endocytosis pathway into FG cells (9–12). In addition to fibroblasts, which are considered to be the main target cells of LCDV, some studies have shown that gilthead seabream (Sparus aurata) hepatocytes, macrophages, and in vitro-cultured leukocytes are involved in LCDV infection (13, 14). Recently, LCDV has been found to infect peripheral blood IgM+ B cells of flounder, and IgM+ B cells also express the 27.8 kDa receptor protein and support LCDV replication, so B cells may be the vector of LCDV transmission among tissues (15). However, the process by which LCDV infects host cells and proliferates intracellularly resulting in hypertrophied cells and then the formation of lymphocytsis nodule, and the underlying mechanism regulating lymphocytsis formation, remains to be clarified.

In mammals, viral infections are a major contributor to nodules and even malignant tumors. Studies have shown that the known viruses, e.g., Epstein–Barr virus (EBV), Merkel cell polyomavirus (MCPyV), hepatitis B virus (HBV), hepatitis C virus (HCV), human T-lymphotropic virus 1 (HTLV-1), human papillomaviruses (HPVs) and Kaposi sarcoma-associated herpesvirus (KSHV), can promote tumorigenesis through common host cellular targets and pathways (16). These viruses have been found to support their proliferation by controlling the cell cycle, apoptosis, autophagy, DNA damage, immune escape (viral protein homologs that regulate immune mechanisms), and biosynthesis and metabolism (17). In fish, few viruses cause nodules but LCDV, so there are fewer studies on the mechanisms of lymphocystis nodule formation. Previously, microarray experiments were used to track the formation of lymphocystis cells, and it was concluded that apoptosis and division were inhibited in the ventral fins of LCDV-infected flounder and further formed lymphocystis cells by cell fusion (5), but the mechanism of nodule formation remains to be systematically investigated.

RNA-Seq is a technique for the detection of transcriptome expression levels in samples by high-throughput sequencing (18) and has become a revolutionary tool for transcriptional and genomic characterization (19, 20). This technique is very sensitive and can accurately detect rare transcripts, with a very wide range of detection and high sensitivity to gene expression at high or very low levels (18). Using RNA-Seq techniques, we have studied gill tissue differentially expressed genes (DEGs) in flounder at one week post LCDV infection, providing preliminary insights into fish defense mechanisms against LCDV (6).

In this study, the flounder (P. olivaceus) naturally developed skin and fin nodules for about one month in a fish farm in Rizhao, Shandong province of China. The flounder was first detected for LCDV infection by using polymerase chain reaction (PCR), quantitative real-time PCR (qRT-PCR), histopathological and indirect immunofluorescence assay (IFA) technique. Subsequently, transcriptomic data of skin nodule tissues of LCDV-infected flounder were obtained by high-throughput sequencing with the skin of healthy flounder as control, the pathways and differentially expressed genes associated with nodule formation were analyzed, and expression patterns of focused genes in various tissues were also analyzed.




2 Materials and methods



2.1 Experimental fish and sampling

Healthy and diseased flounder (250 ± 50 g) were taken from the fish farm, and cultured in a continuous aerated and flow-through seawater system at a temperature of 21 ± 1°C. Before all, flounders were tested by PCR to confirm LCDV-free in the healthy fish and LCDV infection in the diseased fish. For RNA-Seq, skin nodule tissues from four diseased fish and skin tissues from four healthy fish, named LS (LCDV-infected) and CS (control) groups respectively, were randomly selected and placed in liquid nitrogen for rapid freezing. For qRT-PCR, flounder were anesthetized with 100 mg/mL MS-222 (Sigma, MO, USA), and the liver, spleen, head kidney, trunk kidney, hindgut, gills, and skin were taken from these fish. The samples were rapidly immersed in RNAlater (Thermo Scientific, Waltham, Massachusetts, USA) and stored at -80°C.




2.2 Histological preparation and indirect immunofluorescence assay

Skin nodule tissue from diseased fish was aseptically excised, washed with phosphate-buffered saline (PBS), fixed in Bouin’s solution, and then washed several times with 70% ethanol. The tissue was subsequently dehydrated in a series of increasing concentrations of ethanol, cleared in xylene, and embedded in paraffin by conventional procedures. The 5 μm-thick sections were cut, and stained with hematoxylin-eosin (H-E) and histologically observed by Zeiss microscope (Oberkochen, Germany).

For IFA, at least three paraffin sections of each fish were subjected to IFA using mouse anti-LCDV 32kDa VAP monoclonal antibody (Mab) 1C8 previously prepared in our laboratory (21). Briefly, the sections were dewaxed using xylene and rehydrated in decreasing concentrations of ethanol, finally washed in PBS. The antigen repair of the sections was carried out by using modified sodium citrate antigen repair solution (50×) (1:50, Beyotime, Shanghai, China) at 95°C for 20 min, followed by incubation with 4% bovine serum albumin (BSA) in PBS at 37°C for 1 h. Mouse anti-LCDV 32kDa VAP Mab 1C8 (1:200 diluted in PBS) was incubated as primary antibody at 37°C for 1 h. After three washes with PBST (PBS containing 0.05% Tween-20) for 5 min each, FITC-conjugated goat-anti-mouse Ig (1:1000 diluted in PBS, Sigma, MO, USA) was incubated as secondary antibody for 45 min at 37°C. Subsequently, DAPI (1:1000 diluted in PBS, Thermo Scientific, Waltham, Massachusetts, USA) was stained for 15 min at room temperature in the dark to visualize the cell nucleus. Non-immune mouse serum replacing primary antibody was used as a negative control. Finally, slides were mounted with extended glass mounting medium (Thermo Scientific, Waltham, Massachusetts, USA) and fluorescence imaging was performed under an immunofluorescence microscope (Zeiss, Oberkochen, Germany).




2.3 Transmission electron microscopy

Skin lymphocystis nodule tissue less than 1 mm3 in volume was excised, rinsed with PBS to remove blood and mucus, and then fixed with 2.5% glutaraldehyde in 0.1 mol/L PBS (pH 7.4) for 2 h and post-fixed with 1% osmium acid in PBS at 4°C. The samples were dehydrated in gradient alcohol, embedded in Epon812 embedding agent, and sectioned on an ultrathin microtome. Finally, the ultra-thin sections were stained with uranyl acetate-lead citrate and observed by transmission electron microscope.




2.4 Genetic level detection of LCDV

Total DNA was extracted from the skin nodule tissues of LS groups and the skin of CS groups. LCDV ORF038 gene encoding the LCDV 32 kDa VAP was used for PCR amplification (F: 5’-ATGTCTGTCATAGGATTTACTCTACAA-3’, R: 5’-AAAAGTCAAATAAAATATTAAAATCATT-3’). 20 μL PCR reaction system: DNA template 1 µL, each primer 1 µL, Ex Taq DNA polymerase 0.5 µL (TaKaRa, Japan), Ex Taq buffer 2.5 µL, dNTPs 2 µL, ddH2O 12 μL. Reaction procedure: 95°C for 5 min, 35 amplification cycles (95°C for 30 sec, 60°C for 30 sec, 72°C for 1 min), 72°C for 10 min. The PCR product size was detected by 1.0% agarose gel electrophoresis.

To determine the replication of LCDV in various tissues of the diseased flounder, total DNA was extracted from liver, spleen, head kidney, trunk kidney, hindgut, gill and skin tissues, followed by 50 ng DNA as template with a pair of specific primers (F: 5’- TCTTGTTCAGCATTTACTTCTCGGC -3 ‘ and R: 5’- TCTTCTCCTTTAGATGATTTCCC -3’) (11) for qPCR amplification of the LCDV ORF038 gene fragment. Each sample was tested four times, and non-infected samples served as negative controls. After amplification, a melting curve analysis was undertaken to guarantee that there was no non-specific amplification. Finally, the LCDV copy number was determined by calculating the Ct value from the previously established standard curve (11). The data was expressed as mean log10 copies/50 ng DNA.




2.5 cDNA library construction and sequencing

Total RNA was isolated from flounder skin nodule tissue according to the manufacturer’s protocol using the Trizol kit (Invitrogen, Carlsbad, CA, USA). The quality of the RNA was determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and RNase-free agarose gel electrophoresis. Afterward, the mRNA was enriched by magnetic beads with Oligo(dT) and then interrupted with First Strand Synthesis Reaction Buffer. To synthesize the first strand of cDNA in the M-MuLV reverse transcriptase system, the fragmented mRNA was used as a template, and random oligonucleotides were used as primers. The RNA strand was then degraded with RnaseH, and the cDNA second strand was synthesized with dNTPs under the DNA polymerase I system. Sequencing connectors were ligated and poly(A) was added. The purified double-stranded cDNA was end-repaired. Approximately 200 bp cDNAs were screened with AMPure XP beads, amplified by PCR, and then sequenced using Illumina HiSeq2500 in Gene Denovo Biotechnology Co (Guangzhou, China).




2.6 Filtering and alignment of clean reads

Reads obtained from the sequencing machines include raw reads containing adapters or low-quality bases. These raw reads will affect the following assembly and analysis. Reads were therefore further filtered using fastp (version 0.18.0) to obtain high-quality clean reads (22). The criteria were as follows: eliminating adapter-containing reads, reads with more than 10% of unknown nucleotides (N), and reads with more than 50% of low-quality (Q-value ≤ 20) bases.

The ribosomal RNA (rRNA) database was mapped using the short reads alignment program Bowtie2 (version 2.2.8) (23) before the rRNA-mapped reads were eliminated. The remaining clean reads were then used for gene abundance estimation and assembly. Using HISAT (version 2.2.4) with “-rna-strandness RF” and other default options, paired-end clean reads were mapped to the reference genome after creating an index of the reference genome (24).




2.7 Differentially expressed genes and gene set enrichment analysis

Differential gene expression between the CS and LS groups was analyzed using DESeq2 software (25). Genes with false discovery rate (FDR) < 0.05 and absolute fold change (FC) ≥ 2 were differentially expressed genes (DEGs). To determine whether a collection of genes in particular KEGG pathways had significant differences in the two groups, gene set enrichment analysis (GSEA) was carried out using the tools GSEA and MSigDB (26). In a nutshell, the SinaltoNoise normalization method was used to input the gene expression matrix and rank genes, and enrichment scores and p-value were calculated in default parameters.




2.8 Protein-protein interaction and pathway visualization

A protein-protein interaction (PPI) network was identified using String (version 10) (27), which determined genes as nodes and interactions as lines in a network. A core and hub gene biological interaction was shown using Cytoscape (version 3.7.1) software by visualizing the network file (28). Pathway visualization and data integration of genes based on gene expression using PATHVIEW (https://pathview.uncc.edu/, accessed on 30 May 2023) (29, 30).




2.9 Quantitative real-time PCR

Briefly, 1 μg of total RNA was extracted from liver, spleen, head kidney, trunk kidney, hindgut, gill, and skin tissues and reverse transcribed into cDNA in a 20 μL reaction system. 2 μL of cDNA was then used as a template. Primer Premier 5 was used to design specific primers for the pathway-related genes in focus. Expression levels were normalized using flounder β-actin as an internal reference. The qRT-PCR was performed using SYBR green Master Mix (Roche, Switzerland) in a LightCycler® 480 II Real Time System (Roche, Switzerland). The 2−△△Ct method was used to analyze the expression levels of the selected genes. The primers used in this section are shown in Table 1. Each sample was run in quadruplicate.

Table 1 | Sequence information for primers used in this study.


[image: Table listing genes, accession numbers, primer sequences with forward and reverse directions, and lengths in base pairs. Genes include β-actin, wnt5a, and many others like ctnnb1, lef1, and tcf3. Primer sequences are shown in the 5' to 3' direction with corresponding lengths ranging from 108 to 215 base pairs.]



2.10 Statistical analysis

Statistical Products and Services Solutions (SPSS) software (version 20.0, IBM, BY, USA) was used to analyze the obtained data. One-way analysis of variance (ANOVA) was used to analyze the results of viral proliferation, and the expression levels of genes in each tissue. Values were deemed significant at p < 0.05.





3 Results



3.1 Infection characteristics of LCDV in flounder

The healthy and naturally diseased flounder were tested for LCDV. Cauliflower-like nodules were evident on the skin and fins of the diseased flounder (Figure 1A), and a specific LCDV ORF038 gene band of 933 bp was amplified from the diseased fish but not in the healthy fish skin (Figure 1B). The lymphocystis cells within skin connective tissue had hypertrophic features with basophilic inclusion bodies in the cytoplasm by H-E staining (Figure 1D), and a large number of viral particles were observed in the cytoplasm by transmission electron microscopy (Figure 1E). Moreover, the cytoplasm of lymphocystis cells was positive for LCDV as shown by IFA (Figure 1F). The qRT-PCR results indicated that LCDV copy number was detected in all tested tissues of the affected fish, with the highest copy number of 3.0×107/50 ng DNA in the skin, followed by the gills (4.5×104), trunk kidney (1.5×104), hindgut (1.1×104), spleen (6.7×102) and liver (3.0×102), and the lowest in the head kidney (9.0×101), while the controls had no LCDV proliferation (Figure 1C). All these results confirmed that the healthy fish were not infected by LCDV, while the diseased fish were naturally infected with LCDV, so they could be used for the next experiment.

[image: Panel A shows two fish, one labeled "Control" and a larger one labeled "LCDV" with a highlighted region. Panel B depicts a gel electrophoresis image labeled with LCDV genome data. Panel C is a bar chart showing LCDV genome copies across various organs, with higher loads in the skin and gills. Panel D is a microscopic cross-section with arrows pointing to viral inclusions. Panel E shows a transmission electron micrograph highlighting viral particles. Panel F displays fluorescent images: DAPI, FITC, and their merge, contrasting control and anti-LCDV states, indicating viral presence in the latter.]
Figure 1 | LCDV detection in flounder. (A) Clinical symptoms of naturally LCDV-infected flounder, and the healthy fish as control. The diseased fish showed obvious nodules on skin and fin (red box). (B) PCR assay of the skin of four healthy and diseased flounder, respectively. 933bp LCDV specific band was amplified in all LCDV-infected (LS) groups but not in control (CS) groups. M: DL5000 DNA Marker. (C) Copy numbers of LCDV in different tissues of the diseased flounder and control fish. Mean viral copy numbers were represented in the log10 scale. (D) H-E staining of skin nodule tissue of diseased fish. Basophilic inclusion bodies (black arrows) were present in the hypertrophic lymphocystis cells. Scale bar = 50µm. (E) Transmission electron microscope observation of skin nodule tissue. A large number of viral particles appeared in the cytoplasm (black arrows) of lymphocystis cells. Scale bar = 1µm. (F) skin nodule tissue fluorescently stained with mouse anti-LCDV 32kDa VAP Mab. Positive green signal was observed in the cytoplasm; non-immune mouse serum as negative control showing no green signal; cell nucleus stained with DAPI (blue); Scale bar = 50μm.




3.2 Transcriptome sequencing quality

Clean reads with 40994192, 46893012, 40908092, and 49650708 were obtained from the CS group, and 52683364, 42481640, 47979600, and 39471322 were obtained from the LS group, respectively. Sequence data for CS-1, CS-2, CS-3, CS-4, LS-1, LS-2, LS-3, and LS-4 have been submitted to the NCBI database under accession numbers SAMN36345915, SAMN36345916, SAMN36345917, SAMN36345918, SAMN36345919, SAMN36345920, SAMN36345921, and SAMN36345922, respectively. The (guanine and cytosine) GC percentages for all samples ranged from 47.52%-49.46%, with reads over 96.0% for Q20 and 91.0% for Q30 for each sample, indicating high sequencing quality. Also, 91.11%-92.89% of the sequence reads were successfully localized to the flounder genome (Table 2).

Table 2 | Summary of sequencing and assembly statistics for the transcriptome data.


[image: A table displaying sequencing data for eight samples (CS-1 to CS-4 and LS-1 to LS-4). Columns include raw reads, clean reads with percentage, Q20 and Q30 percentages, GC content percentage, and total mapped reads with percentage. Values vary across samples, with clean reads closely matching raw reads, high Q20, and Q30 percentages, and total mapped percentages near ninety percent.]



3.3 Differentially expressed genes after LCDV infection

When we analyzed the expression of different genes in LCDV-infected flounder versus healthy fish, a total of 6061 DEGs were observed. Hierarchical clustering of differential gene expression patterns was performed, and a heat map was used to present the clustering results. The heat map results showed that four biological replicates were clustered together in each group, indicating good concordance (Figure 2A). The volcano map results demonstrated that 3781 DEGs were significantly up-regulated and 2280 DEGs were significantly down-regulated after LCDV infection (FDR < 0.05, FC ≥ 2) (Figure 2B).

[image: Heatmap and volcano plot comparing gene expression. In the heatmap, columns CS (blue) and LS (red) show distinct expression patterns. The volcano plot shows differential gene expression, with 2,280 genes downregulated (blue) and 3,781 upregulated (red) along the fold change axis.]
Figure 2 | DEGs in flounder after LCDV infection. (A) The heat map represented the expression levels of those genes that were differentially expressed, as well as the normalization of gene expression using the z-score to construct hierarchical clusters of different samples. Two highly differential clusters were observed: one for genes that were inhibited following LCDV infection and the other for genes that were overexpressed following infection. (B) Volcano map of differentially expressed genes. Red represented up-regulated genes, blue represented down-regulated genes, and grey represented no differences.

The qRT-PCR of random 10 DEGs validated these RNA-Seq results. The qRT-PCR results for the tested genes showed similar expression patterns as observed in the RNA-Seq data (Figure 3), indicating that the RNA-seq results were reliable.

[image: Bar graph comparing log2 fold change in gene expression using RNA-seq and qRT-PCR methods. Genes listed include frizzled-2-like, frizzled-8-like, phosphatidylinositol 3-kinase, fibroblast growth factor receptor, and others. RNA-seq data is in gray, qRT-PCR in black. Frizzled-2-like shows the highest expression increase, while runt-related transcription factor shows a decrease. Error bars indicate variability.]
Figure 3 | Confirmation of RNA-seq data by qRT-PCR. The results were presented as the means ± SEM of four individuals.




3.4 Lymphocystis nodule-related activated pathways and genes in response to LCDV infection

The KEGG pathways that hosted the gene set of flounder after LCDV infection were analyzed using the GSEA method. In total, 32 active signaling pathways were found (Figure 4A). Among them, those related to nodule formation mainly included Wnt signaling pathway (Figure 4B) and Hedgehog signaling pathway (Figure 4C) in Signal transduction, Cell cycle (Figure 4D) in Cell growth and death, and Basal cell carcinoma (Figure 4E) in Diseases. In the four pathways, prkcg, smad4, fzd2, ccne1, wnt5a, gli2, fzd8, axin1, ccna2, e2f3, plcb4, ctbp2, prkcb, porcn, ccnd2, plk1, ccne2, cdkn2b, ptch1, mcm6, lef1, ccnb1, osa, camk2a, ccnd1, ccnb2, cdkn1b, e2f1, lrp5, gli3, fzd9, smo, tcf7l2, camk2b, tfdp1, axin2, abl1, ctnnb1, and tcf3 had significantly upregulated levels of gene expression as compared with healthy groups, while myc, gadd45b, cdkn1, gadd45g, mdm2, dvl3, bmp2, and ap-1 were significantly downregulated, and there were some shared DEGs between these four pathways (FDR < 0.05, FC ≥ 2) (Figure 4F). Details of these genes are listed in Table S1.

[image: Circular plot showing biological processes with enrichment plots for Wnt signaling, Hedgehog signaling, cell cycle, and basal cell carcinoma pathways. Heatmap displays gene expression data, color-coded by signaling pathways.]
Figure 4 | GSEA analysis of activated pathways and related genes that are associated with lymphocystis nodule formation after LCDV infection of flounder. (A) The number of activated pathways. (B-E) KEGG pathways associated with nodule formation including Wnt signaling pathway (B), Hedgehog signaling pathway (C), Cell cycle (D), and Basal cell carcinoma (E). (F) The heatmap of DEGs. GSEA was used to analyze the signaling pathway enrichment in different groups. Normalized enrichment score (NES) indicated the analysis results across gene sets. Nominal p-value presented if a set was significantly enriched.




3.5 Analysis of protein and KEGG pathway interaction networks

In order to identify the key genes, PPI analysis of the appeal genes showed that ctnnb1, ccnd1, lef1, ccnd2, and wnt5a played key roles as hub genes (Figures 5A, B), and details of the PPI were listed in Table S2. In addition to the four pathways in Figure 4, KEGG pathway enrichment analysis of PPI results revealed that pathways associated with nodule formation included Pathways in cancer and Viral carcinogenesis; pathways associated with viral infection included Human T-cell leukemia virus 1 infection, Human papillomavirus infection, Epstein-Barr virus infection, Kaposi sarcoma-associated herpesvirus infection, and Human cytomegalovirus infection; pathways associated with multiple cellular processes including p53 signaling pathway were also enriched (Figure 5A). The four pathways analyzed by GSEA (Figure 4) were subjected to KEGG pathway relationship analysis (Figure 5C), which indicated that the four pathways were associated with nodule formation included Gastric cancer, Hepatocellular carcinoma, Proteoglycans in cancer, Breast cancer, Endometrial cancer, and Colorectal cancer, pathways associated with multiple cellular processes included MAPK signaling pathway and TGF-beta signaling pathway in addition to the pathways analyzed in Figure 5A.

[image: Diagram showing gene network analysis related to cancer pathways. Panel A: Network with nodes representing genes, edges indicating interactions with varying confidence levels from low to high. Panel B: Bar graph listing genes by node degree, indicating interaction significance. Panel C: Pathway map linking cancer-related pathways like basal cell carcinoma and hedgehog signaling. A table lists KEGG pathway data with gene counts, strengths, and false discovery rates.]
Figure 5 | Interaction networks based on STRING analysis after LCDV infection of flounder. (A) Protein interaction network of up-regulated genes in Figure 4F. The table showed the KEGG analysis of the protein interaction network, dark blue was the pathway analyzed in Figures 4B–E. (B) Node degrees of protein interaction network. (C) The KEGG database was used to construct the pathway network in Figures 4B–E. The dotted line represented the presence of a relationship and the dot size represented the degree of connectivity.




3.6 GSEA analysis of differential gene expression profiles

In total, there were 27 down-regulated pathways (Figure 6A), of which the main ones associated with nodule formation included the cGMP-PKG signaling pathway (Figure 6B) and Calcium signaling pathway (Figure 6C) in Signal transduction; ECM-receptor interaction (Figure 6D) and Cytokine-cytokine receptor interaction (Figure 6E) in Signaling molecules and interactions. Genes, including prkcg, lamc3, col4a5, tnfsf12, col4a6, plcb4, xmrk, prkcb, tnfrsf19, csf1r2, lamb2, camk2a, ifnar2, tnfrsf1a, ptger1, gna11, adcy7, vdac2, plcg1, and camk2b, were all significantly upregulated, while f2r, egfr, il6r, pdgfra, rock2, col4a2, tgfbr2, ednrb, cxcl12, lama3, itga6, ll2rg, lamc2, csf1r1, gnai2, lamb3, agtr1, il13ra, pdgfrb, fn1, cxcr4, bdkrb2, ednra, bmp2, and adcy1, were all significantly downregulated (FDR < 0.05, FC ≥ 2) (Figure 6F). Details of these genes are listed in Table S1.
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Figure 6 | GSEA analysis of down-regulated pathways and related genes associated with nodule formation after LCDV infection of flounder. (A) The number of down-regulated pathways. (B-E) KEGG pathways associated with nodule formation including cGMP-PKG signaling pathway (B), Calcium signaling pathway (C), ECM-receptor interaction (D), and Cytokine-cytokine receptor interaction (E). (F) The heatmap of DEGs. GSEA was used to analyze the signaling pathways enrichment in different groups. Normalized enrichment score (NES) indicated the analysis results across gene sets. Nominal p-value presented if a set was significantly enriched.




3.7 Visualization of pathways in cancer

Enrichment of DEGs in Figures 4F and 6F into Pathways in cancer showed that these genes were involved in different signaling pathways, ultimately leading to cellular processes including Evading apoptosis and Proliferation, further suggesting that the pathways analyzed in Figures 4 and 6 synergistically promote nodule formation (Figure 7A).

[image: Panel A shows a complex diagram of biochemical pathways involved in cancer, including hedgehog, Wnt, and MAPK signaling. Genes are highlighted in green and red, indicating differential expression. Panel B presents a heatmap with gene expression levels across different samples, labeled LS-4 to CS-1, showing pathways in varying colors. The scale ranges from negative two to positive two.]
Figure 7 | Pathways in cancer from KEGG. (A) Visualization of DEGs expression. Blue boxes represented pathways analyzed in Figures 4B–E and 6B–E; red boxes represented cellular effects; DEGs were filled in with color, with red representing up-regulation, green representing down-regulation and shades representing expression size. (B) The heatmap of DEGs.

In addition, the DEGs in Pathways in cancer were visualized and the heat map was analyzed. Among them, except for the DEGs analyzed in Figures 4 and 6, fgf12, bcl-xl, bcl11a, pik3r2, traf2, fgfr1, fgf18, fgfr1a, araf, fgfr3, fgfr2, fgf14, pik3r1, elk3, crk, pik3r3, max, casp3, and bcl9 were significantly upregulated (FDR < 0.05, FC ≥ 2). In contrast, rasgrp2, phb2, fgf2, phb, rasgrp1, vegfb, kitlg, pik3ca, ets1, fos, vegfc, tchh, flt4, fgf16, rasgrp3, fgf6, cytc, hgf, epgn, fgf7, and fgf1 were significantly downregulated (FDR < 0.05, FC ≥ 2) (Figure 7B).




3.8 Tissue expression patterns of focused genes

The tissue expression patterns of several aforementioned key genes were examined by qRT-PCR, including ligand wnt5a, cell cycle-associated ccnd1 and ccnd2, transcription factors ctnnb1, lef1, tcf3, and gli2, B-cell lymphoma/leukemia (BCL) family members bcl9, bcl11a, and bcl-xl, cytokine receptors fgfr1a and fgfr3. In comparison to the LCDV-uninfected group, wnt5a expression levels were considerably higher in the head kidney, trunk kidney, hindgut, gills, and skin (p < 0.05). The cell cycle-related ccnd1 and ccnd2 all had significantly higher levels in the liver, head kidney, trunk kidney, and skin, and ccnd1 was also significantly overexpressed in the gills (p < 0.05). All transcription factors were significantly more highly expressed in liver and skin (p < 0.05). In addition, ctnnb1 and tcf3 in the head kidney, ctnnb1, lef1, and gli2 in the trunk kidney, lef1 and gli2 in the hindgut, and ctnnb1, tcf3, gli2 in the gills were strongly expressed (p < 0.05). BCL family members bcl9, bcl11a, and bcl-xl shared a similar expression pattern that all considerably overexpressed in liver, trunk kidney, gills, and skin (p < 0.05). The cytokine receptors fgfr1a and fgfr3 were all significantly highly expressed in the liver, spleen, trunk kidney, and skin, while fgfr3 was also significantly overexpressed in the gills (p < 0.05) (Figure 8).

[image: Bar chart displaying relative gene expression levels across various tissues, including liver, spleen, and skin. Genes such as wnt5a, ctnnb1, and lef1 are compared between control and LCDV conditions. LCDV bars, shown in gray, generally exhibit higher expression levels than control bars, shown in black, with asterisks indicating significant differences.]
Figure 8 | qRT-PCR of key genes of the focal pathway in various tissues of LCDV-infected flounder. The results were presented as the means ± SEM of four individuals. Asterisk indicated significant difference (p < 0.05).





4 Discussion

The main target tissues for LCDV include the skin and fin where lymphocystis nodules usually develop. In recent searches, LCDV has been detected in internal organs such as brain, liver, kidney, spleen, and gut in addition to fins and skin (31–33). According to several genetic studies, LCDV primarily affects the skin, gut, liver, and kidney (15, 34–36). In gilthead seabream (Sparus aurata), the LCDV genome has been detected in the caudal fin, gut, liver, spleen, kidney, and brain, with the highest viral loads in the caudal fin, followed by the kidney and brain (36). In Amphiprion ocellaris, LCDV is detected in the fin and spleen, while in Senegalese sole (Solea senegalensis), LCDV MCP gene transcripts are detected in the liver, kidney, brain, gut, and skin/fin at 5-7 dpi (8, 34). Previously, we found that the target tissues of LCDV were skin, liver, spleen, kidney, gills, stomach, heart, and gut in flounder (37). In this study, obvious skin and fin nodules developed in flounder for about one month, and typical hypertrophic cells were present in skin nodules and LCDV particles were observed in the cytoplasm of these cells, while LCDV copy number detection showed the highest viral load in the skin, next in the gills, trunk kidney, hindgut, spleen and liver, and the lowest in the head kidney. Combining our previous study that showed flounder immunized with formalin-inactivated LCDV produced the most powerful immune responses at 21°C in the spleen and head kidney (38), we suggested that the naturally infected flounder in this study had a long course of disease, strong immune responses in the spleen and head kidney might limit viral replication, whereas high viral loads remained in tissues with particularly pronounced foci, especially in the skin nodules. Moreover, studies on Senegalese sole (Solea senegalensis) and turbot (Scophthalmus maximus) have suggested that LCDV can spread to various tissues by infecting peripheral blood cells (34, 39), and our study has found that LCDV can infect peripheral blood IgM+ B cells that support viral replication through a 27.8kDa receptor-mediated mechanism (15), these results provide a rationalization for the detection of LCDV in all tissues of the flounder in this study.

The mechanism of lymphocystis cell formation in fish is less well studied. To date, significant alterations in genes related to cell cycle regulation have been found in flounder with lymphocystis cell formation by using microarray experiments, suggesting that LCDV infection leads to cell cycle arrest (5). In human prostate cancer cells, PHB and PHB2 have tumor suppressor functions, and they interact with the E2F transcription factor family in the nucleus to reduce E2F function, causing cell cycle arrest in the G1/S phase (40, 41). In this study, transcriptome sequencing analysis of skin nodule tissue indicated that the cell cycle was activated with an up-regulation trend of cell cycle protein-related genes, differing from the significant down-regulation of phb and phb2, which might lead to rapid cell passage through the cycle checkpoint in favor of viral proliferation. Cell cycle is regulated by the upstream pathways, i.e., Wnt signaling pathway and Hedgehog signaling pathway, in which Wnt signaling pathway regulates various physiological processes such as growth control, stem cell renewal, embryonic development, and tissue differentiation (42). β-catenin (ctnnb1), the core transcription factor in Wnt signaling pathway, is normally located on the surface of the cell membrane, mostly involved in homotypic cell adhesion, and to a lesser extent in the cytoplasm, but it cannot enter the nucleus. Nevertheless, when mutations in β-catenin occur, β-catenin can accumulate in the cytoplasm and enter the nucleus where it binds to LEF/TCF to cause transcription of target genes, including the cell growth cycle-related genes ccnd1 and ccnd2, causing pathological changes in cell growth, including tumor formation (43). In mammals, several viruses regulate β-catenin through their proteins to promote cell proliferation and tumorigenesis. As oncogenic viruses, KSHV using the LANA protein and EBV using LMP2A activate and stabilize β-catenin, allowing β-catenin to aggregate into the nucleus to regulate the upregulated expression of target genes including ccnd1 and myc, ultimately leading to cell proliferation and even tumorigenesis (44, 45). Similarly, HBV encodes HBx and hepatitis B surface antigen (HBsAg) proteins that silence antagonists of Wnt/β-catenin signaling pathway or upregulate and stabilize its key components, such as β-catenin, causing aberrant transcription of target genes, which drive cell proliferation and ultimately hepatocarcinogenesis (46). PHB can influence the role of WNT family members in cancer. For instance, overexpression of phb in human prostate cancer cells decreases the expression of several members of WNT family and reduces the motility and invasiveness of cancer cells, and phb plays an important role in the inter-regulation of wnt7b, wnt9a, and wnt10b with the cell cycle (40). In the present study, we found that Wnt signaling pathway was activated and the gene levels of ctnnb1, lef1, tcf3, ccnd1, and ccnd2 were significantly upregulated, while ctnnb1 was significantly co-expressed with ccnd1 and ccnd2 as hub genes in LCDV-infected skin, gills, head kidney, trunk kidney, and liver tissues. Wnt signaling pathway was also found to interact with multiple tumor pathways. These results suggested that LCDV activated Wnt signaling pathway as well as promoted cell proliferation and nodule formation by regulating ctnnb1 which in turn leads to overexpression of cell cycle proteins. In addition, Wnt signaling pathway is reported to play an important role in the replication of several viruses. Activation of this pathway can promote avian leukosis virus subgroup J (ALV-J) gene expression and virus production in chicken embryonic fibroblasts cells, while inhibition of this pathway limits virus production in chicken embryonic fibroblasts cells and chicken hepatoma cells (47). Wnt/β-catenin signaling pathway is also thought to act in concert with the Bovine herpesvirus type1 latent gene product to maintain latent Bovine herpesvirus type1 infection, with β-catenin playing a central role (48). In this study, we also found that activated Wnt signaling pathway was associated with multiple viral infection pathways, including Human papillomavirus infection and Kaposi sarcoma-associated herpesvirus infection. These findings provided new insights into LCDV virus-host interaction and offered some potential antiviral strategies to control LCDV infection. However, the exact mechanism of which will require later in-depth studies.

The hedgehog signaling pathway was also activated in this study, and based on the KEGG database, we found that there was not only a reciprocal relationship between it and Wnt signaling pathway, but also a link to the tumor formation pathways. In this pathway, when the protein hedgehog (HH) ligand binds to the protein patched homolog (PTCH), smoothened homolog (SMO) repression is removed, and zinc-finger (ZF) transcription factor GLI activity is enhanced, which then enters the nucleus and activates transcription of genes that control cell proliferation, survival and differentiation (49, 50). In this study, gli2 and gli3, members of the GLI family, were significantly upregulated, and they could control cell cycle progression, regulate gene expression levels of cell cycle proteins including ccnd1 and ccne2, and even promote tumourigenesis. It has been reported that silencing of gli2 leads to cell cycle arrest in G0/G1 phase in human vascular smooth muscle cells and myofibroblasts (51, 52). Similar studies in osteosarcoma, cervical cancer, hepatocellular carcinoma, and hepatocellular carcinogenesis have been conducted to control cell cycle progression (53–56). In cervical cancer, gli2 overexpression is found to promote cell proliferation, while knockdown of gli2 causes a stalling effect in G0/G1 phase and a reduction in ccnd1 gene expression and upregulation of p21 and p27 levels (54). In hepatocellular carcinoma, the knockdown of gli2 gene results in G1 phase arrest, accompanied by downregulation of ccnd1 and ccne2 gene expression and upregulation of p21 levels (55). Additionally, the oncogenic virus HBV is confirmed to contribute to hepatocellular carcinogenesis by regulating members of the GLI family, mainly due to the ability of HBx proteins to stabilize and activate the transcriptional activity of gli1 and gli2 (56). In osteosarcoma studies, silencing of gli2 is found to cause upregulation of p21, inhibition of cyclin D1, SKP2, and phosphorylated Rb, thus inducing G1 phase arrest and ultimately preventing the growth of osteosarcoma (53). Basal cell carcinoma is one of the most common types of skin cancer, and Wnt signaling pathway and Hedgehog signaling pathway have been reported to play important roles in this cancer formation (57). Similarly, the present study analyzed a trend of up-regulation in Basal cell carcinoma, which shared the same DEGs with Wnt signaling pathway and Hedgehog signaling pathway, reinforcing the importance of the two pathways in lymphocystis nodule formation. Considering that gli2 was expressed in a consistent pattern with ccnd1 and ccnd2 in skin, gill, trunk kidney, and liver tissues infected by LCDV in our study, we speculated that the Hedgehog signaling pathway might act in concert with Wnt signaling pathway to control the cell cycle and cause the formation of lymphocystis in fish.

Inhibition of apoptosis is thought to be a major factor in lymphocystis cell formation. By using microarray assay, the reference has investigated gene expression changes in the fins of LCDV-infected flounders and concluded that lymphocystis cell formation was mainly due to inhibition of apoptosis, including the down-regulation of caspase-3 precursor (casp3), caspase-6 precursor (casp6), caspase-8 precursor (casp8) and many other apoptosis-inducing genes (5). Unlike these results, casp3 was found to be significantly up-regulated in the present study, while some members of the BCL family associated with cell proliferation and inhibition of apoptosis, including bcl9, bcl11a, and bcl-xl, were also considerably up-regulated in LCDV-infected skin, gill, trunk kidney, and liver tissues. BCL9/BCL9L binding to β-catenin can significantly affect tumor growth, suggesting that BCL9/BCL9L interacting with β-catenin plays a key role in tumor progression (58). Bcl11 gene family includes bcl11a and bcl11b, of which bcl11a is a proto-oncogene. In patients with Hodgkin lymphoma, bcl11a expression is found to be elevated and associated with EBV infection (59). Bcl-xl is an important member of the BCL-2 family and plays a crucial role in the inhibition of apoptosis (60). A study on HIV shows that β-catenin protects HIV-infected lymphocytes from apoptosis by directly activating the bcl-xl promoter activity to induce its expression (61). Therefore, up-regulation of bcl9, bcl11a, bcl-xl, and aforementioned ctnnb1 in this study revealed that LCDV might regulate the BCL family through β-catenin to promote cell proliferation and inhibit apoptosis. Nevertheless, previous transcriptome analysis of flounder gills infected with LCDV indicates that genes associated with apoptosis including TNF ligand superfamily member 13B and TNF receptor-1 were up-regulated (6). Similarly, the present study found significant upregulation of tnfsf12, tnfrsf1a, and tnfrsf19, these genes might exert a pro-apoptotic effect which appeared to be detrimental to lymphocystis cell formation. But some studies have also found that LCDV can create cytoplasmic TNF receptor-like proteins after in vivo infection which react with multiple apoptotic or proliferative signaling proteins, thus inhibiting the apoptotic cascade downstream of the TNFR superfamily (62). In addition, the transcriptome results from flounder gills also demonstrate a downregulation of the apoptosis inhibitor bcl-2 (6), which shows an opposite expression pattern to the BCL family members that inhibit apoptosis in this study. Combining these results, we suggested that skin cells infected by LCDV might initiate apoptosis to prevent the spread of the virus, while LCDV relied on its own proteins to interfere with apoptosis to facilitate proliferation, which was more like a competition between the virus and the host cells. VDAC2 was confirmed in our previous study to act as a functional receptor mediating the entry of LCDV into flounder gill (FG) cells (12). In the present study, vdac2 was significantly upregulated, and we believe that it contributes to lymphocystis formation mainly because it also plays an important role in endogenous apoptosis. VDAC is responsible for the release of apoptosis-inducing proteins such as cytochrome C from the mitochondria into the cytoplasm to induce apoptosis, a process that is influenced by the competitive interactions of pro-apoptotic and anti-apoptotic factors with VDAC isoforms (63, 64). The anti-apoptotic factors Bcl-2, Bcl-xL, or hexokinases block the binding of VDAC to pro-apoptotic proteins by interacting with VDAC to close the pore and thus prevent the release of cytochrome C (63). Additionally, at the gene level, we found that cytc was significantly down-regulated, suggesting that cytochrome C was inhibited at both the protein and gene levels thereby failing to exert its pro-apoptotic role. References have shown that effective pro-apoptotic factor bax-mediated apoptosis is dependent on vdac2 (65), whereas the anti-apoptotic factor bcl-xl exerts an anti-apoptotic effect by blocking bax damage to the outer mitochondrial membrane (66). Moreover, LCDV produces the TNF receptor analog and VDAC can be oligomerized by TNF-α, which may contribute to the inhibition of apoptosis by LCDV (3). VDAC can interact with viral proteins to reduce apoptosis in infected cells, as shown in Infectious Bursal Disease Virus whose VP5 formed a complex with RACK1 and VDAC2 to inhibit apoptosis (67). RACK1 is also a receptor for LCDV entry into FG cells together with VDAC2, and not only that, the gene expression levels of RACK1 reach a peak later than VDAC2 after LCDV infection (12). In this study, RACK1 showed an up-regulation trend although it was not significant (Table S1), this might due to the difference in the expression time of the two receptors. Therefore, RACK1 as a receptor for LCDV entry might also play a role in lymphocystis formation. However, whether LCDV proteins forming a complex with VDAC2/RACK1 can inhibit host cell apoptosis, and whether VDAC2/RACK1 determines the balance between cell death and survival (that is, apoptosis and lymphocystis cell formation), need to be further investigated.

Fibroblast growth factors (FGFs) bind to their receptors, fibroblast growth factor receptors (FGFRs), and activate the downstream signaling pathways they regulate, playing an important role in both pro-mitotic (embryogenesis, growth, and development) and non-mitotic (neuromodulation, metabolic regulation) biological processes. Among these pathways, high expression and mutations of fgfr lead to abnormal activation of the signaling pathway, resulting in uncontrolled pro-division and subsequent tumor production (68), for example, significant expression of fgfr2 has been detected in cervical cancer (69). In addition, it is shown that the addition of the pan FGFR inhibitor AZD4547 alone inhibits the growth of cells associated with E2/E4/E5 in HPV positive tumor (70). In the present study, the FGFR family members, fgfr1, fgfr2, and fgfr3, were significantly upregulated in the skin nodule tissue of LCDV-infected flounder. Fgfr3 is the first member of the FGFR family, which undergoes somatic mutations in tumors and is expressed at elevated levels in cell lines through repeated translocations to and from immunoglobulin heavy chain (IGH) sites (71, 72). Fgfr1 is thought to be similar to fgfr3 in recurrent translocations in some tumors (73), but little functional validation has been reported except that it promotes tumorigenesis through gene amplification and overexpression (74). FGFRs also play a role in viral infection, and fgfr1 acts as a co-receptor for adeno-associated virus type 3 (AAV-3) strain H (75). So, it is reasonable to infer that FGFRs might play a similar role in lymphocystis formation after LCDV infection, but more evidence is required to clarify this.

The P53 signaling pathway is involved in several cellular processes and is particularly important in suppressing tumor formation. Several oncogenic viruses promote tumor formation by modulating the p53 signaling pathway. For example, HBV inhibits p53-induced apoptosis by suppressing p53 activity through its HBx protein (17, 76). HCV affects the DNA-binding function of p53 through its NS5A protein (17). While HPV E6/E7 proteins and MCPyV tumor antigen inhibit and degrade p53 and affect other pathways closely associated with cancer including the Notch signaling pathway and TGF-beta signaling pathway (77–80). In addition, oncogenic viruses often manipulate the MAPK signaling pathway to promote host cell proliferation and cause cell metastasis. EBV activates the MAPK signaling pathway through the LMP1 protein to contribute to nasopharyngeal carcinoma cell invasion (81). KSHV activates the MK2 kinase, an effector of the MAPK signaling pathway, through the kaposin B protein to promote tumor formation (82). In this study, although there was no significant trend of up- and down-regulation of the p53 signaling pathway, TGF-beta signaling pathway, and MAPK signaling pathway, we found that there was a linkage of these pathways with Wnt signaling pathway and Cell cycle, implying that there were common DEGs of these pathways that promoted the formation of lymphocystis cells.

In summary, we performed RNA-seq on skin nodule tissues of naturally LCDV-infected flounder using high-throughput sequencing technology and analyzed transcriptome data, and found that Wnt signaling pathway, Hedgehog signaling pathway, Cell cycle, and Basal cell carcinoma associated with lymphocystis formation were activated. These pathways regulated cell cycle-related genes such as ccnd1 and ccnd2 through key genes such as ctnnb1 and gli2 to promote cell proliferation, which has been shown to interact with several viral infection and tumor formation pathways, and therefore they are considered to be an important cause of lymphocystis formation. Bcl9, bcl11a, and bcl-xl, members of the BCL family that promote cell proliferation and inhibit apoptosis, were significantly upregulated, as were fgfr1, fgfr2, and fgfr3, which are closely related to tumor formation. Tnfsf12, tnfrsf1a, and tnfrsf19, which are associated with pro-apoptosis, as well as vdac2, which promotes viral replication by inhibiting apoptosis, also acts as a receptor for LCDV entry, were significantly upregulated. Pro-apoptotic cytc and anti-tumor phb and phb2 were significantly down-regulated. These results are expected to explain the molecular basis of lymphocystis formation after LCDV infection of flounder. For the first time, we have analyzed the pathways and differentially expressed genes associated with lymphocystis formation using high-throughput sequencing technology, providing a new breakthrough in the study of lymphocystis formation in fish.
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Introduction

The cultured Lota lota can meet the market demand in the context of the decline of wild resources, but the disease in the high-density culture process also deserves attention. Therefore, understanding the immune regulation mechanisms of L. lota will be the basis for obtaining high benefits in artificial culture.





Methods

To explore the viral response mechanism of L. lota, RNA-seq was applied to identify the transcriptomic changes of the liver and spleen in L. lota by poly (I:C) stress.





Results

The DEGs (liver: 2186 to 3123; spleen 1542 to 2622) and up-regulated genes (liver: 1231 to 1776; spleen 769 to 1502) in the liver and spleen increased with the prolongation (12h to 48h) of poly (I:C)-stimulation time. This means L. lota needs to mobilize more functional genes in response to longer periods of poly (I:C)-stimulation. Despite the responses of L. lota to poly (I:C) showed tissue-specificity, we hypothesized that both liver and spleen of L. lota can respond to poly (I:C) challenge may be through promoting apoptosis of DNA-damaged cells, increasing the activity of immune-enhancing enzymes, and increasing energy supply based on DEGs annotation information.





Conclusions

Our results demonstrate the transcriptional responses of L. lota to poly (I:C)-stimulation, and these data provide the first resource on the genetic regulation mechanisms of L. lota against viruses. Furthermore, the present study can provide basic information for the prevention of viral diseases in L. lota artificial culture process.
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1 Introduction

Viruses are transmitted horizontally into aquatic fish mainly through the gills and intestine, causing oxidative damage, dysfunction, inflammation, and even death (1, 2). Because aquatic fish do not have perfect antiviral capacity (3), the outbreak of the virus will lead to loss of control of aquatic fish management (4).

The immune organs of aquatic fish are mainly composed of head-kidney, liver, spleen, and so on (5, 6). Among them, the head-kidney can produce red blood cells and B lymphocyte without relying on antigen stimulation, and thus has the dual function of central and peripheral immune organ. Meanwhile, the head-kidney can not only store, destroy, and detoxify various foreign matter, but also participate in the inflammatory response and humoral immune process as the primary center of memory cells (5, 7). The liver has been shown to contain a variety of natural immune cells that can induce immune tolerance or inflammatory responses and produce various cytokines and chemokines (8, 9). Previous studies have suggested that the liver can also synthesize complement (10, 11). Tafalla et al. (12) revealed that the spleen of aquatic fish also had immune function, and its role in non-specific and specific immune systems was only weaker than that of the head-kidney. Although the functions of melano-macrophages in the spleen have not been determined, the virus-clearing function of melano-macrophages is well established and they may be the lymphocyte germinal center (13). Consequently, investigating the immune responses of the immune organs to invading viruses can demonstrate how the fish cope with viral infection.

Lota lota is the only freshwater Gadiformes and is widely distributed in inland lakes and bays of Europe, Asia, and North America north of latitude 45°N (14). Climate warming caused by human activities and other factors is assumed to have resulted in a rapid decrease of L. lota resources, which are ecologically dependent on low temperature (15, 16), and L. lota has been listed in the Rare Aquatic Wildlife of China. The gradual development of artificial culture can meet the market demand for aquatic food under the background of the decline of L. lota resources (17). Parasitic and viral infections have seriously limited the health and sustainable development of L. lota aquaculture (18), but there is little research on how to deal with these problems.

Transcriptional processes usually represent the complex dynamics of biological internal regulatory mechanisms (16), which can be used to reveal the response mechanisms of L. lota to invading viruses. High-throughput sequencing technologies such as RNA sequencing (RNA-seq) have advantages in obtaining complete transcripts of organisms (19), and thus have been successfully applied to analyze the transcriptional responses of a variety of aquatic fishes to viral invasion (20–22). Therefore, RNA-seq can also serve as a useful technique for identifying the transcriptional divergences of L. lota associated with viral invasion. Unfortunately, transcriptome studies of L. lota have only focused on the response mechanisms of high temperature (16, 23), and the transcriptional regulation mechanisms of L. lota in response to viral invasion have not been reported.

Polyriboinosinic polyribocytidylic acid [poly (I:C)] is the viral double-stranded RNA analogue that as an immune adjuvant has been shown to induce viral immune responses in fishes or shellfishes (22, 24–26). In the present study, the liver and spleen of L. lota injected with poly (I:C) were obtained and RNA-seq was carried out to explore the genetic regulation mechanisms of L. lota on poly (I:C). Furthermore, our results can provide new insights into the immune regulation of L. lota against viruses, and provide basic data for viral disease prevention in the L. lota intensive culture processes.




2 Materials and methods



2.1 Ethics approval and participation consent

We promise that the present research complies with the applicable international and institutional policies relating to animal experiments. Meanwhile, all experimental methods involved in this study were approved by the Institutional Animal Care and Use Committee of Yantai University and performed in accordance with relevant guidelines and regulations. Additionally, all L. lota used in the present study were quickly transported to the laboratory and then were anesthetized with tricaine methanesulfonate (100 mg/L) before dissection.




2.2 L. lota collection, maintenance, and poly (I:C) stimulation

L. lota (28.2 ± 1.03 g, 15.6 ± 0.90 cm) were collected from the aquafarm of the Irtysh River, Burqin, Xijiang Province (China) on 29 October 2019. Before poly (I:C) stimulation, all L. lota were placed temporarily in the same polyethylene aquariums (volume: 40 L) for a week to acclimatize, and the temperature, pH, ammonia nitrogen, nitrite, nitrate, and dissolved oxygen of water were maintained at 17°C, 7.9, 0.27 mg/L, 0.001 mg/L, 0.05 mg/L, and 5.0 mg/L, respectively. Normal feeding (3% of body weight; at 08:00 and 14:00) was performed throughout the experimental process. Meanwhile, we change the water every morning to ensure the stability of all water factors. After acclimation, all L. lota were randomly assigned to two separate aquariums (length × width × height: 72 cm × 53 cm × 44 cm), each of which was assigned 10 individuals (6 were used for subsequent experiments and the remaining 4 were used as backup), and the breeding density of L. lota was approximately 1,679.57 g/m3. We intraperitoneally injected 200 μL of PBS reagent (Beyotime Biotechnology, Shanghai, China) into individual L. lota in an aquarium as the control group, and injected 200 μL of poly (I:C) (Beyotime Biotechnology, Shanghai, China) at a concentration of 0.5 mg/mL (dissolved using PBS reagent) into individual L. lota in another aquarium as the treatment group. At 12 h and 48 h after injection, L. lota in the two groups were sacrificed and dissected to obtain the liver and spleen, and three individuals were randomly collected as biological replicates at each time point in each group. The obtained livers and spleens were immediately frozen with liquid nitrogen and then stored at −80°C. Finally, 24 tissue samples (2 tissues × 2 groups × 2 time nodes × 3 biological replicates) were obtained for subsequent RNA extraction. All experimental groups were named L12PBS, S12PBS, L12po, S12po, L48PBS, S48PBS, L48po, and S48po, respectively.




2.3 RNA extraction and detection, library construction, and Illumina sequencing

We used the Trizol Reagent Kit (Vazyme, Nanjing, China) to extract the total RNA of each tissue sample following the manufacturer’s protocol. The degradation or contamination degree, purity (OD260/280), concentration, and integrity of RNAs was detected using the agarose gel electrophoresis, Nanodrop (Implen, MUC, Germany), Qubit 2.0 (Thermo Fisher Scientific, MA, USA), and Agilent 2100 (Agilent Technologies, CA, USA), respectively.

The qualified total RNAs were used for library construction. We removed rRNA from the 1 μg of total RNA per sample and purified the remaining mRNA using RNA Purification Beads (Illumina, San Diego, CA, USA), and then cleaned all mRNAs three times using the Beads Binding Buffer (Illumina, San Diego, CA, USA). We used the NEBNext® UltraTM RNA Library Prep Kit for Illumina ® (NEB, USA) to construct 24 sequencing libraries after mRNA fragmentation. Specifically, we first reversely transcribed the mRNA into first-strand cDNA using random hexamers, and then added buffer, dNTPs, and DNA polymerase I to synthesize the second-strand cDNA. The synthesized double-stranded cDNAs were purified using AMPure XP beads (Illumina, San Diego, CA, USA), and terminal repair, A-tail addition, and sequencing connector were then performed. Subsequently, we added A-tails and adapters to the double-stranded cDNAs, respectively. Then, AMPure XP Beads were applied to select the fragment size, and these fragments with appropriate size were amplified by PCR to obtain the cDNA libraries. The constructed cDNA libraries were quantified using Qubit 2.0 (Thermo Fisher Scientific, MA, USA) and then diluted to 1 ng/µL. Finally, the cDNA libraries qualified by the Agilent 2100 (Agilent Technologies, CA, USA) were sequenced on an Illumina HiSeq 2000 platform across one lane with 150 bp paired-end.




2.4 RNA-seq data processing

Trimmomatic software (version 0.36, 27) was used to eliminate low-quality raw RNA-seq reads, mainly referring to these reads that contained sequencing adapters, unknown nucleotides ratio > 10%, and quality scores < 20. Hisat software (version 2.0.4; 28) was used to compare the high-quality clean RNA-seq reads to the published L. lota whole genome sequences (29). The regional distribution and density distribution of clean RNA-seq reads on the genome sequences were then analyzed. Meanwhile, we use rMATS (version 3.2.5; 30) software to predict the classification, number, and structure of alternative splicing (AS) events.




2.5 Transcriptional responses of liver and spleen in L. lota to the poly (I:C) stimulation

To identify the transcriptional responses of liver and spleen in L. lota to the poly (I:C) stimulation, we first quantified the gene expression levels of each sample using the HTSeq (version 2.0; 31) software and described them using FPKM (expected number of Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced). Then, we identified the differentially expressed genes (DEGs) among different experimental groups using DESeq software (version 2.0, 32), and false discovery rate (FDR) adjusted p-value < 0.005 and fold change (FC) ≥ 2 (which corresponds to |log2FC| ≥ 1) were used as the filtering thresholds. A Venn diagram was applied to visualize the number of DEGs. Furthermore, we determined the clustering relationship of DEG expression level in four experimental groups according to the FPKMs. Finally, we attempted to analyze the biological functions of these DEGs and their products based on the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation. The hyper-geometric distribution corrected p-value < 0.05 was taken as the criterion of significant enrichment of the GO term and KEGG pathway.




2.6 Quantitative reverse transcription PCR validation

In the present study, quantitative reverse transcription PCR (qRT-PCR) was applied to verify the reliability of transcriptome data. According to the functional annotation information, a total of eight immune-related DEGs (four in the liver and four in the spleen) were randomly selected for qRT-PCR experiments. Meanwhile, Ribosomal protein S29 (rps29) and Ribosomal protein L26 (rpl26) were used as reference genes for standardization (22). Primer Premier 6.0 was applied to design the reference gene-specific and DEG-specific primers (Table 1). Twenty-four cDNA samples from 12 experimental individuals were diluted 25 times using nuclease-free water according to standard curves and then used as templates for qRT-PCR. The qRT-PCR was conducted on the StepOne Plus Real-Time PCR system (ABI, USA) according to the manufacturer’s instructions of the TaKaRa TB Green Premix Ex Taq (Til RAaseH Plus, RR420A). A 20-μL reaction system was formulated, including 2 μL of diluted cDNA template, 0.4 μL of forward primer (10 μM), 0.4 μL of reverse primer (10 μM), 0.4 μL of ROX Reference Dye (50×), and 6.8 μL of RNase-free water. The qRT-PCR cycling conditions were as follows: one cycle of 95 °C for 30 s, followed by 40 cycles of 5 s at 95°C, 30 s at 60°C, and then enter the dissociation stage. Three experimental triplicates were performed for each qRT-PCR cycling condition to ensure the accuracy of qRT-PCR results. The relative expression levels of eight DEGs were calculated by the 2−ΔΔCT method (ΔCT = CTDEG − CTinternal gene, ΔΔCT = ΔCTtreatment group – ΔCTcontrol group).

Table 1 | Primer sequences of 2 reference genes and 12 DEGs.


[image: Table listing genes, their full names, primer sequences, and product lengths. Reference genes include rps29 (Ribosomal protein S29) and rpl26 (Ribosomal protein L26). Liver DEGs include met (Hepatocyte growth factor), casp3 (Caspase 3), hsp90a1 (Heat shock protein 90 class A member 1), and lgp2 (Laboratory of genetics and physiology 2). Spleen DEGs feature pmp22 (Peripheral myelin protein 22), csf1r (Colony stimulating factor 1 receptor), ccnd2 (Cyclin-D2), and flt3 (FMS-like tyrosine kinase 3). Product lengths range from 104 to 271 base pairs.]




3 Results



3.1 RNA-seq data of 24 samples

All raw RNA-seq reads have been submitted to the NCBI sequence read archive under the BioProject PRJNA874751. A total of 228.08 Gb of clean RNA-seq reads were captured after removing the low-quality raw RNA-seq reads, and the summary of RNA-seq reads is shown in Supplementary File 1. All clean RNA-seq reads from 24 samples were compared to the reference genome (Supplementary File 2) and results showed that 90.97% of the clean RNA-seq reads can be located on the reference genome. Meanwhile, the percentages of clean RNA-seq reads with multiple mapped locations and uniquely mapped locations on the reference genome are 7.14% and 83.83%, respectively. Furthermore, although many clean RNA-seq reads are mapped to the exon region of reference genome, a small number of reads are mapped to the intergenic region, and a minimal proportion of clean RNA-seq reads were compared to intron regions (Supplementary File 3). Meanwhile, there was a positive correlation between the distribution density of clean RNA-seq reads and chromosome length (Supplementary File 4). Additionally, a total of 20,646 predicted genes were successfully annotated on at least one protein database. Of all annotated predicted genes, 3,432, 14,369, 13,246, 17,187, 20,576, 18,218, 13,388, and 11,282 predicted genes had significantly matched with the sequences in the AnimalTFDB, GO, KEGG, KOG, NR, Pfam, Swiss-Prot, and TrEMBL databases, respectively (Figure 1).

[image: Bar chart showing frequency distribution with a descending pattern. Associated dot plot below represents data from multiple databases: AnimalTFDB, GO, KEGG, KOG, NR, Pfam, Swissprot, and trembl. Bars and dots align vertically for comparative analysis.]
Figure 1 | The number of genes successfully matched to sequences in the AnimalTFDB, GO, KEGG, KOG, NR, Pfam, Swiss-Prot, and TrEMBL databases, respectively.




3.2 AS events

A total of 3,347 and 3,361 AS events were predicted based on “junction count only-” and “reads on target and junction counts-” quantitative methods, respectively. Meanwhile, a total of 198 and 202 different AS events were predicted based on “junction count only-” and “reads on target and junction counts-” quantitative methods, respectively. Among the five common AS events (namely, skipped exon [SE], alternative 5′ splice site [A5SS], alternative 3′ splice site [A3SS], mutually exclusive exons [MXE], and retained intron [RI]), SE and MXE were found to be the most abundant AS events (Table 2).

Table 2 | AS classification and quantitative statistics.


[image: Table showing AS counts based on junction and read data. Columns are SE, MXE, A5SS, A3SS, and RI. Rows denote counts for various AS types: 3,161 SE, 186 MXE, and zero for others using junction count only; 178 SE, 20 MXE, and zero for others for different types. With reads on target, counts are 3,175 SE, 186 MXE, and zero for others; different types are 181 SE, 21 MXE, and zero for others.]



3.3 The number of DEGs of L. lota stimulated by poly (I:C)

In the present study, we have identified the poly (I:C)-stimulated DEGs in liver (L12po-vs-L12PBS, L48po-vs-L48PBS) and spleen (S12po-vs-S12PBS, and S48po-vs-S48PBS) of L. lota (Supplementary File 5). Results showed that the number of DEGs increased with the increase in infiltration time of liver (2,186 at 12 h and 3,123 at 48 h; Figure 2A) and spleen (1,542 at 12 h and 2,622 at 48 h; Figure 2B) in poly (I:C). Compared with the PBS treatments, a total of 1,231 (56.31%) and 1,776 (56.87%) upregulated genes were identified from the liver exposed to poly (I:C) at 12 h and 48 h, respectively. Meanwhile, a total of 769 (49.87%) and 1,502 (57.28%) upregulated genes were identified from the spleen exposed to poly (I:C) at 12 h and 48 h, respectively. Additionally, cluster analysis showed that the expression levels of DEGs from the same tissue and the same treatment were similar, and the similarity of DEG expression levels in the same tissue was higher than that between tissues (Figure 3).

[image: Two Venn diagrams labeled A and B. Diagram A shows sets L12po-vs-L12PBS and L48po-vs-L48PBS with 1,259 and 2,196 unique elements, respectively, and 927 shared between them. Diagram B shows sets S12po-vs-S12PBS and S48po-vs-S48PBS with 860 and 1,940 unique elements, respectively, and 682 shared between them.]
Figure 2 | The poly (I:C)-stimulated DEGs in liver (A) and spleen (B) of L. lota.

[image: Heatmap with dendrogram illustrating gene expression data. Rows, labeled S48po, S12po, S48PBS, S12PBS, L48po, L12po, L48PBS, and L12PBS, show varying expression levels. Colors range from red (high expression) to blue (low expression) with a color scale from 2 to -2 above the plot.]
Figure 3 | The clustering relationship of DEG expression levels of four experimental groups according to the FPKM.

We found that a substantial overlap of 300 DEGs existed in four experimental pairs (L12po-vs-L12PBS, L48po-vs-L48PBS, S12po-vs-S12PBS, and S48po-vs-S48PBS) (Figure 4). Considering that these genes contributed more to the responses of L. lota to poly (I:C), we obtained annotation information of 300 DEGs (Supplementary File 6). Not unexpectedly, there are abundant immune-related genes (such as Nuclear valosin-containing protein [NVLp], Tumor necrosis factor [TNF], Zinc-binding protein [ZBP], Antigen peptide transporter (APT), Calcium/calmodulin-dependent protein kinase type 1G [Camk1g], and Interferon regulatory factor 4 [IRF-4]) in L. lota that were ultimately predicted (the yellow marked part of Supplementary File 6).

[image: Venn diagram comparing four data sets labeled L48po-vs-L48PBS, S12po-vs-S12PBS, L12po-vs-L12PBS, and S48po-vs-S48PBS. Overlapping regions show shared data, with central overlap containing 300. Distinct numbers for each segment indicate unique data points.]
Figure 4 | The common DEGs among four experimental pairs.




3.4 The biological functions of poly (I:C) response-associated genes in L. lota

Unsurprisingly, poly (I:C) injection significantly affected the biological processes of L. lota, and this phenomenon had time and tissue specificity. Firstly, we matched the up- and downreg ulated genes in the liver and spleen into the GO database and then obtained the GO annotation information (Supplementary File 7; Figure 5). At 12 h after poly (I:C) injection, upregulated genes in the liver and spleen were significantly enriched in 79 and 156 GO terms (corrected p-value < 0.05), respectively. Meanwhile, downregulated genes in the liver and spleen were significantly enriched in 78 and 74 GO terms (corrected p-value < 0.05), respectively. At 48 h after poly (I:C) injection, upregulated genes in the liver and spleen were significantly enriched in 162 and 73 GO terms (corrected p-value < 0.05), respectively. Meanwhile, downregulation in the liver and spleen were significantly enriched in 12 and 24 GO terms (corrected p-value < 0.05), respectively. The terms of up- or down regulated genes are related to protein regulation, amino acid regulation, energy regulation, cellular homeostasis, immune cell integrity and ion transport.

[image: Grouped bar charts displaying the most enriched Gene Ontology (GO) terms for up-expressed and down-expressed genes across different conditions. Each chart shows GO terms on the y-axis with the number of genes on the x-axis, categorized into biological processes, cellular components, and molecular functions.]
Figure 5 | The top 30 significantly enriched GO terms of the up- and down regulated genes in the liver and spleen. The vertical coordinate represents the enriched GO terms, and the horizontal coordinate represents the number of DEGs in GO terms. Different colors are used to distinguish biological processes, cellular component, and molecular function. "*" represents the significance of GO terms.

We recorded the networks of molecular interactions in the cells and the variants specific to L. lota by mapping the up- and downreg ulated genes in the liver and spleen to the KEGG database, respectively (Supplementary File 8; Figure 6). At 12 h after poly (I:C) injection, upregulated genes in the liver and spleen were significantly enriched in the 14 (namely, Herpes simplex infection pathway, Proteasome pathway, Apoptosis pathway, Jak-STAT signaling pathway, p53 signaling pathway, RIG-I-like receptor signaling pathway, Toll-like receptor signaling pathway, Cytosolic DNA-sensing pathway, Glycerophospholipid metabolism, Ubiquitin-mediated proteolysis, Ether lipid metabolism pathway, Cytokine–cytokine receptor interaction pathway, alpha-Linolenic acid metabolism pathway, and NOD-like receptor signaling pathway) and 11 (namely, RIG-I-like receptor signaling pathway, Herpes simplex infection pathway, Apoptosis pathway, Toll-like receptor signaling pathway, p53 signaling pathway, NOD-like receptor signaling pathway, Jak-STAT signaling pathway, Cytosolic DNA-sensing pathway, Cytokine–cytokine receptor interaction pathway, Proteasome pathway, and Drug metabolism - other enzymes pathway) metabolic pathways, respectively (corrected p-value < 0.05). Meanwhile, downregulated genes in the liver and spleen were significantly enriched in the seven (namely, Phosphatidylinositol signaling system pathway, Adherens junction pathway, Focal adhesion pathway, Notch signaling pathway, Glycerolipid metabolism pathway, Inositol phosphate metabolism pathway, and TGF-beta signaling pathway) and five (namely, Focal adhesion pathway, ECM–receptor interaction pathway, Vascular smooth muscle contraction pathway, Regulation of actin cytoskeleton pathway, and Cytokine–cytokine receptor interaction pathway) metabolic pathways, respectively (corrected p-value < 0.05). However, the number and type of metabolic pathways significantly enriched at 48 h of poly (I:C) stimulation varied, which was present in both tissues. Results showed that upregulated genes in the liver and spleen were significantly enriched in the 13 (namely, Ribosome pathway, Proteasome pathway, Spliceosome pathway, Ribosome biogenesis in eukaryotes pathway, Pyrimidine metabolism pathway, RNA transport pathway, DNA replication pathway, Herpes simplex infection pathway, RNA polymerase pathway, Purine metabolism pathway, Cytosolic DNA-sensing pathway, RIG-I-like receptor signaling pathway, and Protein processing in endoplasmic reticulum pathway) and 5 (namely, Proteasome pathway, Ribosome biogenesis in eukaryotes pathway, Herpes simplex infection pathway, RIG-I-like receptor signaling pathway, and Pyrimidine metabolism pathway) metabolic pathways, respectively (corrected p-value < 0.05). Meanwhile, downregulated genes in the liver and spleen were significantly enriched in the two (namely, ECM–receptor interaction pathway and ABC transporters pathway) and six (included Focal adhesion pathway, Phosphatidylinositol signaling system pathway, ECM–receptor interaction pathway, Pentose phosphate pathway, Vascular smooth muscle contraction pathway, and Regulation of actin cytoskeleton pathway) metabolic pathways, respectively (corrected p-value < 0.05).

[image: Scatter plots showing the most enriched KEGG pathways for up-expressed and down-expressed genes across different sample comparisons. Each plot displays pathways along the vertical axis, with the horizontal axis representing the rich factor. Bubble sizes indicate the number of genes, while colors indicate q-values, ranging from blue (low) to red (high). The four plots compare L12PS vs. L12PBS and S12PS vs. S12PBS for both up-expressed and down-expressed genes.]
Figure 6 | The top 20 significantly enriched KEGG pathways of the up- and down regulated genes in the liver and spleen. The vertical coordinate represents the enriched KEGG pathways, and the horizontal coordinate represents the Rich factor. The size of the dots represents the number of DEGs in KEGG pathways, and different colors of dots represent the different q values.3.5 Validation of immune-related gene expression levels.

The expression trend of eight genes was concordant based on the qRT-PCR data and the RNA-seq data, which meant that the sequencing results were reliable. The different genes showed different expression trends after the poly (I:C) challenge (Figure 7). Detailed casp3, hsp90a1, and lgp2 in the liver were upregulated at 12 h and 48 h after poly (I:C) stimulation, while met was downregulated. In the spleen, csf1r, ccnd2, and flt3 were downregulated at 12 h and 48 h after poly (I:C) stimulation. Meanwhile, pmp22 in the spleen was downregulated at 12 h after poly (I:C) stimulation, but upregulated at 48 h after poly (I:C) stimulation.

[image: Bar graphs comparing relative expression levels in liver and spleen tissues. The liver graph shows increased expression for genes such as casp3 and hsp90a1 at time points 12 and 48 hours, indicated by red and green bars for RNA-seq, blue and gray for qRT-PCR. The spleen graph reveals varied expression, with significant decreases and some increases, using similar color coding. Asterisk marks denote statistical significance.]
Figure 7 | Expression levels of immune-related genes obtained based on RNA-seq and qRT-PCR. Asterisks indicate statistical significance (*p < 0.05) or extremely statistical significance (**p < 0.01).





4 Discussion

Disease has been proven to seriously restrict the healthy and sustainable development of aquaculture (33). At present, the use of various chemicals and antibiotics is the essential preventive measure in aquaculture (22, 34, 35). It is worth noting that long-term use of drug in aquaculture may lead to a series of disasters, such as decreased fish immunity, increased pathogen resistance, and drug residues. Immune adjuvants can significantly improve the antigen-specific immune response and vaccine efficacy of fish in a short period of time, so they are gradually applied in the aquaculture (12, 36). For L. lota aquaculture, understanding the transcriptional regulatory mechanisms of L. lota to immune adjuvants will help to predict the response ability of L. lota to viral diseases, and further provide a theoretical basis for exploring disease prevention and control strategies in the L. lota aquaculture processes.



4.1 High RNA-seq reads accuracy

The present clean RNA-seq reads covers more than 90% of the L. lota genome, and the percentage of clean RNA-seq reads with multiple locations on the genome were less than 10%. This means that our sequenced reads were uncontaminated. Meanwhile, a large proportion of reads could be compared to the exon region and a small proportion to the intergenic region, which provided evidence for the integrity of the L. lota genome annotation information. Residues from pre-mRNA and intron retention events during AS processes resulted in a small number of reads being compared to the intron region. Additionally, many protein-coding genes (20,646/21,664; 95.30%; 29) can be functionally annotated in at least one protein database. In conclusion, our sequencing reads can provide a basic resource for studying the regulatory mechanisms of L. lota to poly (I:C).




4.2 Genetic regulatory changes in liver and spleen of L. lota exposed to poly (I:C)



4.2.1 DEGs

The expression changes of functional genes may contribute to the efficient response of L. lota to poly (I:C) challenge. We found that the expression levels of many functional genes in liver and spleen of L. lota were changed in response to poly (I:C) stimulation, which also provided evidence for the immune-inducing properties of poly (I:C) (22, 26). Meanwhile, we also found that the number of DEGs and upregulated genes increased with the duration (12 h to 48 h) of poly (I:C) stimulation in both liver and spleen. This may mean that L. lota need to activate more efficient gene expression patterns in response to longer periods of poly (I:C) stimulation. The clustering results show similarity in functional gene expression levels, but did not represent exact phylogenetic relationships of functional genes. However, the clustering results may indirectly confirm that the DEGs we acquired are critical functional genes that respond to poly (I:C) stimulation. It is understandable that functionally similar genes derived from the same tissue show similar expression levels in response to similar stimulation, but the expression levels of the same functional genes in response to the same stimulus will show tissue specificity, which may depend on the stimulus reception time and response ability of tissue. In the present study, eight randomly selected immune-related DEGs (namely, casp3, hsp90a1, lgp2, met, csf1r, ccnd2, flt3, and pmp22) were further verified by qRT-PCR. Upregulated casp3 in L. lota liver exposed for 12 h and 48 h can cleave and inactivate a variety of important proteins in the cytoplasm, resulting in an imbalance of cellular homeostasis and ultimately leading to apoptosis of damaged liver cells, which contributes to the maintenance of metabolic capacity, structural integrity, and function of the liver stimulated by poly (I:C) (37). The heat shock proteins (HSPs) encoded by the HSP90a1 is the core component of HSP90-SGT1-RAR1, which has been proven to be an essential signaling component of immune response (38). Accumulating evidence suggests that lgp2 is a member of the pathogen recognition receptor family and plays a key role in recognizing the innate immune response induced by viral infection (39). Therefore, we boldly speculated that the upregulation of HSP90a1 and lgp2 ensures enhanced liver response to poly (I:C) to ensure a rapid response of liver to the invading virus. Additionally, we also found that the expression of met in the liver was downregulated, and met has been confirmed to be involved in hepatocyte growth factor receptor, which may imply that poly (I:C) stimulation may lead to liver injury in L. lota (40). The inhibition of met is essential to avoid excessive cell proliferation and maintain normal biological processes in the liver (41). Three functional genes (namely, csf1r, ccnd2, and flt3) in the spleen were downregulated at 12 h and 48 h after poly (I:C) stimulation. csf1r may contribute to the inhibition of macrophages, which has a positive effect on the activation of immune responses in damaged tissues (42). It is not clear why csf1r decreases its expression, and this could link inhibition of the macrophage-mediated response to a positive effect on the activation of the immune response in damaged tissues. The ccnd2 gene can inhibit the growth of DNA-damaged cells by regulating the expression of various transcription factors (43). A previous study has confirmed that loss- of-function mutations in the flt3 promote the development of blood cells, which are particularly important for immune responses, through a compensatory increase in ligand levels (44). Additionally, we also found that pmp22 was downregulated at 12 h after poly (I:C) stimulation, but upregulated at 48 h after poly (I:C) stimulation. It is worth noting that pmp22 is a negative regulator that can precisely regulate the cell cycle, and high expression of pmp22 can often arrest cells in the G0/G1 phase (45). In conclusion, the expression levels of some functional genes in liver and spleen of L. lota were changed, thus guaranteeing the normal metabolism, tissue structure, and life state of poly (I:C)-stimulated L. lota. We do not deny that there are more critical functional genes that have not attracted our attention or carried out qRT-PCR detection, which is also needed for future research.




4.2.2 Physiological regulation mechanisms

The physiological regulation mechanisms of poly (I:C)-stimulated L. lota showed tissue and time specificity (46). The DEGs of L. lota exposed to poly (I:C) stimulation were discovered to have protein-regulated functions. Undoubtedly, L. lota stimulated by poly (I:C) is energy-consuming (47); thus, changes in protein regulation may have provided energy for cell survival and other life activities (48). A previous study has also confirmed that fishes have a much higher protein requirement than other vertebrates because they are less adept at using lipid and carbohydrate for energy, which may be more pronounced in diseased conditions (48). We also found that some DEGs were involved in the regulation of threonine, which may contribute to the improvement of amino acid utilization (49) and further improve the energy production of L. lota stimulated by poly (I:C). Some DEGs have been hypothesized to be associated with cellular homeostasis and immune cell integrity. This may imply that L. lota can reduce the toxic effects of poly (I:C) by maintaining the cytoskeletal integrity of liver and spleen (50). We also found that some DEGs were involved in the ion transport and cell death. In fact, toxic substances may require specific carriers (such as organic anions) to enter cells and cause cell death (51), and thus L. lota may inhibit the entry of poly (I:C) into cells by these ion transport-related genes.

The upregulated genes in both the liver and spleen were significantly enriched in three poly (I:C) detection and antiviral innate immunity-related pathways, namely, Herpes simplex infection pathway (52), Proteasome pathway (53), and RIG-I-like receptor signaling pathway (54). Except for three shared pathways, upregulated genes were also significantly enriched in the Apoptosis pathway, Toll-like receptor (TLR) signaling pathway, NOD-like receptor (NLR) signaling pathway, p53 signaling pathway, JAK-STAT signaling pathway, and Drug metabolism - other enzymes pathway. Apoptosis is an autonomous and orderly cell suicide process controlled by genes, which is necessary for the regulation of immune function and maintenance of tissue stability (55, 56). The disorder of apoptosis will lead to a series of pathological changes (55, 56). We hypothesized that the L. lota stimulated by poly (I:C) activated the apoptosis pathway, and the damaged cells thus entered apoptosis and were eliminated. Pattern recognition receptor (PRR)-related pathways (including the TLR and NLR signaling pathway) have also been annotated. PRRs are the bridge between innate and acquired immunity, and their activators can be used as immunoadjuvants (57–59). Poly (I:C) has been shown to activate the PRR signaling pathway after binding to PRRs and then exerting innate immunity (60). In fact, the activation of the PRR signaling pathways may also contribute to apoptosis of L. lota-damaged liver or spleen cells (61). The significant enrichment of upregulated genes in the p53 signaling pathway may also be applied to enable poly (I:C)-damaged cells to perform DNA repair or accelerate apoptosis (62). It is well established that organisms invaded by viruses can regulate cell cycle arrest, DNA repair, and apoptosis by regulating p53 gene and p53 protein (63, 64). Additionally, the JAK-STAT signaling pathway as an important cytokine-stimulated signal transduction pathway was also activated by poly (I:C) stimulation (65). The JAK-STAT signaling pathway has been confirmed to be involved in the immune regulation, cell proliferation, differentiation, and apoptosis of other teleost fishes [i.e., Carassius auratus gibelio (66), Tachysurus fulvidraco (67), and Sebastiscus marmoratus (68)] stimulated by poly (I:C). Considering that the virus mainly hides in cells and replicates and spreads through cellular metabolism (67), we hypothesized that L. lota may initiate the cellular apoptotic process to limit the contagion of poly (I:C) in the liver or spleen (68). Some upregulated genes also significantly enriched the Drug metabolism - other enzymes pathway. It was not difficult to find that poly (I:C) stimulation changed the enzyme catalytic capacity of liver or spleen in L. lota. Enzymes have been confirmed to be involved in a variety of biological processes in diseased fish, including cell proliferation and death, cell migration, cytoskeleton dynamics, cell cycle regulation, and regulation of numerous signaling pathways (69, 70). Meanwhile, some enzymes, such as proteasome and lysozyme, are immune molecules secreted by immune cells, which can improve and enhance macrophage phagocytosis ability and thus play a critical role in the defense against pathogens in fishes (53, 71–73).

The downregulated genes in both liver and spleen were significantly enriched in the Focal adhesion pathway, ECM–receptor interaction pathway, Vascular smooth muscle contraction pathway, and Regulation of actin cytoskeleton pathway. Focal adhesion kinase (FAK) is a critical enzyme in the Focal adhesion pathway, which can integrate viral signals from outside the cell and regulate the activity of downstream molecules, thereby controlling cell metabolism, proliferation, and even cell fate (74). FAK has also been shown to degrade p53 protein through the ubiquitination pathway and prevent cellular apoptosis (74). Therefore, there is reason to believe that activation of the Focal adhesion pathway may hinder the clearance of L. lota-damaged cells. The ECM–receptor interaction pathway, Vascular smooth muscle contraction pathway, and Regulation of actin cytoskeleton pathway were confirmed to be involved in cell migration, which is required for immune surveillance, and tissue repair and regeneration (75, 76). The virus-invaded cell migration drives progression of fish diseases, and thus, we hypothesized that the downregulation of genes related to the three pathways mentioned above may contribute to the reduction of the poly (I:C) invasion of L. lota liver or spleen cells. Additionally, the downregulated genes in the liver were also significantly enriched in some specific pathways, including the Phosphatidylinositol (PI) signaling system pathway, Inositol phosphate (IP) metabolism pathway, Notch signaling pathway, Lysine degradation pathway, Cytokine–cytokine receptor interaction pathway, ABC transporters pathway, Glycerolipid metabolism pathway, and Insulin signaling pathway. Previous studies have demonstrated that the PI signaling system pathway and IP metabolism pathway can reduce the proliferation ability and induce apoptosis of DNA-damaged cells by reducing the concentration and activity of IP of PI kinases (77). This is mainly because PI and IP kinases can cause the release of intracellular calcium, which is the regulator of intracellular messenger and cellular activity and is critical for cell survival (78, 79). The Notch signaling pathway can inhibit the inflammatory response of macrophages induced by TLRs (80, 81), and lead to the impairment of M1 type activation of macrophages (82). Therefore, inhibition of the Notch signaling pathway is valuable for the activation of macrophages in L. lota liver. Lysine is a non-specific bridging molecule that connects antigens to T cells (83). The lack of lysine reduces cytokine synthesis, thereby inhibiting lymphocyte proliferation and reducing cell-mediated immune response (84). In this study, the downregulation of the Lysine degradation pathway and Cytokine–cytokine receptor interaction pathway may safeguard lysine and cytokine content and ultimately enhance the liver cell-mediated immune response of L. lota. ABC transporters perform various physiological functions such as resistance to foreign invasion, antigen presentation, and lipid transport (85). We also found that the downregulated genes in the liver were significantly enriched in the ABC transporter pathway, but the immune response of this pathway is still worth further investigation in future studies. Additionally, the downregulated genes in poly (I:C)-stimulated L. lota liver were also significantly enriched in the lipid and glucose metabolism-related pathways (Glycerolipid metabolism pathway and Insulin signaling pathway). Liver is not only an important immune organ, but also a very important metabolic organ, which is very important for the balance of glucose and lipid metabolism and the maintenance of energy homeostasis (86). Meanwhile, it should be noted that the inhibited Insulin signaling pathway can stimulate gluconeogenesis and fatty acid oxidation, which are critical for the release of large amounts of energy, and help to fuel the immune response of L. lota liver cells.

In conclusion, functional genes and their products of the liver and spleen exerted their effects to regulate the physiological functions of L. lota stimulated by poly (I:C), and finally ensured their survival. According to the inferred potential function of poly (I:C)-stimulated DEGs, we have proposed management measures for L. lota attacked by viruses, as follows: the regulation of the breeding environment is the first development, which not only is conducive to eliminating or alleviating the stress response of virus-infected L. lota, but also can increase the efficacy of drugs; protein (especially lysine) supplementation in the diet is also necessary because L. lota consume energy to deal with the virus; and lysine supplementation will aid in cytokine synthesis and proliferation of lymphocytes required for the immune response.






5 Conclusion

Poly (I:C) as an immune adjuvant can be used to explore the viral immune responses of L. lota. In this study, RNA-seq was used for the first time to determine the transcriptome of liver and spleen of L. lota stimulated by poly (I:C) to explore the genetic regulatory mechanisms of L. lota to immune adjuvant. We found that the liver and spleen of L. lota showed different responses to poly (I:C) stimulation, which was manifested at the levels of DEGs and related biological functions. Meanwhile, we suspected that the stress of liver and spleen of L. lota is serious with the extension of poly (I:C) stimulation time (12 h to 48 h). Based on the annotation information of DEGs, we hypothesized that L. lota could initiate apoptosis of DNA-damaged cells to inhibit poly (I:C) propagation in the liver and spleen. Meanwhile, some enzymes that enhance immune effects and metabolic mechanisms that provide energy have also been found to be necessary for L. lota to cope with the poly (I:C) challenge. This study provides basic resources for exploring the regulatory mechanisms of L. lota to poly (I:C) and other immune adjuvants. Furthermore, we expect that the present study can provide valuable information for future disease prevention in L. lota artificial culture.
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Self-assembling protein nanoparticles are used as a novel vaccine design platform to improve the stability and immunogenicity of safe subunit vaccines, while providing broader protection against viral infections. Infectious Hematopoietic Necrosis virus (IHNV) is the causative agent of the WOAH-listed IHN diseases for which there are currently no therapeutic treatments and no globally available commercial vaccine. In this study, by genetically fusing the virus glycoprotein to the H. pylori ferritin as a scaffold, we constructed a self-assembling IHNV nanovaccine (FerritVac). Despite the introduction of an exogenous fragment, the FerritVac NPs show excellent stability same as Ferritin NPs under different storage, pH, and temperature conditions, mimicking the harsh gastrointestinal condition of the virus main host (trout). MTT viability assays showed no cytotoxicity of FerritVac or Ferritin NPs in zebrafish cell culture (ZFL cells) incubated with different doses of up to 100 μg/mL for 14 hours. FerritVac NPs also upregulated expression of innate antiviral immunity, IHNV, and other fish rhabdovirus infection gene markers (mx, vig1, ifit5, and isg-15) in the macrophage cells of the host. In this study, we demonstrate the development of a soluble recombinant glycoprotein of IHNV in the E. coli system using the ferritin self-assembling nanoplatform, as a biocompatible, stable, and effective foundation to rescue and produce soluble protein and enable oral administration and antiviral induction for development of a complete IHNV vaccine. This self-assembling protein nanocages as novel vaccine approach offers significant commercial potential for non-mammalian and enveloped viruses.
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1 Introduction

Vaccination strategies to prevent and control viral pathogens and disease outbreaks in aquaculture need to be optimized for efficacy and stress-free administration, with consideration of production and delivery costs, environmental risks, and regulatory compliance (1, 2). The traditional vaccine production and application approach is based on the use of inactivated or attenuated viral vaccines, which are commercially available for some viral diseases (3). Even with the relatively low risk of possible reversion to virulence and spreading of vaccine strain in the environment, such vaccines still offer benefits including induction of a strong immune response when administered via stressful intraperitoneal injection and combined with oil adjuvants (1–3). DNA-based vaccines have recently shown promising results against certain viruses, but they raise safety issues regarding genetically modified organisms (GMO) and, despite the efficacy of some oral formulations, are administered by labor-intensive intramuscular (i.m) injection (4–6). Novartis’ APEX-IHN® DNA vaccine is an example, approved for i.m use in Atlantic salmon in Canada, but not elsewhere due to GMO safety concerns (4).

Another vaccine approach is the development of subunit vaccines, including the production of viral antigen proteins in a heterologous expression system. Although safer and more cost-effective to produce, their efficacy is variable and the development of oral subunit vaccines remains challenging due to gastrointestinal barriers (7). Most subunit vaccines require intraperitoneal (IP) injection, which is expensive and difficult to administer to young fish and causes stress and injury to the fish (1).

Infectious hematopoietic necrosis virus (IHNV), the enveloped (-) ss RNA virus of the Rhabdoviridae family, is the major cause of significant losses in the global trout and salmon aquaculture industry, with mortality rates reaching 90%, mainly in small fish. Neither therapeutic treatment nor a safe/mass delivery global commercial IHNV vaccine is currently available (8).

Research on vaccine development against IHNV has been ongoing for over four decades and several vaccine candidates based on inactivated virus, recombinant G protein expressed from prokaryotic and eukaryotic systems, attenuated virus strains, and DNA vectors have been shown to be efficient in eliciting specific and long-lasting protective immunity in fish but none has met all the requirements for commercialization, especially safety and mass delivery to a large number of highly susceptible small fish (9).

Approaches including the production of a recombinant IHNV glycoprotein in E. coli (10), yeast (11), and baculovirus/insect cells (12), failed to elicit high levels of protection against homologous virus challenge, although in some cases, neutralizing antibodies were detected in the sera of immunized fish. Furthermore, these low levels of protection were achieved only when recombinant glycoprotein was administered by intraperitoneal injection in combination with an adjuvant (13). Similarly, synthetic peptides representing putative antigenic determinants of the IHNV glycoprotein were poorly immunogenic (14).

Glycoprotein G is the unique target of neutralizing and protective antibodies, and recombinant subunit vaccines have been based on this protein (9–14). However, the complexity of expression and the challenge of producing soluble and functional recombinant glycoprotein to induce protective immunity, as well as the route of administration due to the protein stability issues, remain the main obstacles to the development of an effective IHNV subunit vaccine for mass delivery to fish fry (1, 2).

Displaying structurally defined antigenic epitopes in high copy numbers on the surface of self-assembling nanoparticles (NPs), such as VLPs or protein nanocages, to improve antigen stability and immunogenicity, with targeted delivery and slow release, is one of the novel technologies to address the challenges of subunit vaccines (15).

Although no VLP-based vaccines have yet been licensed for aquaculture, there is considerable experimental evidence of the potential of this type of vaccine for protecting fish against viral diseases such as infectious pancreatic necrosis (IPN) (16), pancreatic disease (PD) (17), and viral nervous necrosis (VNN) (18).

However, in contrast to VLPs of the non-enveloped viruses assembly process with only capsid proteins, enveloped viruses require an additional membrane component for assembly into mature virions, leading to enveloped VLPs not being structurally uniform and therefore difficult to characterize (19). A possible solution for the presentation of target antigens would be to display them to the host on the surfaces of self-assembled protein nanocages, which, in lieu of lipid membranes and matrix proteins, serve as an ideal scaffold for the enveloped viruses such as IHNV.

Ferritin is a major intracellular iron storage protein present in most living organisms, with 24 identical subunits that spontaneously self-assemble and form NPs complexes (20). Ferritin nanocages can enhance the immunogenicity of antigens by displaying them on their outer surface in an orderly manner, similar to the whole organism vaccines, leading to long-lasting immunity, which recently has been proven to work well both in vitro and in vivo for some mammalian viruses (21–25). The vaccines have been developed using eukaryotic host cells such as human embryonic kidney cells, and prokaryotes (E. coli) expression systems, delivered successfully through different routes in animal models (21–25). The use of ferritin NPs as an antigen scaffold can therefore improve the immunogenicity of subunit vaccines, and can also be considered as a promising platform for oral vaccine development due to its unique structure and stability under harsh temperature and pH conditions (20, 26).

This study describes for the first time the use of the self-assembling ferritin nanocages as vaccine platform for a non-mammalian virus. This approach resulted in the successful development of a soluble IHNV glycoprotein on a self-assembled ferritin nanoparticle in a low-cost production system (E. coli), which is biocompatible, stable, and effective for antiviral induction.




2 Materials and methods



2.1 Cell cultures

Zebrafish liver (ZFL) cells (CRL-2643, ATCC) were cultured in DMEM 4.5 g/mL glucose (Gibco) supplemented with 0.01 mg/mL insulin, 50 ng/mL epidermal growth factor, 10% (v/v) heat-inactivated FBS, 5% (v/v) antibiotic/antimycotic, and 0.5% (v/v) heat-inactivated trout serum at 28°C with 5% CO2 as previously described (27). Adherent rainbow trout head kidney macrophages (RT-HKM) were isolated from the head kidney as described previously (27, 28), and cultured in the same supplemented medium at 15°C with 5% CO2. After 24 h, the cells were washed in PBS to remove nonadherent cells, and the media was replaced with fresh culture media and then changed every 48 hours for up to 5 days, which were used for immune gene expression assays.




2.2 Vector construction and cloning

The glycoprotein (G) gene fragment (184 aa) (29), from the ectodomain-encoded region of the European standard isolate of IHNV (X89213) fused (GGSSRSS linker) to N-terminal of Helicobacter pylori ferritin (WP_000949190) and a His-tag in the C-terminus. Then the construct was synthesized by Invitrogen GeneArt Gene Synthesis (ThermoFisher, DE) and cloned using the pET22b vector with XhoI and BamHI sites in E. coli (DH5α) bacteria. The IHNV-G fragment and ferritin control constructs and red fluorescent protein (iRFP-His) non-immunological control protein were similarly designed and cloned (27).




2.3 Protein expression and purification

For protein expression, vector constructs were isolated using the QIAprep Spin Miniprep Kit (Qiagen, USA) and transformed to BL21 E. coli strain with XhoI and BamHI enzyme digestion verification. Expression then was performed using BL21(DE3) grown in LB with 100 μg/mL ampicillin and induced with IPTG at 1 mmol/L. The expression temperature was set at 20°C for overnight cultivation. Cells were harvested by centrifugation (5000 g for 15 min at 4°C) and stored at -80°C. Protein expression was confirmed using SDS-PAGE and Western blot using an anti-His-tag antibody. Despite the different expression and purification conditions, the IHNV-G fragment was an insoluble protein (Supplementary Figure 1), while the FerritVac was soluble. After cell lysis, the recombinant proteins were purified by immobilized metal affinity chromatography (IMAC) on an ÄKTA Pure FPLC system. Proteins were eluted with a linear gradient of elution buffer (20 mM Tris HCl (pH 8.0), 50 mM NaCl, 500 mM imidazole) after selective binding to a HisTrap HP 1 mL column (GE Healthcare). Selected protein fractions were dialyzed to remove imidazole in the 20 mM Tris HCl (pH 8.0), 50 mM NaCl buffer. The Ferritin and FerritVac proteins were then also submitted to size exclusion chromatography (SEC) in a HiLoad 16/600 Superdex 200 pg column (Cytiva, Marlborough, MA, USA, ref. GE28-9893-35) with isocratic elution in 20 mM TRIS-HCl pH 8.0. Proteins with different sizes were eluted by monitoring their absorbance at 280 nm. The peaks obtained were compared with known molecular weight marker proteins (GE-Healthcare, USA). Fractions corresponding to monomers and trimers of the proteins were collected separately (Supplementary Figure 2). The final protein concentration was determined using a NanoDrop and Qubit™ Protein Broad Range (BR) Assay Kits (ThermoFisher, DE).




2.4 SDS-PAGE and western blotting

The SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of the proteins was carried out on a 5-12% Bis-Tris gel with Coomassie blue visualization. For Western blotting, briefly after separation by SDS-PAGE, the proteins were electrophoretically transferred to PVDF membranes (Millipore) and then incubated in TTBS containing 10% skim milk for 1 h at room temperature to block non-specific binding during incubation with antibodies. The membranes were incubated overnight at 4°C with 1:10,000 anti-His primary antibody (ThermoFisher, DE) in 20 mL TTBS containing 10% skim milk, washed three times for 10 minutes at 25°C with 0.01% TTBS, and incubated for 1 hour at room temperature with 1:10,000 goat anti-mouse secondary antibody (ThermoFisher, DE) in the same buffer. Then, chemiluminescence visualization was performed using the SuperSignal™ Western Blot Kit (ThermoFisher, DE) and a BioRad ChemiDoc.




2.5 Dynamic light scattering

Dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments, UK) was used to determine the particle size distribution and zeta potential of the protein NPs at 25°C, confirming the colloidal stability. Triplicate measurements were performed on 100 μL of each sample. Prism 9 (GraphPad software) was used to generate volume size distribution (nm) histograms.




2.6 Transmission electron microscopy

For transmission electron microscopy images, 10 μL of the protein samples (Ferritin and FerritVac NPs) were applied to carbon-coated copper grids for 10 min. The grids then were negatively stained with 10 μL of 2% (w/v) uranyl acetate solution and wiped out with filter paper strips after 1 min. The resulting grids were visualized with a JEOL 1400 (JEOL Ltd.) TEM instrument at 120 kV, and images were captured with a CCD GATAN ES1000W Erlangshen camera (Gatan Inc.). Size measurements were performed using ImageJ software (U.S. National Institutes of Health, Bethesda, MD), averaging 50 individual measurements for each protein nanoparticle.




2.7 Stability assays

The stability of FerritVac and ferritin NPs in 100 µL 20 mM Tris-HCl and 50 mM NaCl buffer (pH: 8.0) was measured by DLS under different storage conditions of 4°C and -80°C freeze-thaw after 2 weeks and under the same conditions found in the gastrointestinal tract of trout (pH:8.0 and pH:3.0) at the optimum temperature for trout fry culture and IHNV infection (15°C) for 2 and 4 h (8, 30). The pH of the buffer was adjusted with HCl and then exchanged using Pierce Protein Concentrator columns (ThermoFisher, DE).




2.8 Cytotoxicity assay with ZFL cell line

The MTT assay according to Thwaite et al. (31) was used to determine the cytotoxic effects of NPs on ZFL cells. After 2.5 h on minimal media, cultures were stimulated with NPs at 1, 5, 25, 50, and 100 µg/ml in duplicate wells and plates, and incubated for 14 h at 28°C. Cultures were washed in PBS and 10% MTT substrate (Sigma-Aldrich) was added. Cells without NPs were used as controls. The cells were then further incubated at 28°C for 30 min. The solution was removed and solubilized in DMSO, and the absorbance was read at 550 nm on a Victor 3 plate reader (PerkinElmer). The experiment was repeated three times. Data normalized to control readings set at 100% and analyzed by one-way analysis of variance (ANOVA).




2.9 Expression of antiviral genes in RT-HKM primary cells

The trout head kidney macrophage primary cells were simulated with the different doses of FerritVac NPs (10, 25, and 50 µg/mL) for 14 hours at 15°C, and compared with untreated cells and cells incubated with 25 µg/mL of ferritin and iRFP proteins as controls in triplicate plates. Total RNA was then extracted from the cells using the ReliaPrep™ RNA Cell Miniprep System (Promega), and cDNA was synthesized using the GoScript™ Reverse Transcription System Kit (Promega). The qPCR was performed using Fast SYBR™ Green Master Mix (ThermoFisher, DE) (32),, for gene markers of the innate immune response to viral infection (mx, vig1, ifit5, and isg-15) (33, 34),. The expression of the target genes has been corrected based on a reference gene (EF-1 α) and calculated relative to the control via the 2- ΔΔCt method (35). Primer details are shown in the Supplementary Table 1.




2.10 Statistical analysis

Analyses were performed using SPSS 23 and GraphPad Prism 9 software. A one-way ANOVA was performed with the Duncan test to compare all group means and Dunnett’s multiple comparisons test between each treatment and control mean, at a significance level of p <0.05.





3 Results



3.1 Purification and characterization of NPs

For the construction of the nanovaccine, the most immunogenic fragment in the ectodomain of IHNV glycoprotein (29) was linked to the N-terminus of ferritin (Figure 1A), and a nanoparticle displaying the IHNV-G (FerritVac) was generated after the self-assembly of the ferritin. Figure 1B shows a schematic of the FerritVac NPs. The proteins were expressed in E. coli and purified by Ni-chelating affinity chromatography. Purified proteins were dialyzed for imidazole removal. While the IHNV glycoprotein alone was insoluble (Supplementary Figure 1), we successfully expressed and purified a soluble ferritin containing the IHNV glycoprotein fragment in the E. coli system we successfully expressed and purified a soluble ferritin containing the IHNV glycoprotein fragment in the E. coli system (Figures 1C and 1D). SDS-PAGE revealed 42, 22, 20, and 36 kDa for ferritin, IHNV-G, and iRFP, respectively (Supplementary Figure 1).

[image: Diagram showing a schematic of a fusion protein construct (A), its self-assembly into a 24-unit structure (B), SDS-PAGE gel images displaying protein bands at 42 kDa and 20 kDa for FerritVAC and Ferritin respectively (C), and a Western blot confirming these protein sizes (D).]
Figure 1 | Construction and production of IHNV vaccine (FerritVac) using a Ferritin nanocage. (A) Construction of the FerritVac fusion protein: The IHNV glycoprotein fragment (aa 270 to 453) protein was linked (GGSSRSS linker) to the N-terminal of the (H) pylori ferritin with a His-tag in the C-terminus. (B) 3D schematic diagram of the ferritin platform. (C) SDS-PAGE (12%) of Ferritin and FerritVac protein NPs: Total protein production before (N) and after (P) IPTG induction for the same volume of culture sample. Soluble (S) and insoluble (IS) fractions after IPTG induction (overnight at 20°C) and cell lysis. (D) Western blot analysis of FerritVac (42 kDa) and Ferritin (20 kDa).

After purification, the ferritin and FerritVac proteins were also submitted to size exclusion chromatography (SEC) to differentially elute proteins according to their hydrodynamic volumes. The fractions belonging to peaks 1 and 2 were separately collected and evaluated to remove aggregates and other low molecule impurities (Supplementary Figure 2). Full physicochemical characterization of the protein nanoparticles including stability in buffer solution was performed with Dynamic Light Scattering (DLS) and the morphology of the particles was determined using Transmission Electron Microscopy (TEM). The nanoparticles characterization by TEM is shown in Figures 2A, B and dynamic light scattering (DLS) analysis is shown in Figures 2C, D.

[image: Electron micrographs and histograms display ferritin and FerritVAC nanoparticles. Image A shows ferritin particles, with histogram C indicating a peak volume at approximately 30 nanometers. Image B presents FerritVAC particles, with histogram D showing a broader distribution peaking similarly. Both images include a scale bar of 100 nanometers.]
Figure 2 | Morphological characterization and particle size distribution of Ferritin and FerritVac by TEM and DLS. Transmission electron micrographs (scale bar =100 nm) of negatively stained Ferritin (A) and FerritVac (B). The. Size distribution of Ferritin (C) and FerritVac (D) characterized by DLS. Size distribution analysis of FerritVac nanoparticles via DLS showed an average diameter of 20.53 nm, which was larger than the diameter of Ferritin cages (15.8 nm).

TEM micrographs show spherical Ferritin and FerritVac NPs with a narrow particle size and mean diameters of 15.8 ± 0.52 nm and 20.53 ± 1.13 nm, respectively. DLS analysis revealed a highly monodisperse population of FerritVac NPs with a low polydispersity index (0.29 ± 0.01). The resulting FerriVac NPs resulted in a larger hydrodynamic diameter, compared to ferritin, as expected. There was no significant difference between the diameter of the particles visualized by TEM and the diameter determined by DLS (Table 1).

Table 1 | ζ-potential and particle size of purified FerritVac and Ferritin NPs determined by DLS and TEM.


[image: Table showing nanoparticle data for Ferritin and FerriVac. Columns list values for TEM size, DLS size, PDI, and zeta potential. Ferritin: TEM 16.23 ± 1.34 nm, DLS 15.8 ± 0.52 nm, PDI 0.47 ± 0.00, zeta potential -20.46 ± 0.16 mV. FerriVac: TEM 20.73 ± 2.28 nm, DLS 20.53 ± 1.13 nm, PDI 0.29 ± 0.01, zeta potential -18.42 ± 1.04 mV. Note on size determination method.]
Zeta potential (ζ-potential) measurements confirmed the colloidal stability of analyzed dispersions (Table 1) with the electric charges of ferritin and FerritVac negatively charged. The ζ-potential for FerritVac NPs was -18.42 ± 1.04, similar to that of Ferritin (-20.46 ± 0.16 mV), indicating a lack of particle aggregation in dispersion.




3.2 The stability of NPs

The stability of FerritVac and Ferritin NPs under different storage conditions was evaluated by DLS (Figures 3A, B). After 2 weeks of storage at 4°C and a freeze-thawing at -80°C, the protein NPs were stable and appeared as a single peak with no significant change in the size of NPs, demonstrating the monodispersity of NP samples under defined storage conditions. However, a slight decrease in particle size was observed at 4°C, which may indicate that proteins begin to disassemble over time. While freezing and thawing stress can cause proteins to denature and aggregate, this Ferritin platform demonstrated stability.

[image: Panels A to F display size distribution graphs for Ferritin and FerriVAC under various conditions. Each graph shows volume percentage against size in nanometers, comparing treated samples at different temperatures or pH levels versus controls. Key features include distinct peaks indicating size variations under specific treatments.]
Figure 3 | Stability of FerritVac and Ferritin NPs assessed by DLS under different storage conditions: 4°C and -80°C freeze-thaw after 2 weeks (A, B), and for 2 h and 4 h at pH:8.0 (C, D) and pH:3.0 (E, F) at 15°C, which resemble the gastrointestinal pH conditions of trout, the main host of IHNV, at the optimal water temperature for the culture of the species and other salmonids. The data show a high stability of both NPs. However, over time the harsh conditions can gradually lead to disassembly and aggregation, which can be seen as a slight decrease and increase in peak size, respectively.

To verify the suitability for oral administration, we evaluated the stability of the NPs at pH:8.0 and pH:3.0 at 15°C, which resemble the gastrointestinal pH conditions of trout at the optimal water temperature for the culture of the species and other salmonids (Figures 3C-F). At pH:8.0 and incubation at 15°C of the samples, DLS analysis showed stable protein NPs after 2 h in solution and a slight increase in particle size of Ferritin NPs after 4h, indicating that the samples began to aggregate. Despite the stability after 2 h, a gradual increase in size and appearance of an aggregation peak with size of 68.9 ± 3.25 and 79.8 ± 2.63 for Ferritin and FerritVac NPs, respectively, were observed after 4 h of incubation at lower pH:3 and temperature of 15°C. Overall, the FerritVac NPs show excellent stability as Ferritin, displaying a similar environmental tolerance pattern.




3.3 Cytotoxicity in ZFL cells

There was no significant difference in survival between the control and any of the treatment groups in the MTT assays in ZFL cells incubated with 1, 5, 25, 50, and 100 µg/mL of each NPs for 14 h, indicating that neither FerritVac nor Ferritin NPs are cytotoxic at these doses (Figure 4). Cell viability values remained above 95% for both FerritVac and Ferritin up to 25 μg/mL after 14 h of exposure. However, a slight decrease with no significant difference was observed in the ZFL cells from 50 μg/mL and above, dropping to about 82% (p =0.25) and 70% (p =0.08) viability at the highest concentration (100 μg/mL) of FerritVac and Ferritin NPs, respectively.

[image: Bar charts comparing ZFL cell viability at various concentrations of FerritVAC and Ferritin, ranging from zero to one hundred micrograms per milliliter. Both charts show cell viability in percentage on the Y-axis. Each concentration presents a distinct bar with error bars, indicating variability. Overall, cell viability remains around one hundred percent across different concentrations in both charts.]
Figure 4 | MTT assay cytotoxicity of FerritVac and Ferritin NPs in zebrafish liver (ZFL) cells: ZFL were incubated with FerritVac (A) and Ferritin (B) NPs at 1, 5, 25, 50, 100 µg/mL in duplicate wells and plates (n=4) for 14 h at 28 °C. ZFL cells without NPs incubated were used as control. After MTT treatment, incubation for 30 min, and subsequent solubilization in DMSO, absorbance was measured at 550 nm and data normalized to control readings set at 100%. A one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test was performed between each treatment and control at a significance level of p<0.05. None of the treatment groups were significantly different from the control (p >0.05).




3.4 Expression of antiviral genes in RT-HKM primary cells

To investigate the ability of FerritVac NPs to stimulate the expression of innate antiviral genes in antigen-presenting immune cells, we treated the rainbow trout head kidney macrophage primary cells with the NPs. Untreated cells and cells treated with 25 µg/mL of Ferritin and iRFP were used as controls. Genes tested included mx, vig1, ifit5, and isg-15, which are relevant markers of innate antiviral immunity, IHNV, and other fish rhabdovirus infections (33, 34). For all genes tested, FerritVac NPs exposure induced up-regulation significantly different from the controls in a dose-dependent manner (Figure 5).

[image: Bar graphs and a heatmap depicting gene expression changes. Panels A-D show fold changes in gene expression (mx, vig-1, ifit5, isg-15) across six conditions: Control, iRFP, Ferritin, FV10, FV25, and FV50. Asterisks indicate significant changes. Panel E is a heatmap showing fold changes in the same genes with intensity increasing from light to dark blue corresponding to higher values, labeled on the side.]
Figure 5 | Expression of antiviral genes in trout head kidney macrophage primary cells (RT-HKM) incubated with FerritVac and Ferritin NPs. (A) mx, (B) vig1, (C) ifit5, and (D) isg-15 gene expression in the cells incubated for 14 h as follows: unstimulated cells (control), iRFP (25 µg/mL) as an immunogenically irrelevant control, Ferritin (25 µg/mL) and different concentrations of FerritVac NPs 10 µg/mL (FV10), 25 µg/mL (FV25) and 50 µg/mL (FV50). (E) Heat map comparing expression changes of analyzed genes in RT-HKM cells incubated with FerritVac NPs. Samples are from three independent experiment plates from three different fish. Data were normalized based on the endogenous EF-1a gene and presented as mean fold change relative to unstimulated control cells; 2-ΔΔCT method). A one-way ANOVA was performed with Duncan to compare all groups’ means, and Dunnett’s multiple comparisons test between each treatment and control mean, at a significance level of p <0.05. Asterisks indicate a significant difference compared to the control (* p < 0.05).

The qPCR analysis revealed a significant increase in the expression of mx and vig1 genes of macrophage cells incubated with 25 or 50 µg/ml dose of FerritVac NPs compared to the control groups as well as the lower dose of 10 µg/ml of NPs (Figures 5A, B). While the ifit5 gene was significantly up-regulated in all dose groups of FerritVac NPs (Figure 5C), the isg-15 gene was only significantly up-regulated (about 10-fold) in the cells treated with the higher dose of 50 µg/ml of NPs (Figure 5D). No significant differences were observed between cells incubated with 25µg/ml iRFP or ferritin NPs compared to untreated controls (p >0.05).





4 Discussion

Viral diseases in aquaculture are difficult to control due to the lack of approved and affordable antiviral veterinary medical products, as well as challenges in developing effective and safe viral vaccines that can be mass-administered to young fish, especially during early stages of their life cycle characterized with high susceptibility to virus infections (1–3). Gaps in treatment and prevention of viral diseases are associated with periodic disease outbreaks, animal welfare problems, and losses in aquaculture worldwide, threatening the long-term sustainability of the sector (36–38).

Self-assembling protein nanoparticles, such as ferritin, have shown remarkable thermal and pH stability, monodispersity, small uniform size, biodegradable, biocompatible, cost-effective mass production, reversible spontaneous assembly/disassembly, and surface conjugation by genetic or chemical means, addressing the issue of stability and immunogenicity of safe subunit vaccines and providing broader protection against viral infections even through oral administration (20, 26, 38).

Helicobacter pylori self-assembling ferritin has been used for the development of safe subunit nano vaccines, against some human and other mammalian viruses such as Middle East respiratory syndrome-coronavirus (MERS-CoV) (19), Influenza A virus (21), HIV (22), rotavirus A (23), SARS-CoV-2 (24), Canine distemper virus (25), classical swine fever virus (39), foot-and-mouth disease virus (40), hepatitis C virus (41), and Zika Virus (42), which have been produced in bacteria, insects and mammalian cells systems. In this study, we have for the first time used self-assembling ferritin nanocages as a vaccine platform against a non-mammalian viral pathogen (IHNV).

It has been reported that multiple engineered nanoparticle-based vaccines using E. coli expression system do not support soluble protein purification and fail to assemble as intended (15). While the IHNV glycoprotein alone was insoluble, we successfully expressed and purified soluble ferritin NPs containing the IHNV glycoprotein fragment in the low-cost E. coli production system. This suggests that a ferritin nanocage can be used as a novel vehicle for the rescue and production of soluble proteins that are otherwise difficult to obtain using conventional methods such as the prokaryote system.

The presence of spherical NPs observed under TEM confirmed that the FerritVac (IHNV glycoprotein-Ferritin) monomer that was produced in bacterial cells, maintains its self-assembling properties and is able to form the expected nanostructure. Moreover, the NP size determined by electron microscopy (around 20.73 ± 2.28 nm) was in accordance with the DLS results measurements, and with previously characterized H. pylori ferritin-based vaccine candidates, yielding nanoparticles with 20-40 nm diameter after self-assembly (22, 23, 43, 44), the size range ideal for cellular uptake and B-cell activation (45).

The observed increase in diameter of FerritVac compared to that of ferritin alone could be attributed to the presence of the exogenous protein, which may reflect the modification and size of NP cages observed in this study.

We also measured the ζ-potential of Ferritin and FerritVac NPs, indicating negative values and within the range recently reported for a ferritin-based vaccine against the Zika virus by Rong et al. (42). Zeta potential measurements refer to the potential difference between the dispersion medium and the stationary layer of the fluid surrounding the dispersed particle, including the potential difference between the particle surface and surrounding liquid medium, representing the measure of colloidal stability of nanoparticles in dispersion (46). In our study, the display of IHNV glycoprotein on the Ferritin cage did not affect the stability of the nanoparticles.

The Ferritin protein complex has remarkable thermal and pH stability, withstanding temperatures of up to 80 - 100°C (20, 47). In this study, both the protein FerritVac and the ferritin NPs showed no significant changes after 2 weeks of storage at 4°C and a -80°C freeze-thaw cycle. It is noteworthy that these NPs were stored at 4°C for approximately one week during the process of purification, dialysis, and SEC prior to the stability tests, which indicates an even longer stability of the NPs. We also determined the stability of the NPs at pH:8.0 and pH:3.0 at 15°C, mimicking the pH conditions in the rainbow trout gastrointestinal (GI) tract and optimal water temperatures for the culture of this species and other salmonids in an effort to indicate suitability for oral administration of FerritVac to the rainbow trout juveniles at the age susceptible to IHNV (<6 months) (48). The pH of different sections of the rainbow trout GI tract after feeding remains acidic (pH 3.5) for at least 2h (30). However, in our study, both FerritVac and ferritin showed signs of degradation only at time points after 4 h in the low pH (3.0) conditions, as these conditions gradually lead to disassembly and aggregation, evidenced by the decrease and increase in the NP size, respectively. Similarly, it has been shown that the Ferritin protein shell begins to disassemble at pH below 3.4, but this process is reversible by subsequent elevation to higher pH values, making the platform suitable for antigenic protein delivery as well (26, 49).

The biocompatibility of active protein-based materials is critical for their biomedical use, therefore, zebrafish liver (ZFL) cells were used as a model to investigate the cytotoxicity of the Ferritin-based nanoparticles, which have already been used for some fish viral proteins (27, 31). The results of the MTT assay showed that neither FerritVac nor ferritin NPs significantly reduced ZFL cell viability compared to the control group at any of the concentrations tested after 14 hours of incubation, suggesting that these spherical nanostructures are biocompatible with living cells in an in vitro system. Considering zebrafish are a widely accepted biomedical research animal model, the importance of liver hepatocytes in detoxification processes, and no relevant previous studies regarding ferritin/ferritin-protein complex toxicity in this model system, our findings have significance not only for aquatic vertebrates but also for mammalian, including human being, studies.

Our results showed that FerritVac NPs upregulated the expression of innate antiviral and relevant gene markers of IHNV and other fish Rhabdovirus infection, including mx, vig1, ifit5, and isg-15, in antigen-presenting cells, trout head kidney macrophages (33, 34). Type I IFNs interfere with viral infection through the induction of a vast repertoire of ISGs via the Jak/STAT pathway, some of the ISGs exerting a direct antiviral activity such as mx, viperin/vig1, and isg15 (50), the expression of which can be simulated during IHNV infection (34). While ISGs are intrinsically located downstream of IFN in the antiviral pathways induced by viral infections, a number of them, such as viperin/vig1, are able to up-regulate type I IFNs and are therefore involved in positive feedback regulatory loops (50–52). FerittVac NPs from 25 µg/ml and above induced upregulation of mx and vig1 genes in RT-HKM cells, however, isg-15 was upregulated only at the highest dose of the NPs. Previous studies showed that over-expression of ISG15 in EPC cells is sufficient to induce antiviral activity against Novirhabdoviruses (IHNV, VHSV), Iridoviruses (EHNV) or Birnaviruses (IPNV) (50),. ISGylation, which targets cellular proteins such as TRIM25 and viral proteins such as the P and NV of IHNV, is required for the inhibition of the virus (52). Further, interferon-induced proteins with tetratricopeptide repeats (IFITs) bind to and regulate the functions of cellular and viral RNAs and proteins, thereby inhibiting viral replication (53). FerritVac NPs upregulated the ifit5 gene at all incubated doses. The ifit5 can be upregulated by type I interferons (IFNs) like IFITs, and the dependency of ifit5 expression on activation of the Jak/STAT pathway has also been confirmed (54). Since there was no gene induction in the RT-HKM cells incubated with the ferritin-only NPs, these results indicate that immunogenicity and antiviral activity of the IHNV-G fragment was developed via the ferritin platform, most likely through the type I IFN-mediated Jak/STAT signaling pathway.

In conclusion, our study, for the first time, describes the use of the ferritin self-assembling nanocages as a vaccine platform for a non-mammalian viral pathogen. This approach resulted in the successful development of a soluble IHNV glycoprotein on a self-assembled ferritin nanoparticle, combining the advantages of glycoprotein antigen and ferritin nanoplatform to develop an effective and safe oral IHNV vaccine. Here, we also provided an initial dataset about the self-assembling protein nanocages approach with the potential to develop into a novel vaccine platform to be used in the prevention and control of aquaculture viral diseases. Further studies are needed to evaluate adaptive immune responses, safety, and efficacy of the FerritVac in vivo and to evaluate the applicability of this platform for other viruses.
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Piscine red blood cells (RBC) are nucleated and have been characterized as mediators of immune responses in addition to their role in gas exchange. Salmonid RBC are major target cells of Piscine orthoreovirus-1 (PRV-1), the etiological agent of heart and skeletal muscle inflammation (HSMI) in farmed Atlantic salmon (Salmo salar). PRV-1 replicates in RBC ex vivo, but no viral amplification has been possible in available A. salmon cell lines. To compare RBC basal transcripts and transcriptional responses to PRV-1 in the early phase of infection with non-susceptible cells, we exposed A. salmon RBC, Atlantic salmon kidney cells (ASK) and Salmon head kidney cells (SHK-1) to PRV-1 for 24 h. The RNA-seq analysis of RBC supported their previous characterization as pluripotent cells, as they expressed a wide repertoire of genes encoding pattern recognition receptors (PRRs), cytokine receptors, and genes implicated in antiviral activities. The comparison of RBC to ASK and SHK-1 revealed immune cell features exclusively expressed in RBC, such as genes involved in chemotactic activity in response to inflammation. Differential expression analysis of RBC exposed to PRV-1 showed 46 significantly induced genes (≥ 2-fold upregulation) linked to the antiviral response pathway, including RNA-specific PRRs and interferon (IFN) response factors. In SHK-1, PRV induced a more potent or faster antiviral response (213 genes induced). ASK cells showed a differential response pattern (12 genes induced, 18 suppressed) less characterized by the dsRNA-induced antiviral pathway. Despite these differences, the RIG-I-like receptor 3 (RLR3) in the family of cytosolic dsRNA receptors was significantly induced in all PRV-1 exposed cells. IFN regulatory factor 1 (IRF1) was significantly induced in RBC only, in contrast to IRF3/IRF7 induced in SHK-1. Differences in IRF expression and activity may potentially affect viral propagation.
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1 Introduction

Red blood cells (RBC) are primarily known for their physiological role in respiratory processes, where intracellular heme and hemoglobin molecules regulate the uptake and transport of oxygen and carbon dioxide (1). In addition to this, a diverse range of physiological and immunologic properties have been attributed to vertebrate RBC, including redox homeostasis, hemoglobin antimicrobial activity and pathogen binding (2, 3). While mammalian RBC are enucleated and lack transcription/translation machinery, teleost RBC have retained their nucleus and organelles in the cytoplasm, essential for intracellular signaling, gene expression and protein production in response to stimuli (2, 4, 5). Previous studies of teleost RBC have shown their ability to react by innate immune responses and physiological differentiation in response to viral infections and systemic signals, respectively (2–4, 6–8). Unlike mammalian RBC, where the nucleus and cellular components are extruded during erythropoiesis to ensure efficient gas exchange (3, 9), transcriptome analyses of teleost RBC has revealed the expression of a complex set of genes involved in virus sensing, antiviral defense and antigen presentation (5, 8, 10, 11). However, the scale of RBC contribution to innate and potentially adaptive immunity is not fully understood.

Viral infections represent a major threat for the piscine aquaculture industry, and efficient prevention remains challenging. Heart and skeletal muscle inflammation (HSMI) is one of the most common viral diseases in farmed Atlantic salmon (Salmo salar L.) in Norway (12). The disease is characterized by extensive heart and muscle inflammation with infiltration of immune cells in the epi-, endo- and myocardium, myositis and necrosis in the red skeletal muscle (13–15). The causative agent of HSMI is Piscine orthoreovirus-1 genotype (PRV-1) (14, 16), a member of the order Reovirales, family Spinareoviridae, genus Orthoreovirus. This genus also contains the mammalian and avian orthoreoviruses (MRV and ARV, respectively). PRV-1 has a ten-segmented, double stranded RNA (dsRNA) genome packed in a double-layered icosahedral protein capsid, and was the first orthoreovirus reported in fish (14, 17).

Salmonid RBC are the main target cells of PRV-1 in the primary phase of infection (18). Comparative in silico studies with MRV indicate that PRV-1 may use the same infection mechanism, and further studies have indicated that the virus replication occurs in globular neo-organelles referred to as viral factories in the cytoplasm (16, 17, 19, 20). During the peak of infection, high loads of viral RNA and protein are produced within the cells and virus is released into plasma (16, 20). The peak in antiviral responses to PRV-1 has been associated with a decrease in plasma viremia and reduction in viral protein production in RBC (6, 16, 20), along with suppression of some RBC functions, such as hemoglobin production, and expression of metabolic genes (16, 21). Even though the impacts of PRV-1 infection on A. salmon RBC gene expression have been partly characterized in vivo and in vitro (6, 8, 22), the regulation of genes in RBC shortly after PRV-1 encounter has not been explored in detail.

In the present study, we compared the transcriptomic responses of A. salmon RBC to those of two A. salmon kidney cell lines at resting state, and 24 h after PRV-1 exposure. Atlantic salmon kidney cells (ASK) (23) and Salmon head kidney cells (SHK-1) (24) have been screened and characterized as non-supportive for PRV-1 propagation earlier, showing no evidence of virus replication (25). Here, we report the similarities and differences observed between A. salmon RBC, ASK and SHK-1 before and after PRV-1 exposure, focusing on pathways of the innate immune system.




2 Materials and methods



2.1 Blood sampling

Six A. salmon pre-smolts (30-50g) were euthanized using benzocaine chloride (1g/5L water) for 5 min, and peripheral blood from the caudal vein was collected in heparinized vacutainers (Vacutest, Sarstedt). The blood was used for isolation of red blood cells.




2.2 Isolation of RBC

RBC were isolated from the heparinized blood diluted 1:10 in sterile phosphate buffered saline (dPBS) and laid on top of a Percoll (GE healthcare, Uppsala Sweden) gradient (bottom layer 49%; top layer 34%) which was centrifuged (500 x G, 4°C, 20 min), washed with dPBS and collected as previously described (18). The cells were counted, and their viability was assessed using Countess (Invitrogen, Eugene, Oregon, USA) and resuspended to a concentration of 3 × 107 cells/mL in Leibovitz’s L15 medium (Life Technologies, Carlsbad, CA, USA) supplemented with fetal calf serum (2%) (Sigma- Aldrich) and gentamicin (50 μg/mL- Lonza Biowhittaker, Walkersville, USA). The isolated RBC were inspected by light microscopy in three areas (approximately 100 cells/area, ≥ 300 cells in total) to ensure a maximum of two cells without typical RBC morphology (99% culture purity) (8) The cultures were placed at 15°C under constant agitation (225 rpm).




2.3 Atlantic salmon cell line cultures

The A. salmon kidney (ASK) cell line and the Salmon head kidney (SHK-1) cell line, were routinely split (1:2) once a week and cultivated at 20°C in Leibovitz’s L15 medium supplemented with 4 mM L-glutamine (Life Technologies, Carlsbad, CA, USA), fetal bovine serum (10%) (Sigma- Aldrich), 40 μM 2-mecaptoethanol and gentamicin (50 μg/mL- Lonza Biowhittaker, Walkersville, USA). The cells were kept at 15°C during culturing and experiments.




2.4 Preparation of purified piscine orthoreovirus-1

Purified PRV-1 was used as inoculum in the ex vivo stimulation experiment. The virus was a variant of high virulence (NOR2012) (16), that had been purified from a blood cell pellet of infected fish using cesium chloride density gradient as described previously (16) and stored in Dulbecco’s PBS with 15% glycerol at -80°C. The copy number was determined using absolute quantification RT-qPCR as previously described (16).




2.5 Ex vivo stimulation

RBC isolated from six fish were plated in NuncTM non-treated 24-well plates with flat bottom (Thermo Fisher) (5 × 106 RBC per well, in 0.5 mL medium). RBC cultures were kept at 15°C under constant agitation (225 rpm) using an Ecotron incubation shaker (Infors HT, Basel Switzerland) to ensure a homogenous suspension. The virus exposure setup included six wells (one per fish) exposed identically to purified PRV-1 (5 x 106 virus particles per well/multiplicity of infection (MOI) of 1) and six control wells (one per fish). Following 24 h of incubation, exposed and control cells were harvested by centrifugation in Eppendorf tubes, media removal and lysis in RT buffer (Qiagen, Hilden, Germany) for RNA isolation.

ASK and SHK-1 experiments were performed at three separate time points (3 parallels). Each time, cells were counted and seeded in 6-well plates with flat bottom (4.5 × 104 cells in 1 mL medium- approx. 80% confluent) (Thermo Fisher) and kept at 15°C in brand incubator. The cultivation setup each time included three wells exposed identically to purified PRV-1 and 3 control wells. Briefly, the cells in the wells were washed three times with dPBS and 4.5 × 105 virus particles (MOI of 10) was added per exposed well. After 24 h of incubation, the cells were washed with dPBS and lysed with RT buffer (Qiagen, Hilden, Germany) for RNA isolation and subsequent RT- qPCR analysis to assess whether PRV-1 was associated with the cells.




2.6 RNA isolation and sequencing

Lysed cells were homogenized using 5 mm steel beads and TissueLyser II (Qiagen). Total RNA was extracted using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol. Isolated RNA was eluted in 50 μL Rnase- free distilled water. RNA was quantified using NanoDrop ND- 1000 spectophotometer (Thermo Fiscer Scientific, Wilmington, DE, USA). RNA quality (RIN >8) was ensured using Agilent 2100 Bioanalyser (Agilent, USA) before being sent for sequencing.

Six biological replicates of the exposed and control RBC (12 samples in total), along with three experimental replicates of the exposed and control kidney cells (6 samples for ASK and 6 samples for SHK-1, respectively) were sent to Norwegian Sequencing Centre (NSC). Library preparation was performed using strand- specific TruSeq RNA Library Prep kit (Illumina, CA, USA). Libraries were subsequently sequenced on Illumina HiSeq to obtain 150 bp paired end reads.




2.7 Bioinformatics and statistics

Fastq files of reads from RNA-seq were cleaned (trim/remove adapter and low quality sequences) using BBDuk tool in BBMap v38.22 suite (parameters: ktrim=r, k=23, mink=11, hdist=1, tbo, tpe, qtrim=r, trimq=15, maq=15, minlen=36, forcetrimright=149) (26). Cleaned reads were further mapped to the A. salmon genome (ENSEMBL ICSASG_v2) using the HISAT2 v.2.2.1 (parameters: –rna-strandness RF) (27). FeatureCounts v.1.4.6-p1 (parameters: -p -s 2) was used for estimating the number of reads and aligning against the reference genes in ENSEMBL r104 GTF annotation (28). Initial data analysis was performed using the Bioconductor packages in R, including DESeq2 v.1.34.0 (29) and the SARTools v.1.7.4 (30). Normalization and differential expression analysis were conducted for the cells exposed to the virus against their unexposed controls using DESeq2. The annotation tables were cleaned using median count reads ≥ 10 as a cut off, to get rid of genes with zero or low counts. Subsequently, adjusted p-value (padj) was calculated using Benjamin- Hochberg (BH) correction and gene with padj below 0.05 were considered as differentially expressed genes (DEGs). ShinyGO v0.77 (31) was used for both gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis with FDR cutoff 0.05. Pathview R package was used to draw KEGG pathway maps (32, 33).





3 Results



3.1 Transcriptome analysis of Atlantic salmon RBC and kidney cell lines in resting state

Information on total sequenced reads and alignment rate of mapping of all biological conditions is provided in Supplementary File A, Table 1. Normalized RNA- seq data were compared to identify features that are differentially expressed between RBC and kidney cell lines, ASK and SHK-1, at the unexposed resting state. The variability of the biological conditions within the experiment was assessed with a principal component analysis (PCA) (Supplementary File A, Figure 1). This analysis showed low variability within the biological (RBC) and experimental (ASK, SHK-1) replicates of each cell type, confirming consistency in the data, while the distribution of the clusters against the two first principal components indicated that SHK-1 and ASK are more closely related.




3.2 Transcriptional profiling of Atlantic salmon RBC and kidney cell lines, ASK and SHK-1

The original dataset consisted of 55819 features (genes). After filtering out 16989 genes with zero normalized median count reads, the differences and similarities in the expression profile of RBC, ASK and SHK-1 were assessed using an upset plot, including 38830 features (referred to as analyzed dataset) (Figure 1). A cutoff ≥ 10 counts was applied, and 24962 genes were found transcribed in RBC, 27518 genes in ASK and 27461 in SHK-1. In the three cell types, 24559 common genes were expressed. ASK and SHK-1 were sharing 2769 expressed genes (ASK & SHK-1 cutoff ≥ 10 median counts, RBC = 0 median counts), verifying their highest level of similarity as indicated by PCA. A subset of 346 genes were exclusively expressed in RBC, while 44 genes were only expressed in RBC and ASK, and 13 genes were only expressed in RBC and SHK-1 (Figure 1).

[image: Upset plot showing the intersection of gene sets. The bar graph on the right represents intersection sizes, with the largest being 24,559 genes. Horizontal bars show the set sizes for RBC, SHK-1, and ASK. The matrix below indicates set intersections. The total original dataset includes 55,819 genes, while the analyzed dataset excludes non-expressed genes, totaling 38,830 genes.]
Figure 1 | Upset plot showing sharing and unique gene expression for ASK, SHK-1, and RBC. A cutoff ≥ 10 counts was applied to define genes as expressed, and 0 counts required to define genes as not expressed in a cell type; The bars show the number of shared expressed genes between the indicated motifs: RBC vs SHK-1, RBC vs ASK and ASK vs SHK-1, or unique for a specific cell type. The analysis was performed using a dataset of 38830 genes (analysed dataset).

To identify the processes in which the genes of each subset are involved, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed. The lists of gene functional groups found in the enrichment analysis are provided in Supplementary File B. RBC, ASK and SHK-1 appeared to all share genes related to fundamental cellular processes, such as endocytosis, protein processing in ER and ubiquitin mediated proteolysis. Two KEGG pathways associated to cellular responses activated by viral and bacterial invasion, “Herpes simplex virus 1 infection” and “Salmonella infection” respectively, showed the greatest representation of shared genes (456 and 410 genes, respectively) between RBC, ASK and SHK-1. This indicated that RBC possess immune functions similar to ASK and SHK-1 and are able to respond to viral and bacterial pathogens. The KEGG pathways named “Herpes simplex virus 1 infection” and “Salmonella infection” were first described in mammals in response to these pathogens but have also been identified in teleost (33). In this study, the official KEGG nomenclature is used even if they refer to pathogens not relevant for this study.



3.2.1 Gene ontology enrichment analyses for the genes exclusively mapped to RBC

The subset of genes mapped exclusively in RBC consisted of 346 features. To identify biological processes that may be regulated by these genes, gene ontology (GO) enrichment analysis on Biological Process (GO : BP) was performed. Most genes were involved in “Cell surface-” and “G protein-coupled receptor” signaling pathways, whereas only a few appeared to contribute to physiological processes, such as gas transport and respiratory burst. Regarding the immune characteristics of the cells, genes involved in chemotaxis (e.g. C-C chemokine receptor type 9 (CCR9) and C-C motif chemokine 4 (CCL4) –like), phagocytosis (e.g. coronin-1A-like) and innate immune response pathway [e.g. interferon regulatory factor 4 (IRF4) and interleukin-1 receptor type II (IL1R2)] were represented. The detailed GO : BP categories along with the list of the 346 genes are provided in Supplementary File B. KEGG pathway enrichment analysis was considered inconclusive for such a small input.





3.3 Identification of differentially expressed genes between Atlantic salmon RBC and kidney cell lines, ASK and SHK-1

Differential gene expression analysis was performed to estimate differences in gene expression patterns between RBC and each kidney cell line (ASK and SHK-1). Filtering out low count genes (cutoff ≥ 10 median counts), the comparison of RBC against ASK and SHK-1 resulted in 14493 and 14397 differentially expressed genes (DEGs), respectively (Supplementary File A, Figure 2). In both comparisons, approximately 7500 DEGs indicated higher expression levels in RBC (thus, lower expression levels in ASK and SHK-1). Accordingly, approximately 6800 DEGs indicated lower expression level in RBC (thus, higher expression levels in ASK and SHK-1). ASK vs SHK-1 resulted in 10018 DEGs, 5041 with higher expression levels in SHK-1 and 4977 with higher expression level in ASK. The lists of DEGs emerging from the comparison of RBC vs SHK-1, RBC vs ASK and ASK vs SHK-1 are provided in Supplementary File C.

To determine the pathways to which DEGs of RBC vs ASK and SHK-1 belonged, KEGG pathway enrichment analysis was performed. The analysis was performed for DEGs with normalized median counts ≥ 10 and fold- change ≤ 0.5 for the downregulated genes in ASK and SHK-1 compared to RBC (i.e “Higher expression compared to RBC” group of genes) and ≥ 2 for the upregulated genes in ASK and SHK-1 compared to RBC (i.e"Lower expression compared to RBC" group of genes). The majority of DEGs with higher expression in RBC compared to both ASK and SHK-1 were involved in innate immune processes related to viral sensing (KEGG nomenclature “Herpes simplex virus 1 infection”) (119 and 126 genes, respectively), as shown in Figures 2, 3 in detail. Several genes with significantly higher transcripts in RBC were also involved in pathways associated with cellular functions like “Endocytosis”, “Autophagy” and “Ubiquitin mediated proteolysis” (Figure 2). RBC DEGs belonging to KEGG groups, “MTOR-” and “FoXO” signaling pathways were only reported in the comparison of RBC vs ASK (Figure 2A, top), while “Ribosome” and “Basal transcription factors” in RBC vs SHK-1 (Figure 2B, top).
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Figure 2 | DEGs of RBC (red) compared to the kidney cell lines, (A) ASK (green) and (B) SHK-1 (blue). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was further analysed in ShinyGO 0.76 for FDR cutoff ≤ 0.05 and DEGs with fold-change ≥ 2 and ≤ 0.5.
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Figure 3 | Differential expression analysis of selected genes associated with innate immunity in RBC, ASK and SHK-1. (A) Signaling pathways triggered by viral invasion. Red: Significantly higher normalized counts in RBC; Cyan: Similar and Significantly higher normalized counts in ASK and SHK-1. Red and cyan: Significantly different expression levels between ASK and SHK-1, and also with RBC were colored in both red and cyan. This figure was modified from the “Herpes simplex virus 1 infection” pathway- sasa05168 in KEGG, to include only immune pathways of interest. (B) Selected genes with significantly different expression pattern between the kidney cell lines, ASK and SHK-1, and RBC. #p ≤ 0.05 in RBC vs ASK and SHK-1; *p ≤ 0.05 in ASK vs RBC and SHK-1; **p ≤ 0.05 in ASK vs RBC and SHK-1; +p ≤ 0.05 in SHK-1 vs ASK and RBC.

The majority of DEGs with lower expression in RBC were primarily involved in processes of cytoskeleton and paracellular communication (“Reg. of actin cytoskeleton” and “Tight junction”) and host defense against bacterial invasion (“Salmonella infection”). Several genes were grouped within KEGG categories related to cellular senescence, metabolism and oxidative phosphorylation (Figure 2). Genes involved in ribosome biogenesis were more highly expressed in SHK-1 compared to RBC, indicating that RBC are less active in protein production (Figure 2B, bottom). Results from RBC vs ASK showed that genes linked to cell cycle events were more highly expressed in ASK (Figure 2A, bottom), which is expected for a continuous cell line.

To better understand the role of RBC in modulating functions of the innate immune system, we focused on signaling pathways involved in viral sensing and infection. These are included in the KEGG category referred to as “Herpes simplex virus 1 infection-sasa05168” pathway that consisted of the largest amount of DEGs with significantly higher expression levels in RBC. Figure 3A was extracted from the original pathway sasa05168 as established by Kanehisa Laboratories (2020). The detailed modified pathway is provided in Supplementary File A, Figure 3.

RBC expressed genes involved in toll-like receptor (TLR) and RIG-I-like receptor (RLR) signaling. Several signaling mediators in these pathways, such as interleukin 1 receptor associated kinase 1 (IRAK1) and TNF receptor associated factor 3 (TRAF3), showed a higher expression level in RBC compared to ASK and SHK-1 (Figure 3A). However, the basal expression levels of pattern recognition receptors (PRRs), TLR3, melanoma differentiation-associated protein 5 (MDA5) and RLR1 (also referred to as RIG-I or DDX58), and interferon regulatory factors (IRF) 3 and 7 were significantly higher in ASK. Several components essential to antigen processing and presentation (MHCI pathway), inhibition of viral production (PKR regulation and Jak-STAT signaling pathway) and regulation of apoptosis and viral propagation (PI3K- Akt pathway) showed significantly higher transcripts in RBC than ASK and SHK-1 (Figure 3A). While ASK and SHK-1 indicated similar expression patterns overall, a few genes related to cell cycle and immune cell differentiation were expressed significantly higher in SHK-1 (Figure 3B).




3.4 Identification of innate immune function genes in Atlantic salmon RBC

RBC have traditionally been characterized exclusively as gas exchangers expressing hemoglobins (3). As expected, several hemoglobin (Hb) subunits were found among the most highly expressed genes in RBC in the dataset (Table 1), also indicating culture purity. Expression levels of iron storage ferritins and mediators of heme biosynthetic pathway (such as BLVRB and ALAS2), which typically function in blood/RBC (34, 35), were also among the highest expressed genes. Also, MHC class I- related gene protein-like and thymus-specific serine protease (TSSP) antigen processing components were among the most highly expressed genes in salmonid RBC (Table 1). To further assess the purity of the RBC culture, transcripts of typical T cells and B cells markers were sought and evaluated. While many were not identified in our datasets, such as CD3 and CD34, a few typical T cell and B cell markers such as CD4 and CD8 (36), showed near- zero count reads (Table 1).

Table 1 | Transcript counts of the 20 most highly expressed genes in A. salmon RBC compared to ASK and SHK-1.


[image: Table listing genes with descriptions, Ensembl IDs, and expression levels in red blood cells (RBCs), ASK, and SHK-1 cell counts. Includes various hemoglobin subunits and proteins with some entries in bold.]
To assess the contribution of RBC to innate immunity, we focused on identifying components associated with pathogen recognition, cell-to-cell communication, activation of the innate immune system and host defense. The detection of infectious agents is mainly mediated by (germline-encoded) PRRs. PRRs are highly conserved among vertebrates and the main families described in fish include toll-like receptors (TLRs), nucleotide oligomerization domains (NOD) -like receptors, retinoid acid-inducible (RIG) -like receptors (RLRs), C-type lectin receptors (CLRs) and scavenger receptors (SRs) (37). A wide repertoire of PRRs from all five families was found in RBC. TLRs, RLRs and NLRs were the most abundant PRRs in the cells and those with the highest transcript levels are listed in Table 2. RLRs, which primarily recognize double- stranded (ds) RNA oligonucleotides, showed collectively the highest expression. TLR3, previously identified in salmonid RBC and known to bind dsRNA, was detected in high transcript numbers (8). TLR8, which recognizes single- stranded (ss) RNA, showed the highest expression among the TLRs (38, 39). Several NLRs, which primarily have been characterized in mammals as sensors of bacterial components, such as lipopolysaccharides (LPS) and peptidoglycans (PGNs) were identified in RBC. Variants of NLR family CARD domain containing 3- like (NLRC3L) showed the highest expression (45). In addition, NLRC5 and NOD1/NOD2 were detected. Their role and functionality in teleosts are modestly studied.

Table 2 | Pattern recognition receptors (PRRs) identified in A. salmon RBC.
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The majority of the signaling regulators and effectors which interact with TLRs and RLRs, along with various non-RLR DEAD/DEAH box RNA helicases with diverse roles in innate immunity, were identified in RBC, as shown in Figure 4 (top). Indicatively, DHX37 showed the highest expression level, however details about its function have not been determined in either fish or mammals. IRF1 (isoform 2), known to regulate the induction of interferon (IFN) and IFN-stimulated genes, and IRF9, associated with antiviral immunity (46), were highly expressed in the RBC transcriptome. Several cytokine receptors were found in our dataset, but only a few cytokines (interleukins and chemokines) were expressed in RBC, including interleukin 15 and 34 (IL15 and IL34), and CCL4- like chemokine (Figure 4). Common IFN stimulated antiviral effector genes, such as IFN stimulated gene 15 (ISG15) like (UBIL) and myxovirus resistance (Mx2), known to be induced by IFNs, were also identified in RBC in high transcript numbers.
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Figure 4 | Examples of RBC genes involved in innate immune responses identified in A. salmon RBC. Transcripts of non- RLR DEAD/DEAH box helicases, signaling adaptors and interferon regulatory factors (IRFs) (table on top). Transcripts of interleukins (ILs) and interleukin receptors (ILRs), chemokines (C-C and C-X-C motifs) and chemokine receptors and interferon (IFN) pathway activators and IFN- inducible genes (table on bottom). The expression levels of the genes were measured as median normalized count reads (counts) (RBC n= 6). Only genes with transcript reads ≥ 10 (cutoff ≥ 10 median counts) were included in the analysis. Short description of the pathways relevant for genes expressed in RBC and listed in the tables above. Elements drawn in dash have not been characterized in teleost, and their roles were based on mammalian models. Step 1. Pattern recognition receptors (PRRs). Step 2. Signaling mediators and interferon regulatory factors acting downstream of PRR binding, leading to secretion of IFNs and pro-inflammatory cytokines. Step 3. Pathways induced when secreted IFNs and cytokines bind to receptors, leading to expression of several innate immune effectors.




3.5 Differential expression analysis of RBC and kidney cell lines exposed to PRV-1

To identify the antiviral responses in RBC at early PRV-1 exposure (24 h) compared to non- susceptible cell lines, normalized RNA-seq data of the samples exposed to the virus were compared to unexposed controls through differential expression analysis (DESeq2). Information on total sequenced reads and alignment rate of mapping, along with principal component analysis (PCA) are provided in Supplementary File A, Figure 4. Differential expression analysis of RBC exposed to PRV-1 vs the unexposed controls showed a set of 46 significantly induced genes (≥ 2-fold upregulation) and 1 significantly suppressed (≤ 0.5-fold downregulation) gene (Figure 5). In contrast, 213 genes were significantly induced and 10 genes were significantly suppressed in SHK-1. In ASK, 12 genes were significantly induced and 18 genes significantly suppressed. Thus, SHK-1 demonstrated the strongest and ASK the weakest responses to PRV-1.
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Figure 5 | Differential gene expression analysis of A. salmon RBC, SHK-1 and ASK exposed to PRV-1 for 24h compared to their unexposed controls (RBC vs PRV-1, SHK-1 vs PRV-1 and ASK vs PRV-1, respectively). The analysis was performed on genes with median counts ≥ 10. Cutoff ≥ 2-fold change for upregulated DEGs and ≤ 0.5-fold change for downregulated DEGs was applied.




3.6 GO and KEGG enrichment analysis for the DEGs of RBC, ASK and SHK-1 exposed to PRV-1

We performed GO and KEGG pathway enrichment analyses with an FDR (adjusted p value) cutoff of 0.05 for the upregulated DEGs (≥ 2-fold change) in RBC, ASK and SHK-1 to identify biological processes and signaling pathways activated in response to PRV-1 (Figure 6). As the significantly downregulated genes were too few, they were not subjected to these analyses. GO enrichment analysis for Biological Process (GO : BP) resulted in 9 GO terms for RBC, 6 for SHK-1 and 3 for ASK. Genes in RBC were mainly involved in four biological processes: “Response to biotic stimulus”, “Protein modification by small protein conjugation or removal”, “Defense response” and “Immune system process”. GO term “Immune system process” consisted of 6 genes, including RLR3 [also referred to as laboratory of genetics and physiology 2 (LGP2)], melanoma differentiation-associated protein 5 (MDA5) and transcription factors involved in type I IFN-pathway activation, IRF1-2 and IRF1. From the GO terms that appeared for ASK, biological functions associated with response to stress showed the greatest representation, while groups “Immune system process” and “Defense response” consisted of only two significantly expressed genes, one of which was RLR3. Other significantly induced genes in SHK-1 were primarily involved in metabolic functions associated with the formation of nicotinamide-adenine dinucleotide phosphate, such as “Pyridine nucleotide metabolic process”, “Pyridine-containing compound” and “Nicotinamide nucleotide” biosynthetic processes. The GO : BP term “Immune system process” was also significantly enriched for SHK-1, including genes such as the dsRNA receptors RLR3 and TLR3, and the antiviral effectors, UBIL and Mx2. A detailed description of GO terms in RBC, ASK and SHK-1 is provided in Supplementary File D.
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Figure 6 | Up-regulated DEGs (cutoff ≥ 2-fold change) in ASK, RBC and SHK-1 exposed to PRV-1. Enriched Gene Ontology (GO) terms within the GO category “Biological Process” (GO : BP) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways with FDR (adjusted p value) lower than 0.05 were considered significant. (A) GO : BP (top) and KEGG pathways (bottom) enriched in ASK (green), RBC (red) and SHK-1 (blue). (B) Representation of KEGG pathway:”RIG-I-like receptor signaling pathway”-sasa04622, as significantly enriched in RBC, ASK and SHK-1. Genes involved in pathway and significantly induced in RBC, ASK and SHK-1 exposed to PRV-1 were annotated in red, green and blue, respectively.

KEGG analysis revealed one category, “RIG-I-like receptor signaling pathway”- sasa04622, which was significantly enriched in RBC, ASK and SHK-1. This category consists of genes involved in immune pathways activated upon binding of dsRNA to RLRs, including the RLR3 gene (referred to as LGP2 in the pathway). The cytosolic dsRNA receptor MDA5 gene was induced only in RBC, and the RLR1 gene was induced only in ASK (Figure 6B). In SHK-1, the tripartite motif-containing protein 25 (TRIM25) gene, IRF3 and IRF7 in this pathway was also significantly induced (Figure 6B). In contrast to RBC, genes significantly induced in SHK-1 were categorized in five more groups, four of which are involved in innate immunity (such as “Toll like receptor” and “NOD-like receptor” signaling pathways), while significantly induced genes in ASK were categorized in one additional group, associated with cytokine- cytokine interaction (Figure 6A).

Given the outcome of the differential expression analysis, GO and KEGG pathway enrichment analyses, 24 h exposure of RBC to PRV-1 triggered the activation of PRRs that recognize viral dsRNA (MDA5 and RLR3 induction) and signaling factors that regulate the secretion of IFNs and pro-inflammatory cytokines. To better understand the immune responses occurring in RBC after PRV-1 exposure, compared to non- susceptible kidney cell lines, we focused on genes typically involved in dsRNA viral recognition, signal transduction, IFN-pathway activation, and virus eradication. The comparison of the immune transcriptome responses of RBC to SHK-1 showed that SHK-1 respond more potently to PRV-1 than RBC by significantly inducing the expression of a wider repertoire of dsRNA pattern recognition receptors and typical antiviral genes. On the contrary, the comparison of RBC to ASK showed that ASK induced RLR3, while other typical antiviral responses were absent (Figure 7).
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Figure 7 | Comparison of the transcriptome responses linked to selected innate antiviral genes in RBC, SHK-1 and ASK exposed to PRV-1 (RBC vs RBC + PRV-1, SHK-1 vs SHK-1 + PRV-1 and ASK vs ASK + PRV-1, respectively). Regulation of (A) dsRNA pattern recognition receptors, (B) interferon regulatory factors, (C) genes involved in IFN-signaling patway activation and (D) IFN-inducible antiviral effectors. RBC vs PRV-1, n=6, SHK-1 vs PRV-1 and ASK vs PRV-1, n=3. *p<0.05.





4 Discussion

The present transcriptional analysis showed that genes with the highest expression levels in RBC are primarily involved in respiratory processes, including multiple hemoglobins and mediators of heme biosynthesis. This is consistent with the traditional physiological characteristics of RBC as gas exchangers (3). Previous multi-omics analyses of salmonid RBC in response to viral infection revealed the expression of several genes involved in different aspects of immunity, including antigen presentation through MHC I and MHC II (8, 47). Current transcriptomic data indicated exceedingly high basal levels of the MHC I- associated protein- encoding genes, such as UBA and UGA genes, supporting A. salmon RBC role in innate immunity. Earlier characterization of UBA and UGA genes in rainbow trout leukocytes and lymphoid organs showed induced gene expression in response to viral infection (48). However, this was not the case in A. salmon RBC exposed to PRV-1 for 24 h, for which the short period of exposure to the virus may be a possible explanation.

The number of genes expressed in RBC in resting state was at comparable level as in ASK and SHK-1 cell lines, indicating that RBC are multifunctional. Although sets of genes involved in regulation of cellular homeostasis and survival (e.g. RNA processing and protein biosynthesis) showed similar expression patterns in all three cell types, genes associated with physiological functions which promote intracellular transport (e.g. endocytosis and nucleocytoplasmic transport) and molecule degradation (e.g. ubiquitin mediated proteolysis and autophagy) appeared to be more highly expressed in RBC. In contrast, genes essential for cellular structural integrity and differentiation, such as keratins (type I or II), serpines and cofilins, showed low transcription levels in RBC, while being more prominent in both kidney cell lines. Entry of PRV-1 into RBC have been predicted to occur via receptor- mediated endocytosis through in silico comparison of PRV proteins with MRV, for which viral uptake mechanisms are well characterized (49). In this sense, higher expression levels of genes involved in intracellular transport in RBC compared to non-susceptible ASK and SHK-1, may be linked to differences in uptake mechanisms. No genes involved in endocytic processes in RBC were significantly induced in response to 24 h-exposure to PRV-1.

Genes involved in signaling pathways triggered by viral invasion were expressed in RBC as well as ASK and SHK-1, confirming that RBC possess innate immune functions, as previously published (2, 5, 8, 47). Notably, the basal expression of genes associated with antiviral defense was more distinguished in RBC, compared to genes involved in responses to bacteria, indicating that RBC exhibit higher sensitivity to viruses.

Innate immunity represents the first line of host defense against invading pathogens, the recognition of which is mediated by PRRs (36, 50). Interestingly, RBC express a wide repertoire of PRRs, some of which have not been reported in salmonid erythrocytes earlier and that are able to detect pathogen-associated molecular patterns (PAMPs) derived from viruses and other pathogens. TLR8 and NLRC3- like receptor genes appeared among the most highly expressed. Earlier studies on PRR signaling in fish showed that TLR8 and NLRC3-like receptors trigger inflammatory responses through MyD88- and NOD1/RIP2- dependent signaling pathways upon recognition of synthetic ssRNA oligonucleotides and bacterial cell wall components, respectively (38, 42). The ability of salmonid RBC to manifest innate immune responses has most extensively been studied in response to RNA viruses (8, 47, 51) and there are few reports that demonstrate their immune responses to bacterial and parasites (51, 52). Although the gene expression of microbial- specific PRRs alone should not be considered indicative for their functional role, it may strengthen the notion of RBC as contributors to innate immunity against a broad range of infectious agents.

It is worth noting that various DEAD/H- box RNA helicases, recently characterized for their diverse roles in antiviral immunity in fish and mammals, were largely detected in RBC transcriptome (41, 53). Herein, MDA5 and RLR3 are reported in A. salmon RBC for the first time. Together with RLR1, these genes belong to the RLR family. Teleost RLRs, like in mammals, bind dsRNA viruses, and subsequently induce the activation of type I IFN signaling pathway and secretion of pro-inflammatory cytokines (53, 54). Previous transcriptional studies reported significant upregulation of RLR1 in PRV-1 infected A. salmon, and MDA5 and RLR3 in viral hemorrhagic septicemia virus (VHSV) infected rainbow trout RBC (8, 22, 47).

RBC express multiple transcriptional activators that are essential for dsRNA-PRRs signaling, including several IRFs. For instance, binding of dsRNA to the cytosolic RNA sensors RLR1 or MDA5 leads to the activation of interferon promoter stimulating protein- 1 (IPS or MAVS). This activator, in association with TNF receptor- associated factor 3 (TRAF3) and TANK-binding kinase 1 (TBK-1), phosphorylates/activates IRF3/7, which potentiate the transcription of pro-inflammatory cytokines and IFNs (46, 53, 54). TLR3, similar to RLRs, is known to interact with TIR domain-containing adaptor (TRIF or TICAM1) to regulate the secretion of IFNs through the nuclear factor kappa B (NF-κB)- and IRF3/7 - dependent signaling pathways (55). In general, secreted IFN and cytokines, in turn, bind to transmembrane IFN/cytokine receptors, and trigger the expression of IFN- stimulated genes by means of recruiting kinases and transcription factors, such as JAK, STAT1/2, IRF9 and/or IRF1 (53–55). The identification of genes corresponding to such complete signaling pathways in RBC transcriptome not only reinforces RBC characterization as immune mediators, but also contributes to our original hypothesis that they regulate multiple immune functions through both well characterized and unexplored signaling pathways in salmonid RBC.

A rather intriguing finding was the expression of several interleukin (IL) and chemokine receptors in A. salmon RBC, but only a few of the corresponding cytokines were expressed. As in mammals, fish cytokines are secreted by many cell types and involved in cell-to-cell communication though an endocrine and/or paracrine manner (56, 57). The expression of pro-inflammatory IL receptor subunits, such as IL6R and IL1R, may imply immune activation of RBC upon binding to IL1 and IL6, secreted by other immune cells. Fish and mammalian IL10 and IL10R regulate anti- inflammatory functions, a feature that suggests involvement in mechanisms of viral persistence (58). Since RBC express IL10R, they may participate in processes related to such mechanism, for example in the persistent phase of PRV-1 infection (59). In contrast to rainbow trout RBC, which were shown to express IL1β, IL8 and IFNγ in response to infectious hematopoietic necrosis virus (IHNV) and thermal stress, A. salmon RBC demonstrated high transcript levels of only IL15 and IL34 (7, 36). Studies on the characterization of IL15 in rainbow trout suggested its involvement in CD4+ T cell survival, where it induces IFNγ through a STAT5p- dependent signaling pathway (60, 61). The function of IL34 is modestly explored in salmonids. However, in recent studies in fresh water fish species such as Largemouth bass (Micropterus salmoides) and grass carp (Ctenopharyngodon idella), IL34 was suggested to be involved in macrophage activation (62, 63).

The comparison of RBC to ASK and SHK-1 revealed sets of genes, which were exclusively expressed in RBC, and involved in innate/adaptive immune processes and chemotaxis. This supports the multifunctional nature of RBC, while providing insight into their unique immunological features. Indicatively, among the wide assortment of IRFs identified in the total transcriptome, IRF4 expression appeared only in RBC. Earlier characterization of IRFs in A. salmon showed that IRF4, similar to its mammalian counterpart, inhibits IFN production (64). Additional immunosuppressive effects on RBC may be mediated by IL1R2, which have been shown to compete with IL1 for binding IL1Ra in seabream (Sparus aurata) and grass carp (Ctenopharyngodon idellus) (65, 66). In mammals, CCR9 is distributed on the surface of intestine cells where it binds its specific ligand CCL25. In both mammals and teleost, upregulation of CCL25 in gut has been associated with infiltration of CCR9- expressing inflammatory cells (67, 68). The expression of CCR9 in RBC may indicate that, similarly to immature T-lymphocytes, they may migrate into tissues expressing CCL25 ligand. Mammalian C-C chemokine 4 (CCL4) is commonly expressed in different antigen- presenting cells (APC), and CCL4 regulation has only recently been studied in fish (57, 69, 70). Functional characterization of CCL4 in orange- spotted grouper (Epinephelus coioides) showed that recombinant CCL4 exhibits chemotactic activity, attracting leukocytes, such as macrophages and NK-cells, and stimulating lymphocyte differentiation (71); thus, the role of CCL4 was suggested to be conserved in teleost and mammals (69, 71). Since A. salmon RBC express CCL4, they may be involved in inflammatory responses by recruiting macrophages and NK-cells and/or triggering lymphocyte differentiation. Although, it is hard to assume the role and involvement of these cytokines and cytokine receptors in the immune functions of RBC, hypotheses regarding the possible migration of RBC into inflammatory tissue like other circulating immune cells could represent an open and interesting field of study.

A few immune genes were significantly induced in RBC 24 h after PRV-1 encounter. Most DEGs are involved in dsRNA recognition and subsequent signal transduction via IRFs, but type I IFN and IFN- stimulated genes were not found induced. In contrast, several genes implicated in RNA virus recognition and antiviral defense were significantly expressed in SHK-1, while remaining at basal levels in ASK. Previous transcriptional analysis of ASK cells in response to synthetic dsRNA analogue, poly(I:C), revealed significant induction of the RNA-specific PRRs genes MDA5 and RLR3, and antiviral effectors genes, such as type I IFN and Mx1 and ISG15, 12 h post stimulation (72). This suggests that despite the ability of ASK to respond to naked dsRNA, the processes associated with ligand recognition and initiation of immune defense may differ in response to purified virus. To date, recognition of PRV-1 in RBC has primarily been associated with the induction of endosomal TLR3 and cytosolic RLR1 (6, 8). Our data, however, showed upregulation of the MDA5 and RLR1 genes after 24 h-exposure to the virus. Several putative PRR- genes for RNA viruses were significantly induced in SHK-1, including TLR3, RLR1, MDA5 and RLR3, whereas only RLR3 was induced in ASK. PRV-1 propagation is not supported by SHK-1, and the upregulation of many genes involved in a range of different antiviral pathways in response to virus, may be a possible explanation. Interestingly, the RLR3 gene was significantly induced in all PRV-exposed cells. In contrast to RLR1 and MDA5, the role of RLR3 in antiviral immunity in fish cells is poorly understood. In mammals, RLR3 is associated with both positive and negative contribution to antiviral signaling in a concentration- dependent manner. RLR3, when at low levels, functions synergistically with MDA5, and thereby enhance MDA5-mediated antiviral signaling. Oppositely, RLR3 at high expression levels competes with RLR1 and MDA5 for dsRNA viral recognition and suppresses RLR signaling pathway by inhibiting receptor interaction with the IPS activator (73). In teleost, RLR3 has mainly been associated with positive regulation of antiviral signaling; its expression was linked to significant induction of antiviral effectors, such as Mx, in rainbow trout, and decrease of grass carp reovirus (GCRV) and spring viremia of carp virus (SVCV) titers in black carp (Mylopharyngodon Piceus) in vitro (40, 74). In contrast to mammals, functional characterization of RLR3 in fish did not show suppression or synergy with MDA5, but rather a parallel function (40). Relative expression of RLR3 in A. salmon RBC, ASK and SHK-1 in response to PRV-1 do not provide sufficient evidence for its putative function. However, its significant induction may indicate a pivotal contribution to viral recognition and the following antiviral events in the cell.

As mentioned above, MDA5 activation is commonly followed by the transcriptional activity of IRF3 and/or IRF7 (53, 75). Induction of these IRF genes has previously been reported in salmonid erythrocytes at later stages of PRV-1 infection in vivo (8). Here, only IRF1 was significantly upregulated, whereas there was not significant induction of IRF3 and IRF7 in response to PRV-1. IRF1 has been shown to actively participate in induction of IFN and ISG transcription as a response to RNA viruses in mammals and fish (46, 76). As opposed to RBC, ASK and SHK-1 expressed low levels of IRF1 both pre- and post- exposure to PRV-1. In contrast, the expression of IRF3 and IRF7 was significantly induced in SHK-1 after PRV-1 exposure, while expressed at constitutively high levels in ASK. Previous investigation of IRF involvement in antiviral defense in mammals revealed that IRF1 may function independently of IRF3/IRF7 (77). Considering that RBC is the only cell type susceptible to PRV-1, the low activation of IRF3/7 and strong induction of IRF1 in RBC could represent a difference associated with antiviral responsiveness to PRV-1.

The entry of PRV into RBC likely occur through endosomal uptake, as its mammalian counterpart MRV (78). This process leads to virion disassembly at late endosomes and release of transcriptionally active viral core particles into the cytoplasm that subsequently produce capped, but not poly- adenylated ssRNA copies (79). Interferon-induced protein with tetratricopeptide repeats 5-like (IFIT9, also referred to as IFIT5 in rainbow trout) and ubl carboxyl- terminal hydrolase 18-like (USP18) have been implicated in inhibition of VHSV replication and negative regulation of immune responses mediated by type I IFN, respectively (80, 81). Both IFIT9 and USP18 were significantly upregulated in RBC, which in correlation with the expression profile of PRRs and IRFs, may be indicative of viral status in the cells. Complementary to this, no induction of typical antiviral genes, such as Mx, interferon-stimulated gene 15- like (UBIL), PKR (referred to as EIF2aK2) and viperin-like (RSAD2), which have previously been found upregulated in PRV-1 infected RBC in vivo, was observed after a 24 h viral stimulation of RBC (8). In contrast, SHK-1 responded to PRV-1 by inducing the expression of several IFN-inducible genes and their corresponding transcription factors (e.g. STAT1/2 that regulates Mx and ISG15 transcription) significantly. Typical antiviral response genes highly expressed in SHK-1 but not in RBC, such as Mx2 and ISG15-like, may play a role in the successful eradication of the virus (72, 80, 82, 83). The comparison, however, of RBC to ASK showed that no typical antiviral responses were observed in ASK. Instead, pro-inflammatory cytokines IL-11 and CXCL10 were significantly induced. These findings may indicate that ASK cells lack viral uptake and sufficient sensing of viral RNA, whereas SHK-1 cells may take up PRV, respond, but inhibit viral replication more efficiently by strong antiviral responses. The antiviral response in RBC may be delayed compared to the SHK-1 response, which might favor the replication of the virus.

In conclusion, the present transcriptional analysis supports previous characterization of RBC as multifunctional cells with both physiological and immunological properties. In contrast to ASK and SHK-1 cells, RBC showed higher expression levels of genes related to endocytosis and intracellular transport and uniquely expressed CCL4 and CCR9 genes, suggesting putative chemotactic activity and an ability to recruit immune cells. Exposure of RBC to PRV-1 for 24 h induced a typical antiviral response of intermediate strength, stronger than in ASK cells, but possibly delayed compared to responses in SHK-1. A difference in IRF gene induction (IRF1 in RBC, IRF3/7 in SHK-1 cells) may affect the antiviral response pathway and allow onset of PRV-1 replication in RBC.
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Acipenserid herpesvirus 2 (AciHV-2) is a large double-stranded DNA virus in the family Alloherpesviridae that causes catastrophic outbreaks in young naive white sturgeon (Acipenser transmontanus) populations, with mortalities of up to 80%. Survivors of these infections are suspected to remain latently infected. The gram-positive zoonotic bacterium Streptococcus iniae is another important sturgeon pathogen that causes severe myositis and up to 50% mortality during natural outbreaks. Throughout the last decade, co-infections of AciHV-2 and S. iniae have been reported in cultured white sturgeon in California resulting in severe presentations of piscine streptococcosis. This phenomenon of herpesvirus and streptococcus co-infection appears to span multiple taxa since in humans, it is recognized that a Human herpesvirus 3 infection (VZV) is a negative prognostic indicator for pediatric Invasive Group A Streptococcal infections (IGASI). While a decrease in humoral immunity caused by VZV has been hypothesized as a potentially important factor in IGASI cases, no natural animal model exists to study this process. Moreover, no studies have investigated these reported co-infections in white sturgeon. Therefore, the goal of this study was to investigate the effects of a recent AciHV-2 infection on the outcome of a subsequent S. iniae challenge in white sturgeon fingerlings. When fish were infected with 108 colony forming units (CFU) of S. iniae intramuscularly (IM), a statistically significant decrease in survival of 41% was detected in the co-infection group compared to the S. iniae group (p-value < 0.001). This difference was not observed when fish were infected with 106 CFU of S. iniae IM. At this lower infection dose, however, a statistically significant downregulation of tnfα was observed in the spleen of fish in the co-infection group compared to the S. iniae group (p-value = 0.0098). Analysis of serum from survivors revealed a statistically significant reduction in anti-S. iniae serum IgM and serum serotransferrin in fish from the co-infection group compared to the S. iniae group (p-value = 0.0134 and p-value = 0.0183, respectively). Further studies are indicated to determine what interactions lead to the decreased production of pathogen-specific IgM, serotransferrin, and TNFα in the host.
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Graphical Abstract | [image: Effects of a previous Acipenserid herpesvirus 2 (AciHV-2) infection on Streptococcus iniae challenge in white sturgeon. Diagram shows experimental procedure involving initial virus exposure followed by a bacterial challenge after forty-four days. Key findings include decreased anti-S. iniae IgM and serotransferrin 2 levels in serum twenty-eight days post-infection, downregulated TNFα gene expression in spleen fifteen days post-infection, and 48% decrease in survival when challenged with S. iniae eighty days after AciHV-2 outbreak. Conclusion highlights altered immune response with infection-dose-dependent decrease in survival.]






1 Introduction

The white sturgeon (Acipenser transmontanus) is an anadromous fish native to the Pacific Coast of North America (Kelly, 2019) and a central part of the multi-million-dollar aquaculture industry. This species alone accounts for 95% of caviar and sturgeon meat production (Ethier, 2014), and generates an annual revenue of over 200 million dollars in exports for the western region of the United States (Carocci et al., 2004). These aquaculture practices provide substantial returns to producers, generate local employment opportunities, and allow for conservation of wild populations by offering a sustainable alternative to wild-caught fish. Continued expansion of the industry, however, is limited partially by infectious disease.

Acipenserid herpesvirus 2 (AciHV-2, also known as White sturgeon herpesvirus 2 or WSHV-2) is a large double-stranded DNA virus in the family Alloherpesviridae reported to cause epidermal ulceration, lethargy, inappetence, and erratic swimming (Watson et al., 1995; Lepa and Siwicki, 2012) with up to 50% mortality during natural outbreaks (Hanson et al., 2006; Goodwin, 2012; Mugetti et al., 2020). Streptococcus iniae (S. iniae), a gram-positive, opportunistically zoonotic bacterium that can cause severe myositis and up to 50% mortality during natural outbreaks, is another important pathogen of cultured white sturgeon (Nguyen et al., 2020; Pierezan et al., 2020). In the last decade, co-infections of AciHV-2 and S. iniae have been reported in cultured white sturgeon in California, resulting in severe presentations of piscine streptococcosis (Soto et al., 2017). This emerging presentation is particularly intriguing as S. iniae infections are typically associated with stress events when causing severe disease in white sturgeon (Nguyen et al., 2020; Pierezan et al., 2020), suggesting that immunomodulation is needed for the bacteria to behave with increased pathogenicity.

This herpesvirus-host-bacteria interaction phenomenon has been described in humans, as it pertains to pediatric Invasive Group A Streptococcal infections (IGASI), which have been increasing in prevalence over the last two decades worldwide (Frère et al., 2016; Suárez-Arrabal et al., 2019). Presentations are varied but serious and include necrotizing fasciitis (Wilson et al., 1995; Sturgeon et al., 2015), endocarditis (Laskey et al., 2000), toxic shock syndrome (Strom et al., 2017), and cellulitis (Oyake et al., 2000). These infections may cause long-term morbidity requiring extended hospitalizations and have a mortality rate of approximately 4% (Laupland et al., 2000; Strom et al., 2017). A known risk factor for a worse prognosis and more severe clinical presentation is a preceding varicella zoster infection, caused by Human herpesvirus 3 (also known as Varicella-Zoster Virus - VZV), which has been detected in 15-30% of IGASI cases in children and increases the risk of acquiring IGASI by 58 fold (Laupland et al., 2000; Sturgeon et al., 2015; Frère et al., 2016). Canada, one of the few countries to enact a universal VZV vaccination program, reported a decrease in IGASI severity, but no significant impact on the annual mean rate or overall mortality rate (Frère et al., 2016). Health disparities and disinformation are factors to consider in the success of vaccine programs (Nicoli and Appay, 2017) and there are countries where VZV vaccines are not available at this time.

While a decrease in humoral immunity of the host caused by VZV has been hypothesized as a potential important factor in IGASI (Laupland et al., 2000), the mechanisms underlying the association between VZV infection and IGASI have not been elucidated. Similarly, while AciHV-2 has been detected in various cases throughout the years, little is known about this virus’ pathogenesis and no studies have investigated its potential role in these reported co-infections in white sturgeon.

A particularity about herpesviruses is that they have been described to have a myriad of mechanisms to modulate the host’s immune response in order to establish and maintain latency (Speck and Ganem, 2010; Cohen, 2020). In latency, a reversible state achieved after the active outbreak, the full genome of the virus is maintained in the host cell with limited gene expression and no production of viral particles (Speck and Ganem, 2010). Depending on the viral species, herpesviral DNA is maintained as a circular episome (free in the nucleus or tethered to a chromosome) or integrated into the cellular chromosomes near the telomeric junction (Cohen, 2020). Even though the switch to latency severely decreases gene expression, part of the strategy of long-term persistence in the host is to focus efforts on protection from the immune system by immunomodulation, which can be initiated during the active lytic cycle of the virus or throughout the transition to latency. Latency has been extensively studied in mammalian herpesviruses, particularly in those affecting humans (Jarvis and Nelson, 2007; Speck and Ganem, 2010; Cohen, 2020), and continues to be a topic of active research, but little is known about the Alloherpesviridae family members including AciHV-2 (Stingley et al., 2003; Eide et al., 2011; Reed et al., 2014). As a member of the Herpesvirales order, and based on research done thus far involving other important alloherpesviruses such as Cyprinid Herpesvirus 3 (CyHV-3) (Eide et al., 2011; Reed et al., 2014), it is suspected that AciHV-2 has the potential for latency establishment. While this process may not cause direct mortality or clinical signs, it can have detrimental effects when it comes to the host’s ability to clear other pathogens of interest if immunomodulation is indeed occurring. This may be the case in both pediatric IGASI and the reported white sturgeon AciHV-2/S. iniae co-infections, where the transcriptional profiles of the herpesviruses may be affecting humoral immunity establishment against the bacteria as well as other unrelated pathways that play a role in protection against streptococcosis.

These natural co-infections in the white sturgeon represent an outstanding opportunity to develop an animal model to study the complex interactions that may be taking place between the herpesvirus, the immune system of the host, and the bacteria (Miller and Neely, 2005). This model would be particularly relevant because previous studies have proposed S. iniae as a good candidate for use in animal models in translational research regarding S. pyogenes, S. agalactiae, and S. pneumoniae due to causing similar clinical presentations and having several homologous virulence factors (Miller and Neely, 2005; Baiano and Barnes, 2009). Finally, the study of this phenomenon using the white sturgeon model simultaneously supports a vital aquaculture industry in the United States.

Therefore, this study aimed to assess the hypothesis that a recent, potentially latent, AciHV-2 infection in white sturgeon increases mortality caused by S. iniae and affects the host immune response when compared to single pathogen infections.




2 Materials and methods


2.1 Viral inoculum preparation

White Sturgeon Skin (WSSK-1) cells (Hedrick et al., 1991) were seeded in T75 flasks at approximately 90% confluency in Minimum Essential Media (MEM; Corning Inc, Corning, NY) supplemented with 7.5% Fetal Bovine Serum (FBS; Genesee, El Cajón, CA), L-glutamine (Gibco, Grand Island, NY), and Penicillin/Streptomycin (Gibco, Grand Island, NY) at 20°C. After 24 hours, these cells were used to propagate AciHV-2 isolate UCD3-30 (Watson et al., 1995) passage number 8 from stock. Ten days post-inoculation, the infected cell cultures were collected and centrifuged at 1900 g for 10 min. A 1 mL aliquot of the supernatant was used to determine the median tissue culture infectious dose of each viral inoculum using the Reed-Muench method (Lei et al., 2021). The remaining supernatant was used in the challenges below.




2.2 Bacterial inoculum preparation

Streptococcus iniae WS-10A (Pierezan et al., 2020) was revived from frozen stock on trypticase soy agar supplemented with 5% sheep’s blood (SBA; University of California, Biological Media Services) grown at 30°C for 48 hours. A 0.5 McFarland standard was generated in sterile phosphate-buffered saline (PBS) corresponding to an optical density measurement of 0.15 at 600 nm, read on a UV/Vis photometer (BioPhotometerPlus, Eppendorf AG). The McFarland was diluted 1:10 in sterile PBS.




2.3 Fish screening and acclimation

White sturgeon fry (n = 1000; average weight ~ 1 g) were obtained from a commercial producer and grown in a 259-gallon circular tank for four months with a flow-through system supplied with well water (18 – 20°C) and supplemental aeration maintaining 8 - 9 mg/L of dissolved oxygen. Fish were fed 4% of their body weight daily of a combination of ground and 1 mm salmon sink pellet feed (Skretting: a Nutreco company, Stavanger, Norway) via an automatic feeder. Water temperature was monitored daily and dissolved oxygen was measured weekly.

An arbitrary sample of 12 white sturgeon fry was selected for general health assessment and infectious agent screening. Briefly, fish were euthanized with 1000 mg/L (ppm) buffered tricaine methanesulfonate (MS-222, 1:1 sodium bicarbonate; Syndel USA, Ferndale, WA) and assessed grossly for any external lesions. Skin scrapes and gill clips were evaluated microscopically for evidence of external parasites. Coelomic swabs were plated on tryptic soy agar supplemented with 5% sheep blood (Biological Media Service, University of California-Davis, CA) and incubated at 20°C for 7 days for bacterial assessment. Whole bodies were 1) pooled, 2) diluted 1:5 in MEM supplemented with 2% FBS, L-glutamine, and Penicillin/Streptomycin, 3) processed using a Stomacher 80 Laboratory Blender (Tekmar Company, Cincinnati, OH), 4) brought to a 1:50 final dilution in an antibiotic mixture (FBS, Gentamycin (10 mg/mL; Gemini Bio Products, West Sacramento, CA), Fungizone (amphotericin B 10 mg/mL; Sigma, St. Louis, MO) and HEPES (Mediatech Inc, Manassas, VA), 5) incubated overnight at 10°C, 6) and plated in duplicate onto WSSK-1 and White Sturgeon Spleen (WSS-2) (Hedrick et al., 1991) cells seeded 24 hours in advance at 90% confluency in 12-well plates with MEM supplemented with 2% FBS, L-glutamine, HEPES, and Penicillin/Streptomycin. In addition, the tissue pellet from the virology process was used to screen for AciHV-2 using a recently developed quantitative PCR (Quijano Carde et al., 2024). No external parasites, pathogenic bacteria, or viruses were identified during this screening process. All protocols and procedures using these fish were ethically reviewed and approved by the University of California Institutional Animal Care and Use Committee.




2.4 Laboratory controlled challenges

For the first challenge, henceforth referred to as the “pilot challenge”, white sturgeon fingerlings (n = 144; average weight = 10 g) were used. A subgroup of 96 fish was exposed to a 5.1 x 102 Median Tissue Culture Infectious Dose (TCID50)/mL bath (Lei et al., 2021) of AciHV-2 for 1 hour. The remaining 48 fish were exposed to the same volume of sterile MEM supplemented with 2% FBS, L-glutamine, and Penicillin/Streptomycin for 1 hour and served as negative controls. For purposes of reproducibility, the fish were exposed in 5-gallon tanks. Each tank had 3 L of water, 3 mL of the virus stock or sterile cell culture media, and 12 fish. The virus aliquot used had 5.1x105 TCID50/mL. Fish were maintained at 18-20°C in 5-gallon circular tanks, fed 1% of their body weight of 1 mm-salmon sink pellet feed once daily, and monitored closely. Mortality was recorded for 80 days and a pectoral fin clip was collected from every mortality (n = 37) to quantify AciHV-2 viral load via qPCR (Quijano Carde et al., 2024). Survivors of each group were then arbitrarily sorted into duplicate 35-gallon rectangular flow-through tanks (23 fish/group) to generate four treatment groups (Negative control, AciHV-2 infected, S. iniae infected, and AciHV-2/S. iniae co-infected). Fish were allowed to acclimate to their new environment for four days while the temperature was raised 1°C per day until reaching 22-24°C via commercial submersible water heaters (Aqueon, Franklin, WI). Fish in the S. iniae infected, and AciHV-2/S. iniae co-infected groups were subjected to an S. iniae challenge following published protocols using a 109 CFU of S. iniae per mL suspension (0.1 mL per fish in the epaxial musculature for a final dose of 108 CFU per fish) under anesthesia (100 ppm buffered MS-222) after a netting stress event (two 30 sec periods out of the water within a net with 30 sec in the water within the net in between) (Nguyen et al., 2020). Fish in the Negative control, and AciHV-2 infected groups were treated similarly but were injected with 0.1 mL of PBS intramuscularly in the epaxial musculature. During the anesthetic event, a pectoral fin clip sample was collected from each fish for assessment of AciHV-2 pre-bacterial challenge via qPCR (Quijano Carde et al., 2024). Mortality was monitored for 21 days and the cumulative percent mortality (CPM) per treatment was calculated. Pectoral fin clips and spleen samples were collected from each mortality and stored at -80°C for molecular testing via AciHV-2 (Quijano Carde et al., 2024) and S. iniae (López-Porras et al., 2019) qPCR, respectively. All survivors were euthanized with 1000 ppm of buffered MS-222. Pectoral fin clips were collected from all survivors for testing of AciHV-2 via qPCR (Quijano Carde et al., 2024).

For the second challenge, henceforth referred to as the “large-scale challenge”, white sturgeon fingerlings (n = 720; average weight = 12 g) were used. A subgroup of 360 fish was exposed to a 5.96 x 102 TCID50/mL bath (Lei et al., 2021) of AciHV-2 for 1 hour. The remaining 360 fish were exposed to the same volume of sterile MEM supplemented with 2% FBS, L-glutamine, and Penicillin/Streptomycin for 1 hour and served as negative controls. For purposes of reproducibility, the fish were exposed in 35-gallon tanks. Each tank had 26 L of water, 77.5 mL of the virus stock or sterile cell culture media, and 180 fish. The virus aliquot used had 2x105 TCID50/mL. Fish were then relocated and maintained at 18-20°C in 259-gallon circular tanks, fed 1% of their body weight of 1 mm-salmon sink pellet feed once daily, and monitored closely. Mortality was recorded for 44 days and a pectoral fin clip was collected from every mortality (n = 180) to quantify AciHV-2 viral load via qPCR (Quijano Carde et al., 2024). Survivors of each group were then arbitrarily sorted into triplicate 35-gallon rectangular flow-through tanks (20 fish/tank) to generate four treatment groups (Negative control, AciHV-2 infected, S. iniae infected, and AciHV-2/S. iniae co-infected; 60 fish/group). Fish were allowed to acclimate to their new environment for four days while the temperature was raised 1°C per day until reaching 22-24°C via commercial submersible water heaters (Aqueon, Franklin, WI). Fish in the S. iniae infected, and AciHV-2/S. iniae co-infected groups were subjected to an S. iniae challenge following published protocols using a 107 CFU of S. iniae per mL suspension (0.1 mL per fish in the epaxial musculature for a final dose of 106 CFU per fish) under anesthesia (100 ppm buffered MS-222) after a netting stress event (two 30 sec periods out of the water within a net with 30 sec in the water within the net in between) (Nguyen et al., 2020). This bacterial concentration was lower than the one used in the pilot challenge discussed above in order to reduce mortalities and thus have enough fish for immune response assessment sampling. Fish in the Negative control, and AciHV-2 infected groups were treated similarly, but were injected with 0.1 mL of PBS intramuscularly in the epaxial musculature. Mortality was monitored for 28 days and the cumulative percent mortality (CPM) per treatment was calculated. Pectoral fin clips and spleen samples were collected from each mortality and stored at -80°C for molecular testing via AciHV-2 (Quijano Carde et al., 2024) and S. iniae (López-Porras et al., 2019) qPCR, respectively. Two fish per tank were euthanized with 1000 ppm buffered MS-222 on day 15 post-injection. The spleen of each euthanized fish was collected aseptically and incubated individually in 0.5 mL of RNAlater (Thermofisher Scientific, Waltham, MA) overnight at 4°C before being transferred to -80°C for storage until reverse-transcription qPCR (RT-qPCR) analysis. In addition, a pectoral fin clip and spleen sample were collected from each euthanized fish for molecular testing via AciHV-2 (Quijano Carde et al., 2024) and S. iniae (López-Porras et al., 2019) qPCR, respectively. At least five moribund individuals per group were euthanized throughout the study and submitted for histological analysis in 10% neutral-buffered formalin (pH 7.2) after fixing for a minimum of 24 hours. Representative tissues (skin, skeletal muscle, gastrointestinal tract, oral cavity, brain, eyes, heart, gills, liver, kidney, spleen, and reproductive tract) were processed routinely, embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin (H&E) or Gram stain. Slides were scored based on four categories: “degree of erosion/ulceration”, “distribution of erosion/ulceration”, “percentage of section affected”, and “muscle necrosis”. At 28 days post-injection, all survivors were euthanized with 1000 ppm of buffered MS-222. Ten euthanized individuals per group of this time point were used for the collection of blood, fin clip samples, spleen samples, and swabs as described in the remainder of this paragraph. At least 0.8 mL of blood was collected individually in microcentrifuge tubes (with no anticoagulant) from the caudal vein. Clotted blood was then centrifuged at 10,000 g for 5 min and the serum was stored individually at -20°C until enzyme-linked immunosorbent assay (ELISA) and Western Blot analysis. Re-isolation of bacteria from the posterior kidney and brain swabs was performed in SBA. Pectoral fin clips and spleen samples were collected for molecular testing via AciHV-2 (Quijano Carde et al., 2024) and S. iniae (López-Porras et al., 2019) qPCR, respectively. A spleen sample was also collected aseptically and immersed in 0.5 mL of RNAlater (Thermofisher Scientific, Waltham, MA) overnight at 4°C before being transferred to -80°C for storage until reverse-transcription qPCR (RT-qPCR) analysis. A graphical representation of the timeline of the large-scale challenge can be found in Supplementary Figure 1.




2.5 Pathogen quantification and gene expression assay

Genomic DNA from fin and spleen samples was isolated using the DNeasy Blood & Tissue kit (QIAGEN, Hilden, Germany) with the following modifications: tissues were incubated with ATL buffer and proteinase K at 56°C for 1 hour and samples were incubated with AL buffer at 56°C for 10 minutes. Isolated DNA was stored at -20°C until analysis using the recently developed AciHV-2 qPCR (Quijano Carde et al., 2024) and the previously published S. iniae qPCR (López-Porras et al., 2019). Positive controls were included in each assay, consisting of purified genomic DNA extracted from the original inoculums described above in sections 2.1 and 2.2 (107 copies/reaction). The DNA concentration and quality of each sample and control were assessed spectrophotometrically (Nanodrop; Thermofisher Scientific, Waltham, MA) and all samples and controls were diluted in sterile water to 50 ng/μL before being used in the qPCR reactions, for a total of 250 ng of DNA per 12 μL reaction. All samples and controls were run in triplicate while using the TaqMan Environmental Master Mix on the QuantStudio3 Real-Time PCR System (Thermofisher Scientific, Waltham, MA).

Total RNA from spleen samples, as well as genomic DNA, were isolated using the AllPrep DNA and RNA Mini Kit (QIAGEN, Hilden, Germany). The DNA and RNA concentration and quality of each sample were assessed spectrophotometrically (Nanodrop). The DNA samples were used for qPCR as described above. The RNA samples were reversed transcribed to cDNA using the High-capacity RNA-to-cDNA kit (Thermofisher Scientific, Waltham, MA). The cDNA samples were diluted 1:2 in sterile water and used to quantify transcript abundance of cytokines, acute-phase proteins, and other molecules involved in various immune pathways from the innate and adaptive responses (Serum Amyloid A - saa, Major Histocompatibility Complex Class II - mhcII, Interleukin 17 - il17, Interferon Regulatory Factor 8 - irf8, and Tumor Necrosis Factor alpha - tnfα) via previously published reverse-transcription qPCR (RT-qPCR) (Soto et al., 2021; Soto et al., 2022) protocols. The expression of the Elongation Factor and Beta Actin genes was used to normalize the gene expression data and all samples were run in duplicate. The primer sequences used in this study can be found in Supplementary Table 1.




2.6 Detection of serum anti-S. iniae IgM in challenge survivors

An indirect enzyme-linked immunosorbent assay (ELISA) was performed following previously published protocols (Heckman et al., 2022) with modifications. Briefly, S. iniae (isolate WS-10A) was grown from stock on SBA at 28°C for 48 hours. The bacteria was resuspended in coating buffer (1% poly-L-lysine in carbonate-bicarbonate) to an optical density (OD) of 0.245 at 600 nm. Immulon 2HB Flat Bottom Microtiter 96-well plates (Thermofisher Scientific, Waltham, MA) were coated with 100 μL of bacterial suspension per well and incubated overnight at 4°C.

The plates were washed three times with low-salt wash buffer (LSWB; 0.02 M Trizma base, 0.38 M NaCl, 0.05% Tween-20, pH 7.3) and a 250 μL suspension of blocking buffer (5% skim milk powder in double-distilled water) added to each well before incubation at room temperature for 3 hours. Following incubation, the plates were washed again three times with LSWB. The white sturgeon serum samples collected at the end of the challenge were diluted 1:200 in LSWB containing 1% bovine serum albumin (BSA; Sigma) and 100 μL of the diluted serum or sterile PBS was added to respective plate wells in duplicate. Plates were then incubated overnight at 4°C.

The plates were washed five times with high-salt wash buffer (HSWB; 0.02 M Trizma base, 0.5 M NaCl, 0.01% Tween-20, pH 7.7), including a 5 min soak on the last wash. Mouse anti-sturgeon IgM monoclonal antibodies (Aquatic Diagnostics Ltd, UK) were diluted 1:75 in PBS and 100 μL added to each well. The plates were incubated at room temperature for 1 hour before washing five times with HSWB, including a 5 min soak. Goat anti-mouse IgG with conjugated horseradish peroxidase (Sigma-Aldrich, St. Louis, MO) was diluted 1:3000 in LSWB with 1% BSA and 100 μL was added to each well. The plates were incubated at room temperature for 1 hour and then washed with HSWB five times, including a 5 min soak on the last wash. Each well received 100 μL of substrate solution (ABTS 1-component microwell peroxidase substrate kit; SeraCare Life Sciences, Milford, MA) and the plates were incubated at room temperature for 30 min. The reaction was terminated by adding 100 μL of stop solution (0.01% Sodium Dodecyl Sulfate in distilled water) to each well. Absorbance at 410 nm was measured using a Cytation 5 Cell Imaging Multimode Reader (BioTek, Winooski, VT) and standardized against the PBS controls.




2.7 Detection of serum serotransferrin in challenge survivors

Serum serotransferrin (STF-2) levels were determined following previously published protocols (Soto et al., 2022). Briefly, the protein concentration in each serum sample was determined using the Pierce BCA Protein Assay Kit (Thermofisher Scientific, Waltham, MA). An aliquot of 25 μg of total protein per sample was denatured in Laemmli buffer (Bio-Rad Laboratories, Hercules, CA) for 5 min at 95°C. Samples were loaded into Mini-PROTEAN® TGX Stain-Free™ 4–15% gels (Bio-Rad Laboratories, Hercules, CA) and separated using the Mini-PROTEAN® Tetra Cell gel apparatus (Bio-Rad Laboratories, Hercules, CA) for 50 min at 150 v. Total protein per sample was imaged using the stain-free application on the ChemiDoc MP imager (Bio-Rad Laboratories, Hercules, CA). Gels were then activated and transferred onto 0.22 μm nitrocellulose (STF) membranes (Azure Biosystems, Dublin, CA) using the Trans-Blot® Turbo™ Mini-size Transfer Stacks and the Trans-Blot® Turbo™ Transfer System (Bio-Rad Laboratories, Hercules, CA) for 3 min. Total protein per sample was imaged again as described above. Membranes were immediately transferred to the blocking buffer of 5% non-fat dry milk in PBS with Tween (PBSTW; 1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4, pH 7.4, 0.1% (w/v) Tween 20) and incubated with gentle agitation for 2 h at room temperature. Each blot was then incubated with the following primary/secondary antibody combination: 1) chicken anti-sturgeon serotransferrin (1:500, Somru BioScience Inc., Charlottetown, PE, CA) and 2) donkey anti-chicken IgY++(IgG) (H + L) (1:10,000 Jackson ImmunoResearch Laboratories, Inc.). The primary antibody was diluted in its blocking buffer (5% non-fat dry milk in PBS with Tween) and incubated for 18 hours at 4°C with gentle agitation, while the secondary antibody was diluted in its blocking buffer (5% non-fat dry milk in PBS with Tween) and incubated for 1 h at room temperature with gentle agitation. All protein bands were visualized using Clarity™ Western ECL Substrate Chemiluminescent Detection Reagent (Bio-Rad Laboratories, Hercules, CA) prior to image acquisition and visualized using a ChemiDoc MP Imaging System (Bio-Rad Laboratories, Hercules, CA). Image analysis was performed using Image Lab™ Software (Bio-Rad Laboratories, Hercules, CA). The data is presented as the ratio of protein of interest expressed as a “fold difference” to the loading control, normalized to total protein levels.




2.8 Statistical analysis

The CPM was assessed using Kaplan-Meier survival analysis with a Mantel-Cox test. All data, except survival data, was assessed for normality with a D’Agostino-Pearson omnibus K2 test. Differences between groups for the viral and bacterial loads were determined using unpaired t-tests and Mann-Whitney tests as appropriate for the desired comparison. The significance of differences in relative gene expression levels between treatments was calculated using a one-way ANOVA or a Kruskal-Wallis test as appropriate followed by a Holm-Sídák’s multiple comparison test (with a single pooled variance) or a Dunn’s multiple comparison test, respectively. The IgM quantification between groups was assessed with a one-way ANOVA and a Sídák’s multiple comparison test (with a single pooled variance). The STF-2 quantification between groups was assessed with a Kruskal-Wallis test and a Dunn’s multiple comparison test. The histopathologist was not blinded as to treatment group identity and the histopathological scores were compared via one-way ANOVA and a Sídak’s multiple comparison test (with a single pooled variance). All results were considered significant at p-values ≤ 0.05.





3 Results


3.1 Challenge

During the AciHV-2 portion of both challenges, the sturgeon in the AciHV-2 infected group began showing clinical signs seven days post-immersion. Clinical signs included erythema (Figure 1A), lethargy, splenomegaly (Figure 1B), decreased feed intake, buoyancy abnormalities, epidermal ulcerations (Figure 1C), and acute mortality. In addition, it was common to find moderate to severe colonization of the mouth and opercular cavities by oomycetes (Figure 1D) in fish displaying severe clinical signs. The experimental group experienced a decrease in survival of 40% (pilot) and 50% (large-scale) compared to the negative control, with mortalities starting 18 days post-infection (pilot challenge, Figure 2A) and eight days post-infection (large-scale challenge, Figure 3A). Survivors had no overt clinical signs 52 days (pilot challenge) and 40 days (large-scale challenge) post-immersion, with only sporadic mortalities observed in the following days before the bacterial co-infection (Figures 2A, 3A, respectively). When assessing viral load in the mortalities, 89% in the pilot challenge (Figure 2C) and 94% in the large-scale challenge (Figure 3C) tested positive via qPCR with a mean viral load of 106 copies in the pilot challenge (Figure 2B) and 105.4 copies (large-scale challenge, Figure 3B) per μg of total DNA. Two fish in the negative control group died during the large-scale challenge and they both tested negative for AciHV-2 via qPCR (Figure 3C). Finally, a screening of AciHV-2 via qPCR was performed in the pilot challenge prior to the bacterial infection and only 0.06% of fish tested positive for AciHV-2 (Figure 2D).

[image: Four images of different sturgeon fish specimens labeled A, B, C, and D. A and B show pale fish with visible injuries indicated by white arrows. C and D depict darker, intact fish, with arrows pointing to specific parts of their bodies.]
Figure 1 | Clinical signs in white sturgeon during AciHV-2 challenge. White sturgeon fingerlings were exposed to a 5.1x102 TCID50/mL (pilot challenge) or a 5.96x102 TCID50/mL (large-scale challenge) bath for 1 hour. Morbidity and mortality were monitored for 44 (large-scale challenge) to 80 (pilot challenge) days after immersion. These are representative images of clinical signs and gross changes observed in both challenges during the AciHV-2 outbreak portion of the experiments. (A) Erythema surrounding pelvic fins in a fresh mortality. (B) Splenomegaly in a fresh mortality. Pectoral fins had been clipped for diagnostic purposes post-mortem. (C) oomycetes colonization in an euthanized fish. (D) Epidermal ulceration medial to the left eye in a fresh mortality. The white arrows point towards the lesions described.

[image: A) Survival curve graph shows White Sturgeon survival during AciHV-2 infection with a significant decline in AciHV-2 group compared to control. B) Scatter plot displays viral load in AciHV-2 challenge mortalities, indicating variability. C) Bar graph depicts AciHV-2 status in mortalities, showing most samples are positive. D) Scatter plot illustrates AciHV-2 load in survivors before bacterial challenge, with measured values and variation.]
Figure 2 | Acipenserid Herpesvirus 2 (AciHV-2) challenge during pilot challenge. A 1- hour static immersion challenge with 5.1x102 TCID50/mL) of Acipenserid Herpesvirus 2 (AciHV-2) was performed (n=96). A negative control group was treated similarly but sterile cell culture media was used instead of virus suspension (n=48). Mortality was monitored for 80 days and mortalities were tested for AciHV-2 via qPCR of pectoral fin DNA. Survivors were tested for AciHV-2 via quantitative polymerase chain reaction (qPCR) of DNA extracted from the pectoral fin of each fish. (A) The solid shapes represent the mean cumulative mortality at each day. The different experimental groups are color-coded. A statistically significant reduction in survival is seen in the AciHV-2 exposed group when compared with the negative control group. (B) The solid dots represent the mean viral load of sampled mortalities, with the standard error of the mean plotted. Four mortalities in the AciHV-2 group had undetermined Ct values and are not displayed in this graph. The mean viral load among mortalities was 106 copies/ug total DNA. (C) The bars represent the number of samples tested for AciHV-2 via qPCR, color-coded by qPCR result. This shows that 89% of the mortalities in the AciHV-2 group tested positive for AciHV-2 via qPCR. (D) The solid dots represent the mean viral load of sampled survivors, with the standard error of the mean plotted. Only three individuals tested positive with a mean viral load of 104.9 copies/ug total DNA.

[image: A set of three graphs illustrating the impact of AciHV-2 infection on white sturgeon. Panel A displays a survival curve showing a significant decrease in survival for the AciHV-2 group compared to the negative control over 50 days. Panel B is a scatter plot showing the viral load in mortalities of the AciHV-2 group, with data points mostly clustered around the mean. Panel C is a bar chart indicating most samples in the AciHV-2 group were positive, while the negative control had few positives. Statistical significance is indicated in panels A and C.]
Figure 3 | Acipenserid Herpesvirus 2 (AciHV-2) challenge during large-scale challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a 5.96x102 TCID50/mL bath or a sterile cell culture media bath for 1 hour. Mortality was monitored for 44 days after immersion and mortalities tested for AciHV-2 via quantitative polymerase chain reaction (qPCR). Survivors were weighed at the end of the challenge. (A) The solid shapes represent the mean cumulative mortality at each day. The different experimental groups are color-coded. A statistically significant reduction in survival is seen in the AciHV-2 exposed group when compared with the negative control group. (B) The solid dots represent the mean viral load of sampled mortalities, with the standard error of the mean plotted. Both mortalities in the negative control group and 11 mortalities in the AciHV-2 group had undetermined Ct values and are not displayed in this graph. The mean viral load among mortalities was 105.4 copies/ug total DNA. (C) The bars represent the number of samples tested for AciHV-2 via qPCR, color-coded by qPCR result. This shows that 94% of the mortalities in the AciHV-2 group tested positive for AciHV-2 via qPCR, while none of the mortalities in the negative control group tested positive for AciHV-2 via qPCR. There is a strong association between an AciHV-2 positive status and the experimental group.

During the co-infection portion, the sturgeon infected with S. iniae began developing clinical signs 24 hours post-injection in both the pilot and the large-scale challenges (Figure 4A). Clinical signs included lethargy, inappetence or anorexia, injection site ulceration (Figures 4B–D), and acute mortality. In the pilot challenge, the co-infection group had a statistically significant decrease in survival of 41% compared to the S. iniae group and 36% compared to AciHV-2 group (Figure 5A). The trends in mortality in the large-scale challenge were consistent with the pilot challenge, with the co-infected group showing a decrease in survival of 7.8% compared to the S. iniae group and 9.1% compared to the AciHV-2 group, but this was only statistically significantly different when compared with the AciHV-2 group and not when compared to the S. iniae group (Figure 6A). In addition, mortalities started in the co-infection group 24 hours earlier than in the S. iniae group during both the pilot and large-scale challenges (Figures 5A, 6A, respectively). In terms of viral and bacterial loads of the challenge mortalities, there was no statistical difference in loads between groups (Figures 5B, C, 6B, C). During the pilot challenge, only four individuals tested positive for AciHV-2 and there was no statistical difference in viral load between groups (p-value = 0.5538, Figure 5D). During the large-scale challenge, all euthanized individuals for gene expression sampling tested negative for AciHV-2 and S. iniae via qPCR (n = 6 per group at 15 days post-bacterial infection and n = 10 per group at 28 days post-bacterial infection).

[image: Four images labeled A to D show a fish, likely a sturgeon, in different views and conditions. A) A syringe is injecting or drawing fluid from the fish. B) The fish has a visible lesion indicated by an arrow. C) Another angle showing lesions on the fish's side. D) Close-up of the lesions with an arrow pointing to them. A gloved hand is holding the fish in some images.]
Figure 4 | Clinical signs and gross changes in white sturgeon during AciHV-2 and S. iniae co-infection challenge. White sturgeon fingerlings were exposed to a 5.1x102 TCID50/mL (pilot challenge) or a 5.96x102 TCID50/mL (large-scale challenge) bath for 1 hour or an equivalent volume of sterile cell culture media. Survivors were then injected with 106 CFU S. iniae per fish or 0.1 mL of sterile Phosphate Buffered Saline. Clinical signs and mortality were monitored for 28 days. (A) Injection site for the S. iniae intramuscular challenge in an anesthetized white sturgeon fingerling. (B) Mild cutaneous ulceration at the injection site in a fresh mortality. (C) Moderate to severe ulceration at the injection site in a fresh mortality. (D) Moderate to severe ulceration at the injection site with subdermal hemorrhage. The white arrows point towards the lesions described.

[image: Chart set showing the impact of AciHV-2 and S. iniae on white sturgeon survival and viral/bacterial loads. Panel A: Survival curve over 20 days, with varying effects of control, AciHV-2, S. iniae, and co-infection. Panels B-D: Viral and bacterial loads displayed, with data points and error bars indicating differences in mortality and survival under co-infection challenges. Statistical significance and sample sizes are annotated.]
Figure 5 | Acipenserid Herpesvirus 2 (AciHV-2) and Streptococcus iniae (S. iniae) co-infection pilot challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a 5.1x102 TCID50/mL AciHV-2 bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 80 days were re-sorted into groups of 23 fish per treatment. Fish received either 108 CFU of S. iniae or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was monitored for 21 days after injection and mortalities were tested for AciHV-2 and S. iniae via quantitative polymerase chain reaction (qPCR). (A) The solid shapes represent the mean cumulative mortality at each day, with standard error of the mean plotted. The different experimental groups are color-coded. The black stars indicate statistical significance between the bracketed groups and p values are stated below. Results reveal that the S. iniae group that was previously infected with AciHV-2 had a statistically significant decrease in survival of 41% compared to S. iniae alone and of 36% compared to AciHV-2 alone. (B) The solid dots represent the mean viral load of sampled mortalities, with the standard error of the mean plotted. Only the AciHV-2 group mortalities tested positive for AciHV-2 via qPCR. (C) The solid dots represent the mean bacterial load of sampled mortalities, with the standard error of the mean plotted. There was no statistical difference in bacterial loads between groups. This also shows that 100% and 45% of the mortalities in the S. iniae and in the co-infection groups, respectively, tested positive for S. iniae. There is a strong association between an S. iniae positive status and the experimental group (p value ≤ 0.0001). (D) The solid dots represent the mean viral load of sampled survivors, with the standard error of the mean plotted. Experimental groups are color-coded. There was no statistical difference in viral load between groups.

[image: Survival and viral/bacterial load graphs related to White Sturgeon under AciHV-2 and S. iniae co-infection. Graph A shows survival over 30 days with various infection groups, indicating significant differences in survival rates. Graph B displays AciHV-2 load in mortalities for AciHV-2 only and co-infection groups, showing non-significant differences. Graph C presents S. iniae load during co-infection, with no significant differences between AciHV-2 negative and positive groups. Statistical significance denoted by asterisks.]
Figure 6 | Acipenserid Herpesvirus 2 (AciHV-2) and Streptococcus iniae (S. iniae) co-infection large-scale challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a 5.96x102 TCID50/mL AciHV-2 bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 44 days were re-sorted into groups of 60 fish (triplicate tanks of 20 fish each) per treatment. Fish received either 106 CFU of S. iniae or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was monitored for 28 days after injection and mortalities tested for AciHV-2 and S. iniae via quantitative polymerase chain reaction (qPCR). (A) The solid shapes represent the mean cumulative mortality at each day, with standard error of the mean plotted. The different experimental groups are color coded. A statistically significant reduction in survival is seen in all infected groups when compared to the negative control, except for the AciHV-2 group. When comparing infected groups among themselves, the co-infection group has the lowest survival, showing a statistically significant reduction compared to the AciHV-2 group. (B) The solid dots represent the mean viral load of sampled mortalities, with the standard error of the mean plotted. There was no statistical difference in viral loads between groups. This also shows that 67% and 45% of the mortalities in the AciHV-2 and in the co-infection groups, respectively, tested positive for AciHV-2. There is a strong association between an AciHV-2 positive status and the experimental group (p value = 0.0027). (C) The solid dots represent the mean bacterial load of sampled mortalities, with the standard error of the mean plotted. There was no statistical difference in bacterial loads between groups. This also shows that 89% and 45% of the mortalities in the S. iniae and in the co-infection groups, respectively, tested positive for S. iniae. There is a strong association between an S. iniae positive status and the experimental group (p value ≤ 0.0001).

Histopathological analysis of at least five moribund or fresh mortalities per group during the large-scale challenge revealed that erosion and ulceration scores were only statistically significantly increased in the groups infected with AciHV-2 (Figures 7A–C, p-value < 0.0001). In addition, while lesions in fish exposed to S. iniae were most often characterized by muscle necrosis, none of the infected groups had statistically significant muscle necrosis scores present in the sections analyzed when compared to the negative control (Figure 7D). However, it is important to note that the injection site may have been absent in certain slides evaluated, affecting the overall score per group. Representative images of the lesions used for histopathological scoring can be found in Supplementary Figure 2. In fish infected with AciHV-2, lesions were often centered on the epithelium (skin and oral mucosa) and were characterized by areas of erosion and ulceration (Figures 8C, D, G). Secondary colonization of these areas of ulceration by bacteria (Figures 8D, G) and/or oomycetes (Figure 8C) was common. In fish infected with S. iniae, lesions were most pronounced at the injection site and were characterized by degeneration and necrosis of the myocytes surrounding the injection site, as well as large numbers of coccoid bacteria (Figures 8E, H). There also appeared to be large numbers of intravascular coccoid bacteria, consistent with septicemia. Fish infected with both AciHV-2 and S. iniae typically exhibited epithelial lesions and/or injection site lesions.

[image: Four graphs labeled A to D compare histopathologic scores among experimental groups for different conditions. Graph A shows the degree of erosion/ulceration, B shows the distribution of erosion/ulceration, C shows percentage of section affected, and D shows muscle necrosis. Each graph compares negative control, *S. iniae*, *ActIIV-2* and *S. iniae*, and *ActIIV-2* with significance indicated by asterisks. All graphs feature a scale from zero to three, with a stated p-value less than 0.0001 for significance.]
Figure 7 | Histopathologic evaluation of tissues from mortalities of the co-infection challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a 5.96x102 TCID50/mL Acipenserid herpesvirus 2 (AciHV-2) bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 44 days were re-sorted into groups of 60 fish (triplicates of 20 fish) per treatment. Fish received either 106 CFU of S. iniae or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was monitored for 28 days after injection and at least 5 mortalities from each challenged group (S. iniae group and AciHV-2 group: n = 9 each; co-infection group: n = 5) were submitted for histopathologic analysis. The negative control representatives (n = 10) were submitted as euthanized survivors at the end of the study. (A) The “degree of erosion/ulceration” category was scored from 0-3 per slide where 0 represented no erosion or ulceration, 1 represented loss of superficial epithelial cells (erosion), 2 represented loss of epidermis/mucosal epithelium (ulceration), and 3 represented loss of dermis/underlying connective tissue. (B) The “distribution of erosion/ulceration” category was scored from 1-2 per slide where 0 represented no erosion or ulceration, 1 represented focal erosion or ulceration, and 2 represented multifocal erosion or ulceration. (C) The “percentage of section affected” category was scored from 0-4 per slide where 0 represented no erosion or ulceration, 1 represented less than 25% of the section affected, 2 represented between 25% and 50% of the section affected, 3 represented between 51% and 75% of the section affected, and 4 represented more than 75% of the section affected. (D) The “muscle necrosis” category was scored from 0-1 per slide where 0 represented no muscle necrosis present, and 1 represented muscle necrosis present. Results reveal that the degree of, distribution of, and percentage of section affected with erosion/ulceration appears to be driven by the AciHV-2 infection. In addition, none of the infected groups had significant muscle necrosis present in the sections analyzed. Values represent mean with standard error of the mean plotted.

[image: Histological images labeled A to H, showing different tissues stained for microscopic examination. Each image includes arrows pointing to specific cells or structures. The scale bars indicate magnification, with most images at fifty micrometers, except for F and H at twenty micrometers. The images display variations in cell density, tissue arrangement, and staining intensity, highlighting different tissue types and conditions.]
Figure 8 | Histopathological findings during co-infection challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a 5.96x102 TCID50/mL Acipenserid herpesvirus 2 (AciHV-2) bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 44 days were re-sorted into groups of 60 fish (triplicates of 20 fish) per treatment. Fish received either 106 CFU of S. iniae or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was monitored for 28 days after injection and at least 5 mortalities from each challenged group (S. iniae group and AciHV-2 group: n = 9 each; co-infection group: n = 5) were submitted for histopathologic analysis. The negative control representatives (n = 10) were submitted as euthanized survivors at the end of the study. (A, B) the negative control showed no overt pathology (H&E). (C, D) the AciHV-2 group showed ulceration - loss of epithelium, and exposure of underlying connective tissue/cartilage (C) or skeletal muscle (D) with secondary oomycete (C) or bacterial (D) colonization (H&E). (E) the S. iniae group showed regionally extensive rhabdomyonecrosis with large numbers of intralesional coccoid bacteria (H&E). (F) the S. iniae group showed regionally extensive rhabdomyonecrosis with large numbers of intralesional Gram-positive bacteria (Gram stain). (G) the co-infection group showed ulceration - loss of epidermis, and exposure of underlying connective tissue/cartilage with secondary colonization by bacteria (H&E). (H) the co-infection group showed regionally extensive rhabdomyonecrosis with large numbers of intralesional coccoid bacteria (H&E). The black arrows point towards the lesions described.




3.2 Immune-related gene expression assessment

At 15 days post-bacterial infection during the large-scale challenge, there was a statistically significant downregulation of tnf-α transcripts in the spleen of fish in the co-infection group compared to both single pathogen groups (Figure 9A, p-value = 0.0098). In addition, there was a statistically significant downregulation of irf8 transcripts in the co-infection group compared to the negative control group (Figure 9B, p-value = 0.0374). Finally, there was a statistically significant downregulation of saa transcripts in all infected groups compared to the negative control group (Figure 9D, p-value 0.0472). These changes were not present at 28 days, but there was a statistically significant downregulation of saa transcripts in the groups infected with S. iniae compared to the AciHV-2 group (Figure 10D, p-value 0.0323).
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Figure 9 | Gene expression at 15 days post co-infection challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a 5.96x102 TCID50/mL bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 44 days were re-sorted into groups of 60 fish (triplicates of 20 fish) per treatment. Fish received either 106 CFU of S. iniae or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was monitored for 28 days after injection. Two fish per tank (six fish per group) were euthanized at 15 days post-injection and spleens were collected for reverse transcription quantitative polymerase chain reaction (RT-qPCR) of important players in the immune response, using elongation factor and beta-actin as housekeeping genes. Results are plotted as the mean and standard error of the mean. Results reveal a statistically significant transcriptional downregulation of tumor necrosis factor alpha (tnfα - A) in the coinfection group compared to the single pathogen groups, as well as some differential transcription of interferon regulatory factor 8 (irf8 - B) and serum amyloid a (saa - D) when compared to the negative control. A is for tumor necrosis factor alpha, B is for interferon regulatory factor 8, C is for cathelicidin, D is for serum amyloid A, E is for major histocompatibility complex II, and F is for interleukin 17.

[image: Bar graphs displaying log fold change in expression of six genes across different experimental groups: Negative control, AciHV-2, S. iniae, and AciHV-2/S. iniae. Panels A to F represent different genes: tnfa (A), ifng (B), cathelicidin (C), stat1 (D), mhc-II (E), and il-17 (F). Significance is noted in panel D with asterisks indicating p-values. Other panels show non-significant changes. Error bars indicate variability within groups.]
Figure 10 | Gene expression at 28 days post co-infection challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a 5.96x102 TCID50/mL bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 44 days were re-sorted into groups of 60 fish (triplicates of 20 fish) per treatment. Fish received either 106 CFU of S. iniae or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was monitored for 28 days after injection. Ten fish per group were euthanized at 28 days post-injection and spleens were collected for reverse transcription quantitative polymerase chain reaction (RT-qPCR) of important players in the immune response, using elongation factor and beta actin as housekeeping genes. Results are plotted as the mean and standard error of the mean. Results reveal a statistically significant transcriptional downregulation of serum amyloid a (saa - D) in the groups infected with bacteria when compared to the AciHV-2 group. A is for tumor necrosis factor alpha, B is for interferon regulatory factor 8, C is for cathelicidin, D is for serum amyloid A, E is for major histocompatibility complex II, and F is for interleukin 17.




3.3 Humoral immunity assessment

Assessment of anti-S. iniae IgM present in the serum of challenged fish revealed a statistically significant reduction in anti-S.iniae serum IgM in fish from the coinfection group compared to fish in the S. iniae group (Figure 11, p-value = 0.0134).

[image: Bar graph showing relative absorbance of Anti-S. iniae IgM in serum across four experimental groups: Negative Control, S. iniae, AciHV-2 and S. iniae, and AciHV-2. Data points are marked with different shapes and colors. Significant differences are indicated by p-values (0.0002, 0.0134, 0.0163) above the bars. Error bars are included. Sample size is 10.]
Figure 11 | Detection of Serum Anti-S. iniae IgM in Survivors of Co-infection Challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a 5.96x102 TCID50/mL bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 44 days were re-sorted into groups of 60 fish (triplicates of 20 fish) per treatment. Fish received either 106 CFU of S. iniae or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was monitored for 28 days after injection and whole blood was collected from the caudal vein of 10 survivors per group. Serum was obtained from the whole blood samples and an indirect enzyme-linked immunosorbent assay (ELISA) was performed to detect anti-S. iniae IgM. The solid shapes represent the mean relative absorbance using an OD405-410, with standard error of the mean. The p values calculated between groups is stated in each comparison bracket. Results reveal that the S. iniae group that was previously infected with AciHV-2 had a statistically significant decrease in serum anti-S. iniae IgM levels compared to the group that received S. iniae alone.




3.4 Acute-phase protein analysis

Assessment of acute phase proteins in the serum of survivors of the co-infection challenge revealed a statistically significant decrease in serum serotransferrin 2 in the groups previously exposed to AciHV-2 compared to the negative control and S. iniae groups (Figure 12).

[image: Bar graph depicting normalized expression of Serotransferrin 2 in serum of survivors from different experimental groups: Negative Control, S. iniae, AciHV-2 and S. iniae, and AciHV-2. Expression levels are highest in Negative Control and S. iniae, with p-values indicating significant differences between the groups. Sample sizes are noted as n=8 for NC and AciHV-2 groups, n=7 for S. iniae and co-infection groups.]
Figure 12 | Detection of Serum Serotransferrin in Survivors of Co-infection Challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a 5.96x102 TCID50/mL bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 44 days were re-sorted into groups of 60 fish (triplicates of 20 fish) per treatment. Fish received either 106 CFU of S. iniae or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was monitored for 28 days after injection and whole blood was collected from the caudal vein of 10 survivors per group. Serum was obtained from the whole blood samples and Western Blotting was performed to identify Serotransferrin 2 (STF-2) in the samples. The solid shapes represent the mean normalized fold expression, with standard error the mean plotted. The p values calculated between groups are stated in each comparison bracket. Results reveal that the co-infection and AciHV-2 groups had a statistically significant decrease in serum STF-2 levels compared to the group that received S. iniae alone and the negative control.





4 Discussion

The Herpesvirales order is characterized by the ability to establish latency, and this process can lead to changes to the immunocompetence of the host (Cohen, 2020). While this has not been explored for AciHV-2, reports of co-infections in white sturgeon (Soto et al., 2017) similar to human pediatric IGASI (Laupland et al., 2000) suggest there is an interaction between the infectious agents and the host that impacts disease outcome. Neither of these presentations across taxa has been investigated in a controlled environment and the study of this co-infection scenario in white sturgeon may inform future studies regarding human pediatric IGASI. Therefore, our initial studies aimed to perform a pilot challenge to assess the hypothesis that a recent, potentially latent, AciHV-2 infection in white sturgeon fingerlings would increase mortalities by a subsequent S. iniae infection. Results revealed that the co-infection group had a statistically significant decrease in survival of 41% compared to the S. iniae group and of 36% compared to AciHV-2 group (Figure 5A). This provided proof of concept that a recent, potentially latent, AciHV-2 infection has a profound impact on the outcome of a subsequent S. iniae infection in white sturgeon. While it was hypothesized that this was going to be the case based on natural cases of piscine streptococcosis in white sturgeon that also had AciHV-2 (Soto et al., 2017), these results are consistent with additional reports on S. iniae-virus co-infections in other fish species. For example, Japanese flounder (Paralichthys olivaceus) experiences statistically increased mortality when infected with S. iniae 1 week after an aquabirnavirus (ABV) infection compared with fish infected with S. iniae alone (Pakingking et al., 2003). To the authors’ knowledge, however, our study is the first to investigate it in the context of a herpesvirus infection in sturgeon during what is suspected to be the latent phase (80 days post-infection, 30 days past the last mortality of the active outbreak, with no AciHV-2 detectable in fin tissue of the majority of survivors – Figures 3A, D).

A large-scale challenge was then performed to investigate aspects of the immune system potentially affected by AciHV-2 and leading to altered interactions between the host and S. iniae. For the large-scale challenge presented here, while following similar trends to the pilot challenge (Figure 5A), there was no significant difference in survival between the co-infection group and the S. iniae group (Figure 6A). The primary differences between the pilot and large-scale challenge experiments were time between viral and bacterial infection (80 vs 44 dpi, respectively) and bacterial dose (108 vs 106 CFU/fish, respectively). While the overall lower mortality rate may preclude statistical significance, this still raises interesting questions into the effect of timing and bacterial infectious dose in co-infections, and these concepts have been investigated before for S. iniae in other co-infections.

In terms of the bacterial infection dose, a study assessing S. iniae infections in tilapia (Oreochromis niloticus) showed that infection dose had an impact on the mortality rate observed only if high-density conditions were present (Shoemaker et al., 2000). High-density environments have been associated with immunosuppression in fish due to eliciting a physiologic stress response (Aidos et al., 2020). Our two studies combined seem to support that both factors (high bacterial infection dose and immunomodulation) must be present in order to impact mortality in a statistically significant manner.

In terms of the timing of the infection, in the ABV-S. iniae study using Japanese flounder mentioned above, the authors observed that if they infected the flounder with S. iniae 3 weeks post ABV infection rather than 1-week, no difference in mortality was observed between co-infection and single pathogen groups (Pakingking et al., 2003). The authors suggest that active replication of ABV, which happens during early infection, may be required to induce immunosuppression and worsen the outcome of the S. iniae infection. In our large-scale challenge, fish were infected with S. iniae 44 days after the AciHV-2 immersion compared to 80 days post-immersion in the pilot challenge. It is possible that the transcriptional profile of AciHV-2 is different this early after the active outbreak and the immunomodulatory effects are thus distinct from later in its life cycle, which has been described for multiple herpesviruses of mammals (Ye et al., 2011; Rozman et al., 2022). Further comparative studies are warranted to tease apart the contribution to mortality of bacterial infectious dose and of bacterial infection timing in relation to viral infection during this co-infection scenario.

It is well described that latency is not a static, but rather a dynamic state where the virus is mostly dormant, yet the transcriptional profile is not fixed. For example, low levels of lytic gene expression have been detected in cells harboring Herpes Simplex Virus 1 (HSV-1) in the absence of any other evidence of reactivation (Bloom, 2016). Furthermore, studies have also shown that within a population of cells latently infected with HSV-1, a sub-population of those cells can go through transient reactivation while the remaining cells still lack detectable infectious virus or viral lytic transcripts (Bloom, 2016). Given this information, the term latency is applicable only at the cellular level rather than the tissue level. This is important to consider when we assess the effects of the viral population on the immune system of the host. In theory, at any time after the initial outbreak, herpesviruses have the capacity to benefit from the immunomodulation obtained through the expression of specific latency-associated transcripts while going through reactivation events that ensure passing progeny to new hosts. In this study, our main hypothesis suggests that the potentially latent AciHV-2 interacts with the immune system of the white sturgeon in a way that changes the fish’s interaction with S. iniae. In the pilot challenge, fin clips were collected from all survivors prior to the bacterial infection (Figure 2D), from all mortalities after the bacterial infection (Figure 5B), and from all survivors after the bacterial infection (Figure 5D) to test AciHV-2 detection via qPCR as a marker of reactivation. When assessing the distribution of positive fish throughout the tanks, it is most notably observed that for the co-infection group there is one fish in Tank 1 that was positive during the pre-bacterial infection timepoint that is not detected positive again (Supplementary Figure 3, Tank 1 of the co-infection group) and two fish in Tank 2 that test negative during the pre-bacterial infection timepoint but positive during the survivor timepoint (Supplementary Figure 3, Tank 2 of the co-infection group). These results are evidence of the population undergoing some level of herpesviral reactivation. Further studies are needed to show that AciHV-2 achieves latency in a cell population and then to evaluate if latency is maintained in a subpopulation of cells while these reactivation events occur.

It is established that mammalian herpesviruses have multiple pathways for regulating host cellular immune competency, resulting in immune system evasion (Alcami, 2003; Alibek et al., 2014; Crow et al., 2016). The potential for this has also been demonstrated to a lesser extent for certain herpesviruses that affect fish (Piazzon et al., 2015; Lu et al., 2021; Zhou et al., 2021). The evasion mechanisms are diverse, including complement activation inhibition, impaired antigen presentation via numerous pathways, apoptosis and natural killer cell inhibition, interferon signaling interference, and others (Chang et al., 2004; Sehrawat et al., 2018). From the host side, results revealed a significant transcriptional downregulation of tnfα at 15 days post-bacterial infection in the co-infection group compared to the S. iniae group (Figure 9A). This transcriptional downregulation is not maintained at 28 days post-bacterial infection (Figure 10A). The cytokine TNFα, a potent inflammatory modulator reported to have a prominent pro-inflammatory role while also participating in regulating the extent and duration of the immune response, is mainly produced by activated macrophages, T lymphocytes, and natural killer cells, but it is also expressed at lower levels by various other cells, including fibroblasts, smooth muscle cells, and even tumor cells. Some studies have specifically looked at the augmenting effects of TNFα on B cell proliferation and immunoglobulin production (Pasparaki et al., 1996), which suggests that the transcriptional downregulation of tnfα in the spleen at 15 days post-bacterial infection in this study could be having an impact on antibody response. This was supported by the significant decrease in serum anti-S. iniae IgM in fish from the co-infection group compared to fish in the single-pathogen group (Figure 11) as had been suggested for pediatric IGASI (Laupland et al., 2000). While a decrease in humoral immunity could be playing a role in this co-infection during the late stages of the disease, and it is most concerning for survivors of the co-infection that were to encounter S. iniae again as older fish in the caviar production pipeline, it is unclear at this time if this would be significant in the acute onset of disease where most mortalities were detected during the challenges in this study (first 10 days post-bacterial infection, Figures 5A, 6A). It is important to note though that teleost B cells have been shown to have phagocytic and intracellular killing capacity (Ye and Li, 2020), which may play a role in early immune response against S. iniae. More studies are warranted to determine which B cell populations are being affected during these co-infection scenarios and to describe the timeline of humoral immunity development in white sturgeon against S. iniae.

Recently, sequencing of the full genome of AciHV-2 demonstrated that one of the open reading frames of AciHV-2, ORF 101, has the TNFRSF14_teleost conserved domain (Quijano Carde et al., 2024). This is present in members of the TNF Receptor superfamily, which are common targets for viral manipulation due to their important roles in the regulation of immune responses as well as viral entry (Tiwari et al., 2005; Rakus et al., 2017). While further characterization of ORF 101 in AciHV-2 is needed to understand its expression patterns and effects on the host, other teleost herpesviruses have been shown to influence tnfα expression. For example, Cyprinid Herpesvirus 3 (CyHV-3) has been shown to encode two TNFR homologs, of which one causes upregulation of tnfα (Zhou et al., 2021). To our knowledge, AciHV-2 alone has not been shown to change expression patterns of tnfα in the spleen, but this changes during the co-infection state. Further studies are indicated to determine what interactions lead to the decreased transcript abundance of tnfα and of pathogen-specific IgM in the host, and to understand the temporal transcriptional patterns of the host and AciHV-2, particularly as it pertains to the expression of tnfα and ORF 101. Assessing translation to determine if these gene expression changes lead to effects at the protein level is also warranted.

The impact of co-infection on the production of the acute-phase protein serotransferrin 2 (STF-2), which has been shown to play a role in the inflammatory response during certain infections in white sturgeon (Soto et al., 2021), was also assessed. Fish exposed to AciHV-2 (both single pathogen and co-infection) had a significant decrease in STF-2 serum levels compared to the Negative control and S. iniae groups (Figure 12) at 28 days post-bacterial infection. This finding provides an alternate or perhaps complementary hypothesis on the mechanism behind the decreased anti-S. iniae IgM levels in the serum of fish in the co-infection group (Figure 11). Serotransferrin 2 is a protein in the transferrin family, which is known for its iron transportation role. Because of its ability to bind iron, serotransferrin is considered part of the immune response where it creates an iron-limited environment that is not conducive to pathogen replication, including S. iniae (Stafford and Belosevic, 2003). This function alone has been identified as a mechanism against herpesvirus as well (Maffettone et al., 2008). Nonetheless, even though this direct mechanism could explain the worsened disease state observed in the co-infection group, serotransferrin has an additional function related to immunity against herpesviruses as it has been described to be a primary activator of fish macrophages, an important antigen-presenting cell to CD4+ T cells in fish (Stafford and Belosevic, 2003). Evidence indicating that CD4+ T cells are vital for herpesvirus control continues to emerge (Walton et al., 2013). This is particularly highlighted in both susceptibility to and reactivation of herpesviruses when human host has a CD4+ T cell deficiency (Komanduri et al., 2001). CD4+ T cells play a role in herpesvirus control not only by using helper functions, but also by using direct effector functions that impact viral replication via secreted interferon (IFN) gamma and TNFα (Casazza et al., 2006). Finally, CD4+ T cells are also involved in a robust and appropriate humoral response, being shown to be necessary for the generation of plasma and memory B cells, as well as germinal center establishment and responses (Elong Ngono et al., 2019). Given the importance of CD4+ T cell response in the control of herpesviral infections, both during the lytic and latent stages, it has been described that herpesviruses have a variety of strategies to manipulate CD4+ T cell responses (Walton et al., 2013). A potential mechanism by which AciHV-2 – white sturgeon – S. iniae interactions lead to an inferior antibody response against S. iniae during a co-infection may involve the potential effects of AciHV-2 on the general CD4+ T cell population via a decrease in serotransferrin. Affected CD4+ T cells have been reported to have decreased production of TNFα as well as inhibited cytotoxic effector functions in human and murine cytomegalovirus infections (Walton et al., 2013). This may indicate that the downregulation of TNFα may be related to the poor activation of both fish macrophages and CD4+ T cells.

The results from this study support an altered immune response in the co-infection group, including the hypothesized impaired humoral immunity against S. iniae and additional impacts to important players of the innate immune response. Further studies are indicated to determine what interactions lead to the decreased production of pathogen-specific IgM in the host. Piscine streptococcosis is a significant emerging disease of white sturgeon with the capacity to cause outstanding losses in white sturgeon aquaculture, particularly considering its effect on subadult populations. Our understanding of the circumstances under which S. iniae causes significant disease and the mechanisms responsible for creating the ideal scenario for this to occur will focus prevention and therapeutic programs in aquaculture farms.
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Nervous necrosis virus (NNV) is one of the greatest threats to Mediterranean aquaculture, infecting more than 170 fish species and causing mortalities up to 100% in larvae and juveniles of susceptible species. Intensive aquaculture implies stressed conditions that affect the welfare of fish and their ability to fight against infections. In fact, a higher susceptibility to NNV has been related to poor welfare conditions. In order to analyze the physiological link between stressed conditions and increased susceptibility to NNV, as well as its possible role in the pathogenesis of this disease, we reared shi drum (Umbrina cirrosa) juveniles (30.7 ± 3.10 g body weight), which are expected to be asymptomatic upon NNV infection, at three stocking densities (2, 15, and 30 kg/m3) for 27 days and subsequently challenged them with NNV. We firstly characterized the stressed conditions of the specimens before and after infection and recorded the mortalities, demonstrating that stressed specimens reared at 30 kg/m3 suffered mortalities. However, the viral loads in different tissues were similar in all experimental groups, allowing horizontal and vertical transmission of the virus from asymptomatic specimens. All of these data suggest that shi drum tolerates wide ranges of culture densities, although high densities might be a setback for controlling NNV outbreaks in this species. In an attempt to understand the molecular pathways orchestrating this susceptibility change in stressed conditions, we performed a transcriptomic analysis of four tissues under mock- and NNV-infected conditions. In addition to the modification of the exceptive pathways such as cell adhesion, leukocyte migration, cytokine interaction, cell proliferation and survival, and autophagy, we also observed a heavy alteration of the neuroactive ligand–receptor pathway in three of the four tissues analyzed. Our data also point to some of the receptors of this pathway as potential candidates for future pharmacological treatment to avoid the exacerbated immune response that could trigger fish mortalities upon NNV infection.
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1 Introduction

Aquaculture is one of the world’s fastest growing food sectors and the main fish supplier to the world’s population (1). For this reason, the diversification of aquaculture species with economic potential favors the sustainability of aquaculture and is becoming increasingly important in the development of this production sector (2, 3). Among the new fish species, shi drum (Umbrina cirrosa) is an ideal candidate with high economic and nutritional value, particularly in the Mediterranean area (4, 5). Thus, shi drum presents high growth rate, elevated market value, good meat quality, and great adaptability to culture conditions (4–6), being a promising candidate for Mediterranean aquaculture diversification. However, and with regard to the FAO annual reports, shi drum was cultivated in low quantities in Italy in 2013 (7) and, according to some publications, in Greece in the 1990s (8). The fact that the industrial culture of shi drum has not been consolidated yet could be due to some gaps on the knowledge about its biology, to technical problems, or to inadequate market promotion policies that dissuade enterprises to produce this species, among others (3). Although several aspects of shi drum biology have been studied since the 1990s, such as its reproduction, digestive system development, dietary requirements, and growth performance (9), its immunity or stress has only recently started to be assessed (9–11).

Stocking density is one of the main factors that lead to chronic stress responses in fish (12). In this sense, high stocking densities typically have adverse effects on the growth, health, and general welfare of fish (13, 14), while low stocking densities could reduce feed competition, resulting in a decrease in feed intake and growth (14). In aquaculture facilities, chronic stress could be identified through the study of operational welfare indicators (OWIs), which are parameters specific to each species and farming system, related to health from the functional approach to wellbeing, and include both observational measures and water quality and biological parameters (15). The identification of chronic stress is mandatory as it can cause the development of diseases (16). In particular, stress can trigger infectious diseases (17). At present, the infectious diseases with the highest threat to aquaculture are those caused by viruses (17). Among them, the nervous necrosis virus (NNV; family Nodaviridae, genus Betanodavirus) is one of the most important marine fish viruses, causing the viral encephalopathy and retinopathy (VER) disease (18, 19). NNV is a non-enveloped virus with a spherical shape and icosahedral symmetry and a genome composed of two single-stranded, positive-sense RNA molecules (20) showing horizontal and vertical transmission (18, 19, 21). Betanodaviruses are classified into four genotypes: RGNNV (red-spotted grouper nervous necrosis virus), SJNNV (striped jack nervous necrosis virus), BFNNV (barfin flounder nervous necrosis virus), and TPNNV (tiger puffer nervous necrosis virus) (21). They are capable of infecting more than 170 marine species, including some of great commercial value (21). Shi drum is susceptible to NNV as severe natural outbreaks of RGNNV have been reported in the Mediterranean Sea in both wild and farmed specimens (5, 22–24). To our knowledge, only the viral isolate It/24/Sdr, which corresponds to the RGNNV genotype, was obtained from a wild shi drum specimen captured in Italian marine areas in 1995 (25). In the Adriatic Sea, however, wild shi drum specimens have been included in a multiple species test, but none of them resulted positive, although other fish species did (26). The rest of the reports that detected NNV in shi drum analyzed farmed specimens (5, 8, 27).

Under experimental conditions, shi drum juveniles of 10 g body weight (bw) were found susceptible to all NNV genotypes (RGNNV, SJNNV, BFNNV, and TPNNV), although the signs of the disease and lesions varied depending on the genotype (9). In general, VER disease is characterized by neurological abnormalities (e.g., erratic swimming and spiral movements with the belly up) and a distinct vacuolization of the nerve tissue (brain and retina) (19, 28). VER disease has been detected in larval and early juvenile stages in most of the species (29), although chronic subclinical infections occurred directly proportionally to the age and weight of the fish (18, 19, 21, 30). In addition to host age or weight, other factors related to stressed conditions, such as suboptimal feed, water quality, or crowding, have been reported to influence NNV infection, leading to mortalities in the case of subclinical infection or increasing mortalities in acute infections (30).

The integration of all the physiological functions upon infection is orchestrated by the immune–neuroendocrine system, which determines either the survival of the specimen or the appearance of the disease, as well as the subsequent mortality in different host and external conditions (31). However, in fish, this system is not completely understood in part due to its great complexity, amplified by genome duplication events occurring during fish evolution, but also due to epigenomic reprogramming that has been linked to environmental clues in marine fish (32). In order to design efficient tools to combat NNV infection, it is important to understand the epidemiology and the pathogenic mechanism of the virus and its association with host physiology and welfare. The stress status in fish can be evaluated through hormones (cortisol), secondary metabolites (glucose and lactate), and the imbalance in the physiological responses such as growth performance, key humoral innate immune activities, or the antioxidant system (33) in different tissues such as the serum, skin mucus, brain, head kidney, spleen, or liver (34, 35). During stress conditions, there is an imbalance in the production of reactive oxygen species (ROS) and its elimination by the antioxidant system, resulting in high concentrations of ROS that can lead to oxidative stress and make fish susceptible to physiological and metabolic diseases (36). Taking all of these into account, the aim of the study was to assess the physiological status of fish reared at three different densities and the association of crowding and stress with susceptibility to NNV. The stress and the welfare status of the fish were characterized using well-known stress parameters and innate immune responses in the serum and skin mucus. The skin mucus is considered a noninvasive sampling tissue and is continuously produced, with functions including the prevention of the adherence of pathogens to underlying tissues and the provision of a medium in which antimicrobial mechanisms can act (37). In addition, the levels of cortisol in water were included in order to evaluate this new noninvasive stress indicator. Upon infection, the stress indicators were analyzed, as well as the mortality rates and the persistence of the virus in different tissues of surviving fish. In the acute viral infection phase, differential gene expression was assessed using a transcriptomic approach in four tissues: the viral target tissue, the brain (and also the first step in most endocrine regulatory axes) (38), and three immune-related tissues—the spleen, the head kidney, and the liver—to explore the immune–neuroendocrine interactions that might link stress with NNV susceptibility in order to identify potential pharmacological targets for further treatment development.




2 Materials and methods



2.1 Animals

Healthy juveniles of shi drum (U. cirrosa) (30.7 ± 3.10 g bw) obtained from natural spawns of culture broodstock (39) were bred at the facilities of the Centro Oceanográfico de Murcia, Instituto Español de Oceanografía (COMU-IEO), CSIC, as described elsewhere (4). Fish were reared with an open-flow natural seawater system (38‰ salinity), suitable aeration to maintain dissolved oxygen above 6.5 mg/L, filtration systems, natural temperature (21.47 ± 1.09°C) and photoperiod, and a culture density of 9 kg/m3. Ammonia (<0.1 mg/L), nitrite (<0.2 mg/L), and nitrate (<50 mg/L) were determined once weekly.

Handling of the specimens was always performed under the Guidelines of the European Union Council (2010/63/UE) and the Bioethical Committees of the IEO (REGA code ES300261040017) and with approval of the Ministry of Water, Agriculture and Environment of the Autonomous Community Region of Murcia (permit no. A13211203).




2.2 Experimental design and sample collection

Based on the aim of this study, fish reared at 9 kg/m3 were randomly assigned and divided into nine tanks of 0.25 m3 capacity with an initial density of 2 kg/m3 (n = 15 fish/tank), 15 kg/m3(n = 118 fish/tank), or 30 kg/m3 (n = 235 fish/tank) at the beginning of the experiment and a final density of 1 kg/m3 (n = 6 fish/tank), 17 kg/m3 (n = 109 fish/tank), or 35 kg/m3 (n = 226 fish/tank) at the end of the experiment. Each condition was performed in triplicate tanks. The fish were fed ad libitum with a commercial pellet diet (Skretting, Stavanger, Norway), with a maximum intake of 2.8% of their biomass for 27 days. After 7, 21, and 27 days from the start of the experiment, three fish from each tank (n = 9 fish/experimental group) were sampled. Before starting the collection of specimens, water samples from each tank (100mL/tank) were obtained at each sampling time and stored at −80°C until use. Thereafter, fish (n = 3 fish/tank) were captured and placed in an anesthesia bath with 40 µL/L of clove oil. Once the fish reached the loss of reflex reactivity stage of anesthesia, skin mucus samples were collected using a method previously described (40). The skin mucus was vigorously shaken and centrifuged (400 × g, 10 min at 4°C). The supernatant was then collected and stored at −80°C until use. After measuring the bw and length of each fish, they were completely bled. The blood samples were left to clot at 4°C for 4 h. Subsequently, the serum was obtained after centrifugation (10,000 × g, 10 min at 4°C) and stored at −80°C until use.

On day 27, 10 fish from each tank (n = 30 fish/experimental group) were relocated in the infection facilities in 200-L tanks in a close recirculated seawater flux (38‰ salinity), with a 12-h light/12-h dark photoperiod and 27 ± 1°C controlled temperature for NNV challenge. The animals were fed ad libitum daily with a commercial pellet diet (Skretting). A control group was established with fish of the 30-kg/m3 group, which were mock-infected. Infected fish (n = 6/experimental group) were sampled 4 and 18 days post-infection (dpi). The specimens were anesthetized as described previously. Samples of the eye, brain, liver, spleen, and head kidney were collected at 4 dpi and those of the brain and gonad at 18 dpi. The tissue samples were immersed on a DNA/RNA shield (Zymo Research, Irvine, CA, USA) and stored at −80°C until further processing for gene expression analysis.




2.3 Nodavirus infection

NNV (genotype RGNNV, strain It/411/96) was propagated in the E-11 cell line [17]. NNV stocks were titrated and the viral dilution infecting 50% of the cell cultures (TCID50) calculated (41). For NNV infection, fish from all experimental groups were intramuscularly injected with 100 μL of the viral suspension (5.6 × 106 TCID50/mL) or with phosphate-buffered saline (PBS) in the case of the mock-infected group (control). The mortality and clinical signs of infection were recorded daily and the percentage of survival determined. Surviving fish were considered as those fish without any signs of disease during the infection trial or those able to overcome signs of disease within 3 days. In contrast, susceptible fish were those that died during the trial or showed signs of disease for three consecutive days, which were then humanely euthanized using baths containing 40 μL/L of clove oil according to the guidelines on the care and use of fish (42).




2.4 Growth performance

Growth was monitored by obtaining the specific growth rate (SGR), which was calculated as: [(ln final weight − ln initial weight)/number days] × 100. Moreover, the condition factor (CF) following Fulton’s K-index was calculated as: (bw − lenght3) × 100.




2.5 Plasmatic and skin mucus analysis

The total protein concentration in skin mucus samples was determined using the dye binding method of Bradford (43).

Peroxidase activity was measured as the ability of the samples to oxidate the substrate 3,3′,5,5′-tetramethylbenzidine hydrochloride (TMB; Sigma, St. Louis, MO, USA) in the presence of hydrogen peroxide according to a protocol previously described (44) using 5 µL of serum or 10 µL of skin mucus. Wells with buffer but not samples were used as blanks. One unit was defined as the amount of activity producing an absorbance change of 1, and the activity was expressed as units per milliliter of serum or units per microgram protein of skin mucus samples.

Protease activity was determined as the percentage of hydrolysis of azocasein (Sigma) using a modified protocol previously described (45) and 10 µL of serum or 30 µL of skin mucus. Proteinase K (2 mg/mL; AppliChem, Darmstadt, Germany) or PBS instead of samples was used as a positive control (100% of activity) or a negative control (0% of activity), respectively. The percentage of protease activity for each sample was calculated as the percentage of activity of the positive control. The results were expressed as percent of activity.

The antiprotease activity in 10 μL of serum or 30 µL of skin mucus was determined as the ability of the samples to inhibit the activity of proteinase K using a modified protocol previously described (46). The blank was prepared by replacing the samples and proteinase K (2 mg/mL) for PBS (no protease activity), while PBS instead of samples was used as the negative control (100% of activity). The percentage of inhibition of proteinase K activity for each sample was calculated as: [100 − (% of protease activity)]. The results were expressed as percent of activity.

Lysozyme activity in 100 µL of serum (diluted 1:2) or 100 µL of skin mucus samples was measured using a modified turbidimetric method previously described (47) and was based on the lysis of 0.3 mg/mL of freeze-dried Micrococcus lysodeikticus (Sigma). Changes in the absorbance at 450 nm were measured immediately every 30 s for 30 min at 25°C in a plate reader (MultiskanGo; Thermo Fisher Scientific, Waltham, MA, USA). One unit of lysozyme activity was defined as a reduction in the absorbance of 0.001/min. The lysozyme units were obtained from a standard curve ranging from 20 to 0 µg/mL made with hen egg white lysozyme (HEWL; Sigma). The results were expressed as international units per milliliter of serum or international units per milligram protein of skin mucus samples.

The bactericidal activity of 10 µL of serum or 20 µL of skin mucus samples was determined by evaluating the bacterial growth curves of Vibrio harveyi (strain Lg 16/100) using a method previously described (48). The samples replacing bacteria by culture medium were used as negative controls (0% growth and 0% bactericidal activity), while the samples replacing the serum or skin mucus by culture medium were used as positive controls (100% growth or 0% antibacterial activity). Bactericidal activity was calculated as: [100 − (% of bacterial growth)]. The results were corrected using the absorbance measured in each sample at the initial time point and were expressed as percent of activity.

The glucose levels in 4 µL of skin mucus samples were determined using the Glucose-HK enzymatic kit (Spinreact, Girona, Spain) following the manufacturer’s instructions. The positive control was established using 4 µL of glucose standard (100 mg/dL) instead of samples, while wells containing only buffer were used as blanks. The results were expressed as milligrams per deciliter.

The lactate levels in 4 µL of skin mucus samples were determined using the Lactate LO-POD enzymatic kit (Spinreact) following the manufacturer’s instructions. Positive controls were prepared using 4 µL of lactate standard (10 mg/dL) instead of samples, while wells containing only buffer were used as blanks. The results were expressed as milligrams per deciliter.

The cortisol from the water samples was extracted using a modified protocol previously described (49). Briefly, frozen water samples were thawed and filtered (F1091–130F). The samples were run through extraction cartridge C18 (SEP-PAK; Waters, Milford, MA, USA) following the manufacturer’s instructions. Steroids were eluted with 5 mL of 100% methanol. Methanol was evaporated by incubation at 35°C and the steroids reconstituted in 1 mL reaction buffer (RB) [0.1 M phosphate–potassium buffer (PPB), 0.1% bovine serum albumin (BSA), 1 mM ethylenediaminetetraaceticacid (EDTA), 0.4 M NaCl, and 1.5 mM sodium azide (NaN3), pH 7.4].

The cortisol levels in 5 µL of serum and 20 µL of skin mucus samples or extracted water samples were determined using the cortisol competitive human ELISA kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. A cortisol standard curve from 3,200 to 50 pg/mL serial dilutions was established, and the samples and standards were analyzed in duplicate. Wells with assay buffer instead of sample and without the cortisol antibody were used as blanks. The results were expressed as nanograms per milliliter.

The total antioxidant activity of the skin mucus samples was analyzed using the 2,2′-azino-bis-3-(ethylbenzothiazoline-6-sulfonic acid) (ABTS) method previously described (50), which was based on the ability of the antioxidants in the sample to reduce the radical cation of ABTS, as determined by the decoloration of ABTS+, and by measuring the quenching of the absorbance at 730 nm. Wells containing only PBS were used as blanks. This activity was calculated by comparing the values of the sample with a standard curve of ascorbic acid and was expressed as ascorbic acid equivalents (in millimoles) per milligram protein.




2.6 Viral gene expression in NNV-infected shi drum tissues

Total RNA was isolated from fragments of frozen tissues (the brain from 4 and 18 dpi fish; the eye, liver, spleen, and head kidney from 4 dpi fish; and the gonad from 18 dpi fish) preserved in DNA/RNA Shield™ (Zymo Research) using the Quick-RNA™ MiniPrepPlus Kit (Zymo Research) following the manufacturer’s instructions. The SensiFast™ cDNA synthesis kit (Bioline Meridian Life Science, Memphis, TN, USA) was used to synthesize cDNA by mRNA reverse transcription according to the manufacturer’s instructions. Subsequent real-time PCR was performed with the AriaMx real-time PCR system (Agilent, Santa Clara, CA, USA) using the PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, Foster City, CA, USA) and viral NNV coat protein (CP) specific primers (Supplementary Table S1). The reaction mixtures were incubated for 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, 1 min at 60°C, and a final 15 s at 95°C, 1 min at 60°C, and 15 s at 95°C. For each mRNA, gene expression was corrected by the expression of the beta-actin (actb) gene in each sample and was expressed as 2−ΔCt, where ΔCt was determined by subtracting the Ct value of actb from that of the target (51).




2.7 RNA isolation, library construction, and sequencing

We next analyzed the transcriptome of the viral target tissue (brain) and the immune-related tissues (spleen, head kidney, and liver) of the mock- and NNV-infected fish groups, in which higher mortalities were recorded (reared at 30 kg/m3 prior to infection). Total RNA was extracted from each sample using the Trizol reagent (Invitrogen) according to the manufacturer’s specifications. The preparation of RNA libraries and transcriptome sequencing were conducted by Novogene Co., Ltd. (Cambridge, UK). mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. After fragmentation, the first-strand DNA was synthesized using random hexamer primers, followed by the second-strand cDNA synthesis. Libraries were ready after end repair, A-tailing, adapter ligation, size selection, amplification, and purification. Thereafter, the libraries were checked with Qubit and real-time PCR for quantification and bioanalyzer to determine the size distribution. Quantified libraries were sequenced on the Illumina platform (Instrument HWI-ST1276). The original raw data from the Illumina platform were transformed to sequenced reads through base calling and were recorded in a FASTQ file (52). In this case, in the absence of a reference genome, clean reads were assembled using Trinity (53). Subsequently, the CORSET software (54) was used to remove the redundancies from the Trinity results. Finally, BUSCO was used to attempt to provide a quantitative assessment of completeness in terms of the expected gene content of the transcriptome.




2.8 Bioinformatics analysis of transcriptome data



2.8.1 Gene functional annotation

In order to obtain a comprehensive gene functional annotation, seven databases were used: NCBI non-redundant protein sequences (Nr), NCBI nucleotide sequences (Nt), Protein family (Pfam), Cluster of Orthologous Groups of Protein/Eukaryotic Orthologous Groups (KOG/COG), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Ontology (GO). CDS prediction was performed in two steps. Firstly, BLAST was used to align the unigene sequences to NR and Swiss-Prot; if matched, the CDS was translated into peptide sequences. If there was no match, TransDecoder was used to predict the coding regions and to determine the sequence direction. The AnimalTFDB database was used to perform the transcription factor analysis.




2.8.2 Gene expression analysis

As the reference transcriptome, the de novo shi drum filtered by Corset was used. RSEM (55) was used to quantify the expression levels. The read count for each sample was converted into FPKM (fragments per kilobase of transcript per million mapped reads) values. To compare the gene expression levels under different conditions, the FPKM distribution diagram was used. To reveal differences in the gene expression between samples and the repeatability of the experiments (by comparison of replicates), the square of Pearson’s correlation coefficient was calculated.




2.8.3 Differential expression analysis

Read counts from the gene expression level analysis were normalized with DESeq2 (56). A negative binomial distribution was used as a model for the estimation of p-values; for calculation of the false discovery rate (FDR), the Benjamini–Hochberg (BH) method was applied [log2(FoldChange), padj < 0.05]. Cluster analysis was performed to discover genes with similar expression patterns under various experimental conditions.




2.8.4 GO enrichment analysis

In order to determine which biological functions or pathways are significantly associated with differentially expressed genes (DEGs), GO enrichment analysis was performed with GOseq and topGO ACG plotting was done with topGO. KEGG annotates a gene to the pathway level and was applied using KOBAS, while protein–protein interaction analysis was performed with the NCBI BLAST 29.0 software.





2.9 Quantitative real-time PCR validation for mRNA expression

The sequences of four potential reference genes were retrieved from transcriptome data and were used to design specific primers using the NCBI Primer-BLAST software (Supplementary Table S1). Real-time PCR reactions were run as described above. To confirm the specificity of each primer pair, melting curve analysis of the amplified products was performed. Negative controls with no template were always included in all the reactions.




2.10 Statistical analyses

The results from the growth performance rates and plasmatic and skin mucus analysis, as well as the gene expression, were expressed as the mean ± SEM. Normality of the variables was confirmed with the Shapiro–Wilk test, while homogeneity of variance was assessed using the Levene test. Two-way ANOVA was performed to determine differences between rearing densities and time point. Upon infection, differences between the mock-infected and infected specimens were analyzed according to the Student’s t-test. Survival was determined by the Kaplan–Meier method, and statistical differences were studied using a log-rank (Mantel–Cox) test. The significance level was 95% in all cases (p ≤ 0.05). All data were analyzed using SPSS for Windows ® (version 15.0; SPSS Inc., Chicago, IL, USA). Some of the figures were drawn using the freely available SRplot web server (https://www.bioinformatics.com.cn).





3 Results



3.1 Increasing the rearing density altered the shi drum stress parameters while scarcely affecting growth performance

Scarce differences were observed in growth performance when fish reared at different densities were compared at the same time point. After 27 days of culture, the fish farmed at 2 kg/m3 showed higher SGR than those farmed at 15 kg/m3 (Table 1). The opposite results were observed for the stress parameters (Table 2). Thus, the serum cortisol levels were higher at all time points in fish reared at 15 and 30 kg/m3 than in those reared at 2 kg/m3. The same pattern was observed in the skin mucus cortisol levels on days 7 and 27 and in skin mucus glucose on day 27 (Table 2). Interestingly, when fish reared at the same density were compared through time, statistically significant differences were observed in the glucose levels of skin mucus from 21 days onwards at all rearing densities. Moreover, increases in the ABTS activity through time were observed at the rearing densities of 15 and 2 kg/m3 (Table 2). The skin color of fish reared at 15 and 30 kg/m3 was dark at the end of the experiment (Figure 1A). Interestingly, the bactericidal and lysozyme activities and the cortisol levels from the serum and skin mucus were positively correlated, as well as glucose and cortisol or glucose and lactate from the skin mucus. In contrast, a negative correlation was observed between the skin mucus glucose and the ABTS levels (Table 3).

Table 1 | Growth performance data.


[image: Table showing the specific growth rate (SGR) and condition factor (CF) of shi drum specimens at densities of 2, 15, and 30 kilograms per cubic meter over 7, 21, and 27 days. SGR and CF values differ across days and densities, with growth rates marked by letters indicating statistically significant differences at p ≤ 0.05.]
Table 2 | Data of the serum and skin mucus stress parameters of shi drum specimens reared at 2, 15, and 30 kg/m3 for 7, 21, and 27 days.


[image: Table displaying data on cortisol, glucose, lactate, and ABTS levels in water, serum, and skin mucus at different rearing densities over 7, 21, and 27 days. Includes statistical significance markers.]
[image: Panel A shows fish at three different densities: 2 kg/m³, 15 kg/m³, and 30 kg/m³. Panel B is a survival graph displaying percent survival over 20 days of infection for these densities and a control. Panel C includes graphs of NNV CP/b-actin gene expression in various tissues (brain, eyes, liver, spleen, HK, gonad) at 4 and 18 days post-infection, with different density treatments labeled as 30K, 15K, and 2K.]
Figure 1 | Juvenile shi drum specimens became susceptible to nervous necrosis virus (NNV) under stressed conditions. (A) Photographs showing the skin color of shi drum juveniles reared at 2, 15, or 30 kg/m3 density. (B) Survival percentage of shi drum juveniles reared at 2, 15, or 30 kg/m3 density for 27 days and then infected with 5.6 × 105 TCID50/mL of NNV. (C) Relative expression of the viral capsid protein gene in several tissues of shi drum juveniles reared at different densities for 27 days and then infected with NNV. dpi, days post-infection. Asterisks denote statistically significant differences between control and infected groups accordingly with a Log-ranked (Mantel-Cox) test.

Table 3 | Correlation observed in the serum and skin mucus immune and stress parameters.


[image: A correlation matrix table showing relationships between various serum and skin mucus parameters, including lysozyme, bactericidal activity, cortisol, peroxidase, and ABTS. The first row of each analyzed activity shows Pearson's correlation coefficient, and the second row shows significant differences (p-values). Bold values indicate correlations. Parameters without significant correlation are excluded.]



3.2 Antiprotease and lysozyme activities showed differences at different rearing densities and through time

No differences were observed in the serum or skin mucus peroxidase, protease, and bactericidal activities, nor in the serum lysozyme activity of fish farmed at different densities at any assayed time (Table 4).

Table 4 | Data of the serum and skin mucus innate immune parameters of shi drum specimens reared at 2, 15, and 30 kg/m3 for 7, 21, and 27 days.


[image: A table showing various biochemical parameters (serum peroxidase, skin mucus peroxidase, etc.) measured at three time points: 7 days, 21 days, and 27 days, across three rearing densities (2 kg/m³, 15 kg/m³, and 30 kg/m³). Means and standard deviations are provided. Asterisks and letters indicate statistically significant differences within the same rearing conditions or across time points.]
In the case of antiprotease activity, fish reared at 2 kg/m3 for 27 days showed higher serum levels than fish reared at higher densities, which was significantly lower in fish reared at 15 kg/m3. In addition, fish reared at 30 kg/m3 for 21 days showed lower levels than the same group at 7 and 27 days (Table 4). In the skin mucus, the antiprotease activity levels of fish reared at 2 kg/m3 for 7 days were lower than those of fish reared at 30 kg/m3 for 7 days (Table 4). Interestingly, the antiprotease activity in the skin mucus decreased through time in fish reared at 15 and 30 kg/m3. With regard to the lysozyme activity in the skin mucus, fish farmed at 2 kg/m3 showed lower or higher levels at 21 or 27 days, respectively, than those farmed at higher densities, which was significantly lower in fish reared at 15 kg/m3 for 21 days and in fish reared at 15 and 30 kg/m3 for 27 days. In fact, differences in this activity through time were observed in fish reared at 30 kg/m3 (Table 4).




3.3 Mortalities from NNV infection only occurred in fish reared at the highest density

After 27 days of rearing at different densities, the fish were infected with NNV to ascertain any association between rearing densities, stress, and mortalities. As darkness of the skin is an external sign of stress and was observed in fish reared at 30 kg/m3 (Figure 1A), we used fish from this condition as the mock-infected control in order to exclude any unspecific mortalities due to poor welfare of the fish. After NNV challenge (Figure 1B), statistically significant mortalities were only recorded in fish reared at 30 kg/m3, although some mortalities also occurred in fish reared at 15 kg/m3 (n = 5 in 30 kg/m3 vs. n = 2 in 15 kg/m3). In contrast, no mortalities occurred at the lowest density (2 kg/m3) or in the control group (Figure 1B). Interestingly, all mortalities occurred within the first 5 days of infection (Figure 1B), and then the infection appeared to be overcome. Analysis of the transcription levels of the viral CP gene (Figure 1C) found no statistically significant differences between fish reared at different densities, either at 4 dpi or at 18 dpi, in any of the tissues analyzed (the brain at 4 and 18 dpi; the eyes, liver, spleen, and head kidney at 4 dpi; and the gonad at 18 dpi). When comparing tissues, lower levels were observed in the liver, spleen, head kidney, and gonad, while the brain and eyes showed more than 100- or 10-fold higher levels at 4 or 18 dpi, respectively (Figure 1C).




3.4 NNV scarcely alters the stress parameters, but increases the bactericidal activity

With regard to the serum and mucus stress parameters after infection (Table 5), only the lactate levels of the skin mucus were significantly increased in the 15-kg/m3 infected fish compared with the mock-infected fish. No differences were observed in the peroxidase, protease, and lysozyme activities of the serum or skin mucus after NNV infection at any rearing density (Table 6). Interestingly, an inversely proportional relationship between the rearing density and skin mucus antiprotease activity was observed in fish infected with NNV, although only the fish reared at 30 kg/m3 showed a statistically significant decrease of this activity when compared with the mock-infected fish (Table 6). The bactericidal activity showed significant increases upon infection (Table 6). Thus, this activity increased in the skin mucus of fish reared at 2 kg/m3 and in the serum and skin mucus of fish reared at 30 kg/m3 when compared with the mock-infected fish (Table 6).

Table 5 | Data of the serum and skin mucus stress parameters of shi drum specimens reared at 2, 15, and 30 kg/m3 for 27 days and after nervous necrosis virus (NNV) infection.


[image: Table comparing physiological parameters in mock-infected and NNV-infected specimens at different densities (30 kg/m³, 2 kg/m³, 15 kg/m³, 30 kg/m³). Parameters include serum cortisol, skin mucus cortisol, serum glucose, skin mucus glucose, serum lactate, skin mucus lactate, and skin mucus ABTS. Notable statistical significance is indicated for skin mucus lactate at 15 kg/m³ NNV-infected specimens compared to mock-infected ones, denoted by an asterisk.]
Table 6 | Data of the serum and skin mucus immune parameters of shi drum specimens reared at 2, 15, and 30 kg/m3 for 27 days and after nervous necrosis virus (NNV) infection.


[image: Table comparing enzyme activity between mock-infected and NNV-infected specimens at various concentrations. Metrics include serum peroxidase, serum protease, serum antiprotease, serum lysozyme, serum bactericidal, and their skin mucus equivalents. Asterisk indicates significant differences between mock-infected and infected specimens for certain metrics, such as skin mucus antiprotease at 30 kilograms per cubic meter, serum bactericidal at 30 kilograms per cubic meter for NNV-infected, and others, with p-value less than or equal to 0.05.]



3.5 The neuroactive ligand–receptor pathway is systemically affected by NNV

The response on day 4 of NNV infection in four tissues of fish reared at 30 kg/m3 density was subsequently explored through a transcriptomic study in order to clarify the coordinated response of the viral target tissue (the brain) and the three immune tissues: the head kidney, the spleen, and the liver. As genetic data from shi drum are extremely limited, we firstly performed de novo transcriptomic profiling for this species, obtaining a mean of 39,392,132.3 ± 6,007,761.71 clean reads for each sample and a total annotated unigenes of 157,126 (Supplementary Figures S1–S3). Almost half of these (41.3%) were homologous to Larimichthys crocea, a Sciaenidae fish similar to shi drum (Figure 2A). We next compared the identified genes in each tissue in the mock-infected (Figure 2B) and NNV-infected (Figure 2C) conditions and found that all tissues co-expressed the same number of genes in both conditions, with 15,957 and 15,963, respectively. However, the genes specifically expressed in each tissue were altered upon infection depending on the tissue. Thus, the genes specifically expressed in the head kidney and liver increased when those expressed in the spleen and brain decreased (Figures 2B, C). Interestingly, the genes co-expressed in the spleen and brain and in the liver and brain decreased, while the genes co-expressed in the spleen and liver, the spleen and head kidney, the brain and head kidney, and the liver and head kidney increased upon infection (Figures 2B, C). Analysis of the DEGs in the tissues between the mock-infected (control) and NNV-infected conditions observed that the number of upregulated genes was higher in all comparisons than the downregulated genes, with the exception of the mock- vs. NNV-infected brain (C-Br vs. NNV-Br) and the NNV-infected brain vs. NNV-infected head kidney (NNV-Br vs. NNV-HK) in which the number of downregulated genes was higher (Figure 2D). Looking at the expression profiles and comparing the mock- and NNV-infected profiles in each tissue and in all four tissues analyzed together, the expression profiles of the head kidney, spleen, and brain and the general profiles of the control and infected fish were clustered together, while the liver had a different profile (Figure 2E). In general, there were gene expression differences between the mock-infected and infected conditions, but to a lesser extent than between tissues at the same condition (Figures 2D, E).

[image: A layered data visualization depicting five panels. Panel A shows a pie chart of species classification, with different colors representing species percentages: Larimichthys crocea (41.3%), Lates calcarifer (50.5%), and others. Panels B and C contain Venn diagrams depicting overlaps of various categories (L, HK, SP, Br) in control and infected groups, respectively. Panel D features a bar graph illustrating DEG counts across compared groups (C, NNV), with three categories: all, up, and down. Panel E is a heatmap of gene expression data for liver, brain, spleen, all, and HK in NNV and control groups, with a color gradient from green to red.]
Figure 2 | Gene identification and differential expression analysis in mock- and nervous necrosis virus (NNV)-infected head kidney (HK), liver (L), spleen (SP), and brain (Br) from shi drum juveniles reared at 30 kg/m3 density for 27 days prior to infection. (A) Species classification of the unigenes annotated in the de novo transcriptome. (B) Venn diagram of the expressed genes in HK, L, SP, and Br of mock-infected shi drum juveniles. (C). Venn diagram of the expressed genes in HK, L, SP, and Br of the NNV-infected shi drum juveniles. (D) Number of differentially expressed genes (DEGs) in different comparisons performed between mock- and NNV-infected tissues. (E) Heatmap showing the cluster analysis of the DEGs in the different tissues analyzed (L, Br, S, and HK) under the mock-infected (C) and NNV-infected (NNV) conditions. (All) columns represent the expression added in the four tissues analyzed under the mock- and NNV-infected conditions.

Focusing on the functions of the DEGs, in the head kidney (Figure 3A), only three KEGG pathways were significantly modified upon infection (the neuroactive ligand–receptor interaction, the synaptic vesicle cycle, and the insulin secretion pathways), while in the liver (Figure 3B), there were 12 pathways related to autophagy, phagosome, cholesterol and lipid metabolism, cell cycle and renewal, and innate acute response through complement pathways. In the spleen, 62 pathways were modified, while there were 84 in the brain, the target tissue of NNV (Supplementary Data 1). In the spleen (Figure 3C), the top 20 pathways significantly modified were related to autophagy and the main spleen function as a secondary immune tissue, such as cytokine–cytokine interaction, hematopoietic cell linage, antigen processing and presentation, migration and cell adhesion, and different signaling pathways. In the brain (Figure 3D), however, the top 20 pathways significantly modified were related to cell adhesion, synapses, and hormone signaling (Figure 3D). Interestingly, a unique pathway was observed to be modified upon infection in the head kidney, spleen, and brain: the neuroactive ligand–receptor interaction pathway. This pathway was highly modified in the head kidney (29 of the 281 expressed genes were modified, 10%) and, to a lesser extent, in the spleen (54 of the 933 expressed genes were modified, 0.05%) and the brain (117 of the 2,087 expressed genes were modified, 0.05%). Focusing on this pathway (Figure 4, Supplementary Data 2), most of the receptors altered are involved in neurological disorders and inflammation; however, some of them regulate the vascular system, the feeding behavior and energy consumption, the renewal of cells, and the stress response. The receptors altered in the three tissues were the muscarinic acetylcholine receptor (CHRM), adrenergic receptor (ADR), serotonin receptor (HTR), muscarinic glutamate receptor (GRM), and leptin receptor (LEPR), while the ligands included endothelin and different ligands of the proteinase-activated like receptor (Figure 4). Interestingly, multiple receptors of each type with different isoforms in some cases were present in shi drum tissues and were regulated in a tissue-specific manner upon NNV infection at stressed conditions induced by high rearing densities (Figure 5).

[image: Bar graphs displaying pathways and processes from different organs.   A) Head-Kidney: Notable pathways include Synaptic vesicle cycle and Neuroactive ligand-receptor interaction.   B) Liver: Highlighted processes are Complement and coagulation cascades and Cell cycle.   C) Spleen: Significant pathways include Pathways in cancer and Cytokine-cytokine receptor interaction.   D) Brain: Key pathways are Glutamatergic synapse and Circadian entrainment.   Each bar represents -log10(p-adjusted) values for the pathways, with annotations indicating significance.]
Figure 3 | Top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated with the differentially expressed genes in each tissue: (A) Head kidney. (B) Liver. (C) Spleen. (D) Brain. * Asterisks denote KEGG pathways significantly modified upon infection.
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Figure 4 | Differentially expressed genes in the neuroactive ligand–receptor interaction pathway (hsa04080) plotted using Pathview (57). Each gene square was divided into three parts corresponding to the brain, spleen, and head kidney expression from left to right. Red represents upregulated genes, while green represents downregulated genes.

[image: Heatmap showing gene expression levels with log2(fold change) across Brain, Spleen, and HK tissues. Genes are listed on the left, with colors representing expression levels: blue (low), green (medium), and red (high). "ND" indicates no data. A color scale from -10 to 70 is displayed on the right.]
Figure 5 | Heatmap showing the different expression of CHRM (muscarinic acetylcholine receptor), HTR (serotonin receptor), GRM (muscarinic glutamate receptor), and LEPR (leptin receptor), endothelin, and their isoforms in the different tissues upon nervous necrosis virus (NNV) infection at stressed conditions. ND, not detected.





4 Discussion

VER disease is caused by NNV infection, but the clinical signs and susceptibility observed for each species depend on the biological cycle stage and the physiological status of the specimen (21). On the one hand, acute or chronic stress has been associated with higher mortalities during NNV outbreaks (29). On the other hand, there is evidence demonstrating that the mortalities from NNV infection are directly related to the intensity of the inflammatory response associated with the infection (58–61) and inversely to the bw (18, 19, 21, 30). However, and differently from mammals, antiviral treatments that help overcome the exacerbated immune responses and that lead to mortalities upon virus infection have not been developed in fish aquaculture as palliative treatments. This could be due to the lack of knowledge on the immune–neurocrine interactions that orchestrate these effects upon infection. In this framework, we analyzed the growth, immune status, and stress response of juvenile shi drum specimens (30.7 ± 3.10 g bw) under three stocking densities (2, 15, and 30 kg/m3) for 27 days and subsequently challenged them with NNV. The main aim was to demonstrate the association of poor welfare and stressed conditions with high NNV susceptibility, as well as the molecular pathways involved.

The optimal density for shi drum culture is unknown as, to our knowledge, this species is not farmed and human consumption is only locally appreciated, but is based on wild fisheries. We routinely rear shi drum at 9–15 kg/m3 because it does not show unbalanced behavior and the industrial rearing densities for other Mediterranean fish species are normally around 15 kg/m3. Three stocking densities—one very low (2 kg/m3), one medium (15 kg/m3), and one close to our typical culture density, a high one (30 kg/m3)—were tested in order to compare them and to assess whether the stocking density could be a factor that triggers sudden outbreaks. Firstly, we determined by direct observation that shi drum specimens reared at 15 and 30 kg/m3 display dark skin and a more nervous behavior than those reared at 2 kg/m3, which showed a clear gray color similar to the color of the tank. Interestingly, at medium and high densities, all fish showed a darker coloration, probably due to the fact that they imitate each other instead of the tank. Hence, the density appeared to affect the mimicry of the fishes, changing from a protective resemblance (fish adopt the color of the tank) to a social mimicry (they mime the color of each other), as reviewed (62). In any case, skin color regulation has been known to be linked to stress hormones such as somatolactin, cortisol, and prolactin or thyroid hormones and is a clear sign of stress (63–66). In fact, those fish with dark skin showed the highest levels of serum cortisol from day 7 onwards. Similar to our results, other fish species reared at high densities showed higher levels of cortisol than those reared at a low density (14, 36, 67–75). Taking into account that the study and standardization of a large number of OWIs will allow better monitoring of the health and welfare of fish (21), and that our serum data provided evidence that shi drum specimens show signs of a stress response when reared at densities of 15 and 30 kg/m3, we next explored the possibility of identifying noninvasive OWIs by analyzing the levels of cortisol in the water and skin mucus and the levels of glucose and lactate and the total antioxidant activity (ABTS levels) in the skin mucus. For water cortisol, we succeeded in detecting it, but failed to observe differences on day 7 or day 21, contrary to what has been described in rainbow trout where the water cortisol levels significantly changed depending on the density culture conditions (69). Glucose and lactate levels are indicators of stress and are frequently used to evaluate the welfare of farmed fish (14, 36, 70). Thus, in the skin mucus, the cortisol and glucose levels increased in the fish reared at medium and high densities on days 7 and 27 or on day 27, respectively, but no differences were observed on day 21. Although further studies are needed, our data point to the feasible use of stress-related parameters in the skin mucus as OWIs for shi drum. On the other hand, the exceptive negative relationship between stress and growth described in other fish species (76) was partially observed in shi drum. Thus, the SGR index decreased in the fish reared at medium and high densities, but all specimens showed similar use of feed, as revealed by the similar CF values. All of these data demonstrate that mainly fish at 15 and 30 kg/m3 showed a poor welfare status, although the effect of the stressed conditions was not excessively substantial. Taking into account that high stocking densities can negatively affect the general welfare of fish (13, 14, 36) by reducing the immune functions (70), we next determined whether the innate immune responses were unbalanced in our stressed fish by analyzing the innate activities in the serum and skin mucus. The fish skin mucus is one of the most important components of the first line of defense against a broad spectrum of pathogens (37, 40, 77) and acts as a barrier between fish and their environment (77), protecting them against microbial infections (37). In this study, no differences were observed in the serum or skin mucus peroxidase, protease, or total bactericidal activity of fish farmed at different stocking densities at any assayed time. However, in the case of antiprotease activity in the serum, fish farmed at medium and high densities for 27 days showed a decrease compared to those farmed at the lowest density; in the skin mucus, the opposite results were observed on day 7. Similarly to the serum antiprotease, the skin mucus lysozyme activity of fish farmed at medium and high densities for 27 days showed a decrease compared with fish farmed at the lowest density. In contrast to other fish species previously studied (73, 78–81), the shi drum specimens reared at different densities did not show differences in the serum lysozyme activity. Taken together, these data suggest that the shi drum skin mucus could reflect more rapidly the immunosuppression triggered by the stress response than the serum, although further studies are needed to clarify this issue. In conclusion, all of the stress parameter and immune data obtained in this study suggested that shi drum specimens reared at 15 and 30 kg/m3 display stress responses at the moment of infection (27 days) and that their innate immune responses are not highly unbalanced, at least at naive conditions.

Taking into account the observed susceptibility of shi drum to NNV and the previously described relationship between stress and increased NNV susceptibility observed in other fish species (30), we subsequently studied the effect of NNV infection on shi drum specimens farmed at different stocking densities. Therefore, after being reared at different stocking densities for 27 days, we challenged the fish from each experimental group with the RGNNV genotype (the most common genotype in the Mediterranean area). A group of fish from the highest density group were mock-infected (control group), but no mortalities due to the handling conditions were observed despite the fish having a poor welfare status. In the infected groups, however, only the fish reared at 15 and 30 kg/m3 suffered mortalities upon infection, with the mortalities observed in the group reared at the highest density being statistically significant. In addition, this group also recorded the highest cortisol levels and the lowest glucose levels prior to infection. Interestingly, when analyzing the serum and skin mucus parameters of all fish on day 4 of infection by comparing them with the levels displayed by mock-infected fish, no statistically significant differences were observed in all of the parameters analyzed in the group recording no mortalities (2 kg/m3). Therefore, in shi drum and under our experimental conditions, we were not able to identify any serum or skin mucus parameter that might be useful in the prediction of the stress occurring upon NNV infection in asymptomatic specimens.

Interestingly, shi drum specimens at the larval stage or with a low bw are very susceptible to RGNNV (5, 9); however, in this study, fish with a bw of 30 g and were reared at low density (2 kg/m3) became asymptomatic, even after demonstrating infection, as shown by the expression of the viral CP in their tissues. The inverse relationship between susceptibility to NNV and bw observed in this work has already been described in many species (18). However, to our knowledge, this study is the first to demonstrate the link between stressed conditions and the appearance of VER disease, as well as mortalities in fish with a bw at which they should be asymptomatic.

Shi drum specimens reared at the lowest density (2 kg/m3) and infected with NNV showed a high variability in the CP transcription levels in the viral target tissues (the brain and eyes) at both time points analyzed. This variability was strikingly higher for fish reared at 2 kg/m3 when compared with those at 15 or 30 kg/m3 rearing conditions. Interestingly, although they showed higher variable viral levels, they were asymptomatic and were able to control the disease. It has been recently proposed that an exacerbated inflammatory response leads to mortalities upon NNV infection (58–61). Thus, it is possible that the shi drum specimens at low densities show lower clinical signs and mortalities due to a low inflammatory response, which will likely depend on their physiological welfare. In contrast, the fish reared at high densities might display a high inflammatory response due to their stressed condition. Although further studies are necessary to clarify this issue, our transcriptomic data supported this hypothesis as the pathways related to cytokine and chemokine signaling and inflammation were upregulated in the brain and spleen of the NNV-infected specimens reared at 30 kg/m3 (the highest density). In fact, for the immune response, the transcriptomic profile of the spleen showed altered related pathways such as autophagy, antigen processing and presentation, and cytokine interaction, as previously described in an NNV-infected larva transcriptome (82). In addition, the profile observed in the brain resembles similarities to that in a transcriptomic study performed in a brain-derived cell line infected with NNV (83). Interestingly, in the shi drum brain, the estrogen signaling pathway was altered upon infection, as also occurred in European sea bass (84). However, and in contrast to that in European sea bass (85), in the shi drum brain, none of the kisspeptin-regulated genes were altered, nor the gonadotrophin-releasing hormone genes. As these genes belong to the hypothalamic–pituitary–gonadal (HPG) axis, the differences observed between species might modify their capabilities of vertically transmitting the virus. In fact, NNV colonized the gonad of the European sea bass and gilthead seabream specimens upon infection, but it is extremely difficult to detect the virus at 15 dpi as viral gene expression is under the qPCR detection limit, as previously demonstrated (84). However, in shi drum, the expression of the CP gene at 18 dpi was low, but was easily detected in the gonad in all experimental groups (both in fish that showed VER clinical signs and those that did not) using qPCR, as demonstrated in this study. These data led to considering the possibility of developing a methodology to detect NNV in asymptomatic shi drum through gonad biopsies. Nevertheless, further studies are required to clarify the kinetics of the viral transcription rates in surviving fish through time and the relationship between the CP transcription levels in the gonad and the regulation of the HPG axis. This knowledge would be of great importance in combating vertical and horizontal transmission from asymptomatic fish.

In contrast to previous transcriptomic studies that focused on immune responses (82, 83, 86), this work also attempted to understand the molecular pathways involved in the association between stressed or poor welfare conditions and the exacerbated inflammatory response that triggered higher mortalities. In that sense, this work identified for the first time several receptors and ligands belonging to the neuroactive ligand–receptor pathway that were heavily regulated in a systemic way, as their expression was modified in three of the four tissues analyzed. According to our data, the molecules regulated in the three tissues were CHRM, ADR, HTR, GRM, and LEPR. All of these are neurotransmitter receptors in the brain, but are also present in different types of immune cells and other tissues as they belong to the endocrine system (16, 87–91). Therefore, they are a direct link between neurological disorder, endocrine regulation, and immune response. Our data revealed that shi drum expressed all these receptors in multiple isoforms and that they were differentially regulated upon NNV infection in stressed conditions depending on the receptor type, the isoform, and the tissue. The presence of multiple genes that produce an array of receptors differentially expressed in different cells or tissues is expected due to the multiple genome duplications that have occurred during teleost fish evolution (92). However, the complexity observed in the regulation in multiple tissues of these receptors upon NNV infection at stressed conditions points to their importance in orchestrating the imbalance that leads to mortalities upon infection and highlights these receptors as potent targets for pharmacological treatment. Thus, further studies focusing on the neuroactive ligand–receptor pathway are needed to understand the pathology of NNV and its link to poor welfare culture conditions.




5 Conclusions

This work is the first study in which the effect of a combination of stocking densities and viral infection in shi drum has been analyzed. In this study, juvenile shi drum specimens (30.7 ± 3.10 g bw) tolerated high rearing densities, even with a poor welfare status. Despite the serum and skin mucus innate immune responses and the antioxidant system being almost unaffected by the poor welfare status and the fish being big enough to be asymptomatic, mortalities occurred upon NNV infection. These data demonstrate that chronic stress due to a high stocking density is a key factor in the pathogenesis of NNV in shi drum juveniles. In addition, our data showed that the skin mucus might reflect more rapidly the immunosuppression triggered by stress response than the serum in shi drum juveniles. Further studies are needed in this sense to clarify its potential for noninvasive sampling to detect stress. Regarding the molecular pathways orchestrating the link between stressed conditions and NNV susceptibility, it was found that, in general, the immune–neuroendocrine system might be crucial and that, in particular, the receptors CHRM, ADR, HTH, and LEPR might be involved in a systemic regulation that could lead to an exacerbated inflammatory response upon NNV infection, causing mortalities at an unexpected fish weight.
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The recent trend of global warming poses a significant threat to ecosystems worldwide. This global climate change has also impacted the pollution levels in aquatic ecosystems, subsequently affecting human health. To address these issues, an experiment was conducted to investigate the mitigating effects of iron nanoparticles (Fe-NPs) on arsenic and ammonia toxicity as well as high temperature stress (As+NH3+T). Fe-NPs were biologically synthesized using fish waste and incorporated into feed formulations at 10, 15, and 20 mg kg-1 diet. A total of 12 treatments were designed in triplicate following a completely randomized design involving 540 fish. Fe-NPs at 15 mg kg-1 diet notably reduced the cortisol levels in fish exposed to multiple stressors. The gene expressions of HSP 70, DNA damage-inducible protein (DDIP), and DNA damage were upregulated by stressors (As+NH3+T) and downregulated by Fe-NPs. Apoptotic genes (Cas 3a and 3b) and detoxifying genes (CYP 450), metallothionein (MT), and inducible nitric oxide synthase (iNOS) were downregulated by Fe-NPs at 15 mg kg-1 diet in fish subjected to As+NH3+T stress. Immune-related genes such as tumor necrosis factor (TNFα), immunoglobulin (Ig), and interleukin (IL) were upregulated by Fe-NPs, indicating enhanced immunity in fish under As+NH3+T stress. Conversely, Toll-like receptor (TLR) expression was notably downregulated by Fe-NPs at 15 mg kg-1 diet in fish under As+NH3+T stress. Immunological attributes such as nitro blue tetrazolium chloride, total protein, albumin, globulin, A:G ratio, and myeloperoxidase (MPO) were improved by dietary Fe-NPs at 15 mg kg-1 diet in fish, regardless of stressors. The antioxidant genes (CAT, SOD, and GPx) were also strengthened by Fe-NPs in fish. Genes associated with growth performance, such as growth hormone regulator (GHR1 and GHRβ), growth hormone (GH), and insulin-like growth factor (IGF 1X and IGF 2X), were upregulated, enhancing fish growth under stress, while SMT and MYST were downregulated by Fe-NPs in the diet. Various growth performance indicators were improved by dietary Fe-NPs at 15 mg kg-1 diet. Notably, Fe-NPs also enhanced arsenic detoxification and reduced the cumulative mortality after a bacterial infection. In conclusion, this study highlights that dietary Fe-NPs can effectively mitigate arsenic and ammonia toxicity as well as high temperature stress by modulating gene expression in fish.
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1 Introduction

The recent dramatic change in ecosystems has been witnessed to affect all living organisms, including humans, animals, and fish. Climate change, pollution, and degraded water quality are affecting the aquatic systems, resulting in the species extinction of aquatic organisms including fish (1, 2). With fish reared under a degraded environment, this results in changes at the gene and cellular levels. The contamination reaches up to cellular level of the aquatic organism, and the final product is contaminated, which increases the chances of deadly diseases occurring in consumers such as humans. Climate change and pollution can also lead to occurrences of diseases in all ecosystems. While climate change and pollution are distinct factors, they often work together to degrade the food chain and web. In aquatic systems like aquaculture and fisheries, ammonia emerges as a critical abiotic factor affecting the production and survival of aquatic animals, including fish (1). The adverse effect of abiotic factors such as arsenic (As), ammonia (NH3), and high temperature has weakened the immunity of aquatic organisms, which results in decreases in the efficiency of gene regulations involved in the detoxification of contamination. Moreover, arsenic pollution broadly covers the globe, including Asia, America, Europe, African countries, etc. Asian countries such as Bangladesh and the northeastern parts of India and China are also badly affected. Almost 200 million people are at a high risk (3, 4), of which 43,000 people die annually in Bangladesh due to arsenic pollution (4). As per the International Agency for Research on Cancer (IARC), it is also considered a class I carcinogenic (5). Arsenic is widely used for agriculture, veterinary drugs, medicines, metal alloy manufacturing, microelectronics, glassware, and wood preservatives (6, 7). Furthermore, the toxicity of ammonia (NH3) in aquatic ecosystems is crucial, resulting in mass mortality in fish. NH3 mainly originates from high fish protein diet, fish waste, and metabolic process of the aquatic organism, resulting in NH3 toxicity in aquatic systems (8, 9). The breakdown of amino acids, pyrimidines, and purines also generates ammonia (10), which exists in two forms: unionized ammonia (NH3) and ionized ammonium (NH4+) (11). Ammonia toxicity can lead to noticeable reductions in growth performance (12), immunity, tissue erosion, neurotoxicity, and oxidative stress and ultimately result in high mortality (13). Similarly, elevated temperature also alters the fish physiology as fish are poikilothermic animals.

Iron (Fe) is an essential nutrient which has an important role in oxygen transport and cellular respiration in fish (14). Moreover, the fish can absorb Fe using its gills and intestinal mucosa (14). In this study, multiple abiotic factors (As, NH3, and high temperature—T) were employed for stress which induces a weakened immunity in fish, resulting in alterations of the gene regulations involved in the immunity of fish, although immunity has been indicated and reflected from primary stress response to tertiary stress response. In the case of weak immunity, the natural kappa factor (NFkB) signaling pathway is inhibited due to multiple abiotic factor stress. Moreover, the dietary iron nanoparticles (Fe-NPs) improve the immunity of the fish using the NFkB signaling pathway (15, 16). The nano-form of iron sulfate is highly bioavailable to fish compared to other forms of iron (17). Therefore, the supplementation of Fe-NPs diet can be maximized as enhancer of immunity, anti-oxidant status, and the growth performance of the fish (18). The gene responsible for apoptosis and programmed cell death, cytokines, NF-κB pathway, immune genes, and anti-oxidant defense genes are important for regulatory mechanism (19, 20), although cytokines are vital signaling molecules released during various conditions, modulating inflammatory responses and maintaining barrier integrity (21). Therefore, Fe-NPs control the gene regulation involved in the abovementioned process. Neurotoxicity using acetylcholine esterase (AChE) was also inhibited using multiple abiotic stresses, although the dietary Fe-NPs enhanced the AChE activities (22). Fe-NPs supplementation could enhance the growth performance in the fish. It has advantage over bulk Fe as Fe-NPs have higher bioavailability and better absorption, which can promote fish growth (18). The Fe-NPs also decrease alanine amino transferase (ALT) and aspartate amino transferase (AST) and promote good fish health (18).

A mechanistic study of multiple stresses is required to understand the gene regulation involved in such process. However, Pangasianodon hypophthalmus is the fish species best suited to study the impact of multiple stresses and different gene regulation pathways (23, 24). P. hypophthalmus has high demand due to its medicinal and taste characteristics, and it has potential for diversification as an aquaculture species (25). The aims of the present study are dealt with by two major objectives, namely (1): to understand the mechanistic role of Fe-NPs in mitigating multiple stresses (abiotic and biotic) and (2) to elucidate the role of gene regulation involved in the response to multiple stress, such as a low dose of arsenic and ammonia toxicity as well as high temperature in P. hypophthalmus.




2 Materials and methods



2.1 Ethics statement

The institute aquaculture wet lab facilities were registered under the Committee for the Purpose of Control and Supervision of Experiments on Animals (CCSEA)—2190/GO/RReBi/SL/2022/CCSEA. The study was approved by institute PME as 7–1(PME) 2024–04. This study was in compliance with Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.




2.2 Experimental animals and design

The fish were taken from the National Institute of Abiotic Stress Management’s Farm Pond. The fish weighed an average of 6.02 ± 0.24 g and measured 5.12 ± 0.18 cm in size. The fish were kept in a 150-L rectangular plastic aquarium. The fish were placed in quarantine with potassium permanganate (KMnO4) and a 1% dip salt solution. A total of 12 treatments were designed for this experiment: iron nanoparticles supplied to the group at 10, 15, and 20 mg kg-1 diet with or without stressors: arsenic (As); ammonia (NH3); arsenic and ammonia (As+NH3); and arsenic, ammonia, and high temperature (As+NH3+T). Table 1 presents the details of the treatments.

Table 1 | Experimental design of the present investigation.


[image: Table listing details of various treatments with serial numbers and notations. Treatments include control, exposure to arsenic, ammonia, and combinations thereof, with or without high temperature. Some treatments involve feeding with iron nanoparticles at concentrations of 10, 15, or 20 mg per kg of diet. Notations are given for each treatment, such as "Ctr" for control and combinations like "As+NH₃+T" for concurrent exposures.]
Fe-NPs diet was fed to the fish twice a day, at 9:00 AM and 5:00 PM. Every day, the uneaten food and excrement were removed by siphoning. The APHA method (26) was used to periodically analyze the water quality parameters, and the results were recorded within the typical range for this fish’s culture (27). Every other day, the water was physically changed (2/3rd of water), and arsenic (sodium arsenite, NaAsO2) and (NH4)2SO4 were added as sources of ammonia toxicity (NH3) and to provide constant aeration using a compressed air pump. The As, As+NH3, As+NH3+T, and NH3 stressor groups were kept together by ammonium sulfate [1/10th of LC50 2.0 mg L-1 of (NH4)2SO4] (12) and arsenic (1/10th of LC50 2.68 mg L-1) (28) and high temperature (34°C) maintained with thermostatic heaters. Four experimental diets of iso-nitrogenous (35% crude protein) and iso-caloric type were prepared. Different feed ingredients were used, such as fish meal, groundnut meal, soybean meal, wheat flour, carboxymethyl cellulose (CMC), cod liver oil, lecithin, and vitamin C. The Fe-NPs free mineral mixture was prepared manually for inclusion in the diets. The heat-labile ingredients were mixed after heating the feed ingredient. In terms of proximate analysis of the diets, these were analyzed using the method of AOAC (29). Crude protein was analyzed using nitrogen content, ether extract (EE) using solvent extraction, and ash estimation using muffle furnace (550°C) (Table 2). Total carbohydrate % was calculated by using the following equation:

Table 2 | Ingredient composition and proximate analysis of experimental diets (% dry matter) of iron nanoparticles (Fe-NPs) fed to Pangasianodon hypophthalmus for 90 days.


[image: A table details the ingredients and nutrient composition of four diets with varying iron nanoparticle (Fe-NP) levels: 0 mg/kg, 10 mg/kg, 15 mg/kg, and 20 mg/kg. Ingredients include soybean meal, fish meal, groundnut meal, wheat flour, sunflower oil, cod liver oil, CMC, vitamin and mineral mix, vitamin C, lecithin, and Fe-NPs. Nutrient composition shows values for crude protein, ether extract, total carbohydrate, organic matter, dry matter, digestible energy, and iron content. Each diet's data is presented with corresponding mean and standard error.]
[image: Formula for calculating total carbohydrate percentage is shown as: total carbohydrate % equals 100 minus (crude protein % plus ether extract % plus ash % plus moisture %).]	

The gross energy of the diets was calculated using the method described by Halver (30).




2.3 Synthesis of iron nanoparticles using the green approach



2.3.1 Preparation of fish tissue extract

Fish waste (gill tissue) was used to synthesize Fe-NPs. The tissues were cut open, and blood and dust were washed away with running water. After tissue homogenization (SCILOGEX D160, Serial number-DA198AB0000585; 1275 Cromwell Ave., Suite 122; Rocky Hill, CT, USA), the supernatant was recovered by centrifuging (Thermoscientific, SORVALL, Legend MICRO 21 R) at 5,000–6,000 rpm. Whatman paper (0.45-μm pore size) was then used as filter to get the gill extract (31, 32).




2.3.2 Preparation and characterization of iron nanoparticles

Ferrous sulfate (0.4 M) was combined with the gill extract. After that, this was stirred at room temperature for 30 min. After that, the magnetic stirrer was maintained at 60 °C for 2.5–4 h while gradually adding 0.8 M NaOH drop by drop until a reddish-brown solution is achieved. Following the acquisition of a reddish-brown hue in the solution, a spectrophotometer [UV1900i; Shimadzu (Asia Pacific) Pte Ltd., Cintech IV, Science Park I, Singapore 118264] was used to measure the peak value at (216–600 nm), where a high absorption peak was found at 250 nm. After centrifuging it and washing it three times in distilled water, pellet was obtained. The pellet was then allowed to dry in the concentrator. Iron nanoparticles (Fe-NPs) are obtained as a reddish-brown powder after drying. Additionally, the synthesized Fe-NP formulations were combined with Milli-Q water and subjected to particle size characterization (Particle Analyser, Litesizer 500, Anton Paar, Austria). The mean size and zeta potential were obtained as 130.17 nm and 53.3 mV, respectively (Figures 1A, B).

[image: A pair of graphs shows distribution data. Graph A illustrates particle diameter distribution in nanometers on a logarithmic scale with a peak at about 100 nm and a range from 0.1 to 10,000 nm. Graph B shows zeta potential distribution in millivolts, peaking around 100 mV, with a range from -200 to 200 mV.]
Figure 1 | (A, B) Size of iron nanoparticles (Fe-NPs) 130nm and Zeta potential 53.7 mV.





2.4 RNA isolation and quantification

Total RNA was isolated from P. hypophthalmus liver and muscle tissues using the TRIzol technique. The liver and muscle (MYST and SMT) tissues were homogenized using liquid nitrogen. After adding chloroform to the homogenized samples for phase separation, they were incubated for 5 min. Following centrifugation, the RNA-containing aqueous phase was separated into a 1.5-mL tube, and isopropanol was used to precipitate the RNA. After air-drying the RNA pellet, it was dissolved in RNAse-free water after the precipitated RNA had been cleaned with 75% ethanol. For later use, RNA was kept in storage at -80°C. Furthermore, 1.0% agarose gel was used to confirm the integrity of the RNA. It was made by melting agarose in 1X TAE buffer to the necessary amount. A gel documentation system (ChemiDocTM MP imaging system, Bio-Rad) was used to visualize the RNA bands. The RNA was quantified using a nano-drop spectrophotometer (Thermo-scientific).




2.5 cDNA synthesis and quantitative PCR

Revert Aid First Strand cDNA synthesis kit (Thermo-scientific) was used to synthesize cDNA from total extracted RNA. Prior to the creation of cDNA, trace quantities of DNA were eliminated using DNase I. A volume of 12 µL contained the reaction mixture, including 15 pmol of oligo dT primers and 100 ng of RNA. In the PCR, the reaction mixture was heated to 65°C for 5 min before being cooled on ice. With that, the chilled mixture was centrifuged for a brief period of time with the addition of 1 µL Ribo Lock RNase Inhibitor (20 U/µL), 1.0 µL of reverse transcriptase enzyme, 5X reaction buffer (4.0 µL), and 2 µL dNTP Mix (10 mM). Subsequently, the mixture was incubated for 42 min at 60°C and for 5 min at 70°C. Through the use of β-actin PCR, the generated cDNA was verified. Quantitative PCR (real-time PCR) was conducted using gene-specific primers and the SYBR green PCA master mix (Bio-Rad). SYBR Green Master Mix (1X), primer (1 µL), and 1 µL of cDNA were included in the quantification samples. The reaction cycle was set up as follows: 10 min of initial denaturation at 95°C, 39 cycles of cDNA amplification, followed by 15 s of denaturation at 95°C and 1 min of annealing at 60°C (33). Table 3 has the primers’ specifics listed.

Table 3 | Details of the primer for relative quantitative real-time PCR.


[image: Table listing genes, primer sequences, and accession numbers. Includes genes such as SOD, CAT, GPx, with primer sequences in forward and reverse directions, alongside specific accession numbers like XM_034299545.1 and NC_047601.1.]



2.6 Growth performance

The study examined the growth performance parameters, including relative feed intake (RFI), weight gain (%), feed conversion ratio (FCR), specific growth rate, thermal growth coefficient (TGC), protein efficiency ratio (PER), and daily growth index (DGI). For a total of 90 days, the fish’s weight was recorded every 15 days.

[image: Formula for Feed Conversion Ratio (FCR) states it as the total dry feed intake in grams divided by the wet weight gain in grams.]	

[image: Formula for Specific Growth Rate (SGR): SGR equals one hundred times the natural logarithm of final body weight (FBW) minus the natural logarithm of initial body weight (IBW), divided by the number of days.]	

[image: Formula for weight gain percentage: Final body weight (FBW) minus initial body weight (IBW) divided by initial body weight (IBW), multiplied by one hundred.]	

[image: Formula for relative feed intake (FI) expressed as a percentage per day, calculated as one hundred times the total feed intake (TFI) divided by the initial body weight (IBW).]	

[image: PER equals total wet weight gain in grams divided by crude protein intake in grams.]	

[image: Formula for Thermal Growth Coefficient (TGC): TGC equals final body weight (FBW) to the power of one-third minus initial body weight (IBW) to the power of one-third, multiplied by the inverse of the thermal sum (ΣD0), where ΣD0 is defined as the product of feeding days and average temperature in degrees Celsius.]	

[image: Formula for Daily Growth Index (DGI) in percentage: DGI (%) equals the difference of the cube root of Final Body Weight (FBW) and the cube root of Initial Body Weight (IBW), divided by days, multiplied by one hundred.]	




2.7 Gene study

The different genes were investigated in liver tissues in this study, viz., superoxide dismutase (SOD), catalase (CAT), glutathione-s-transferase (GST), heat shock protein (HSP 70), nitric oxide synthase (iNOS), cytochrome P450 (CYP 450), caspase 3a (CAS 3a and 3b), metallothionine (MT), tumor necrosis factor (TNFα), Toll-like receptor (TLR), growth hormone receptor (Ghr1 and Ghrb), interleukin (IL), immunoglobulin (Ig), growth hormone (GH), and insulin like growth factor 1 and 2 (IGF1 and IGF 2), and in muscle tissue, somatostatin (SMT) and myostatin (MYST) were studied for real-time quantification.




2.8 Cortisol

Cortisol was determined using ELISA kit (commercially available Cortisol EIA kit, catalog no. 500360, Cayman Chemicals, USA). The assay was performed as per the instruction provided with the kit. The final reading was obtained using an ELISA plate reader (Biotek India Pvt. Ltd.).




2.9 Arsenic and iron analysis from fish tissues, feed, and experimental water

To measure the levels of arsenic, samples were taken from the kidney, brain, gills, liver, and muscle. On the other hand, the concentration of Fe was determined in the fish muscle and diet. Using inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7700 series, Agilent Technologies, USA) in a microwave digestion system (Microwave Reaction System, Multiwave PRO, Anton Paar GmbH, Austria, Europe), the tissues and diets were processed in accordance with the method of Kumar et al. (31, 34).




2.10 Alkaline single-cell gel electrophoresis/comet assay

With a slight modification (32), the alkaline single-cell gel electrophoresis/comet assay of Ali et al. (35) was used to assess DNA damage in kidney tissue. The kidney tissue (50 mg) was placed in an ice-cold homogenization buffer [20 mM EDTA; 1-X Hanks’ balanced salt solution; 10% dimethyl sulfoxide (DMSO), pH 7.0–7.5] after having been cleaned twice with chilled phosphate buffer saline (Ca2+- and Mg2+-free). The tissue was used to create a single-cell suspension, which was then suspended in phosphate saline buffer after having been centrifuged for 5 min at 4°C and 3,000 rpm to extract the cell pellets. Trypan Blue Exclusion Test was also utilized for the cell viability test (35). After coating the glass slide with 200 µL of 1% regular agarose, it was combined with 85 µL of 0.5% low melting point agarose which was added to 15 µL of cell suspension (about 20,000 cells), which was then covered with a coverslip. Furthermore, following the removal of the cover slip, 100 µL of low melting point agarose was once more applied to the slides. The slides were then left in the lysing solution (100 mM Na2 EDTA, 2.5 M NaCl, 10 mM Tris, pH 10, with fresh additions of 1% Triton X-100 and 10% DMSO) for an entire night at 4°C. After that, the slides were put in a horizontal gel electrophoresis unit using electrophoresis buffer (1 Mm Na2EDTA, 300 mM NaOH, and 0.2% DMSO, pH >13.5), and the electrophoresis unit was run for 20 min at 4°C using 15 V (0.8 V cm-1) and 300 mA. After that, the slides were cleaned three times using 0.4 in neutralizing buffer using Tris buffer, pH 7.5, at 0.4 M. To visualize the DNA damage, 75 µL of ethidium bromide (20 µg mL-1) was applied to the slides for 5 min. After that, the slides were examined under a fluorescence microscope (Leica Microsystems Ltd., DM 2000, Heerbrugg, Switzerland), and pictures were taken and examined using an Open Comet image analysis system. According to the software calculated, the metric chosen for quantifying DNA damage was percent tail DNA (i.e., % tail DNA = 100% head DNA).




2.11 Challenge study with Aeromonas hydrophila

After 90 days of feeding trial, nine fishes per replicate (total of three replicates, 27 fish per treatment) were challenged with virulent A. hydrophila (Hi-Media, Mumbai, India, lot no. 637–51-5 and Ref 0637 P), grown in nutrient broth for 24 h at 37°C in a BOD incubator, and harvested by centrifuging the culture broth at 10,000 rpm for 10 min at 4°C. The cells were then washed thrice in sterile PBS (pH 7.2), and the final concentration was maintained at 108 CFU mL-1. The fishes were intraperitoneally injected with 0.15 mL of bacterial suspension in each treatment group. The fish mortality in each treatment group was recorded up to 7 days of the challenge study. The tissues were dissected out from dead fish for confirmation of A. hydrophila as a causative agent of death.




2.12 Statistics

The Statistical Package for the Social Sciences (SPSS) version 16 program has been used to process the statistical analysis of the experimental data. Using Duncan’s multiple-range tests and a one-way ANOVA (analysis of variance), the significance and treatment impact have been examined. After analysis, the data was determined to be significant at p<0.05.





3 Results



3.1 Cortisol

The results of the serum cortisol levels in P. hypophthalmus reared under ammonia and arsenic toxicity as well as high temperature stress are illustrated in Figure 2A. The serum cortisol level exhibited a noticeable elevation (p = 0.0017) when exposed concurrently to ammonia and arsenic toxicity along with high temperature stress. This elevation was followed by concurrent exposure to ammonia and arsenic toxicity alone and then by exposure to ammonia and arsenic alone when compared to control and Fe-NP-supplemented groups. Additionally, dietary supplementation of Fe-NPs at 15 mg kg-1 diet, with or without stressors (As+NH3+T) and subsequent supplementation at 10 mg kg-1 diet, significantly reduced the cortisol levels compared to the control and other experimental groups.

[image: Bar graphs display data for cortisol and HSP levels. Graph A shows cortisol concentration in ng/ml with treatments labeled Ctr, As, NH3, As+NH3, etc. Graph B depicts HSP fold change for the same treatments. Yellow bars represent different levels, with letters indicating statistical significance.]
Figure 2 | (A, B) Effect of dietary iron nanoparticles (Fe-NPs) on cortisol and HSP 70 against multiple stress in fish. Within endpoints and groups, bars with different superscripts differ significantly (a-g). Data expressed as Mean ± SE (n=3).




3.2 Heat shock protein (HSP 70)

The expression of the HSP 70 gene in liver tissue was significantly upregulated (p = 0.0022) by concurrent exposure to ammonia and arsenic toxicity, followed by exposure to arsenic combined with ammonia, ammonia alone, and arsenic alone, when compared to the control and other experimental groups. Interestingly, dietary supplementation of Fe-NPs at 15 mg kg-1 diet, with or without stressors, notably downregulated the expression of the HSP 70 gene compared to the control and other experimental groups. Moreover, groups fed with Fe-NPs at 10 and 20 mg kg-1 diet, with or without stressors, showed a significantly lower expression of the HSP 70 gene compared to all groups exposed to stressors (As, NH3, As+NH3, and As+NH3+T) (Figure 2B).




3.3 DNA damage inducible protein and DNA damage

The gene expression of DNA damage inducible protein (DDIP) was notably upregulated (p = 0.0013) by concurrent exposure to ammonia and arsenic toxicity as well as high temperature stress, followed by exposure to arsenic combined with ammonia, ammonia alone, and arsenic alone, when compared to the control and Fe-NP-supplemented groups. Moreover, the gene expression of DDIP was significantly downregulated in the group fed with Fe-NPs at 15 mg kg-1 diet, with or without stressors (As+NH3+T), compared to the control and other experimental groups. Groups fed with Fe-NPs at 10 and 20 mg kg-1 diet, without stressors, exhibited lower gene regulation of DDIP compared to groups exposed to stressors (arsenic, ammonia, arsenic combined with ammonia, and arsenic combined with ammonia and high temperature) (Figure 3A).

[image: Two bar charts labeled A and B compare data for different treatments. Chart A shows yellow bars representing fold change values for DDIP, with varying heights and letters above each bar. Chart B consists of yellow and blue bars indicating percentages of head and tail DNA, respectively. Each set of bars corresponds to specific treatments or conditions, with labeled categories along the x-axis and percentage or fold change on the y-axis. Error bars are included.]
Figure 3 | (A, B) Effect of dietary iron nanoparticles (Fe-NPs) on gene expression of DNA damage inducible protein (DDIP) and DNA damage against multiple stress in fish. Within endpoints and groups, bars with different superscripts differ significantly (a-g). Data expressed as Mean ± SE (n=3).

Furthermore, the results of DNA damage (comet) in the form of tail DNA % and head DNA % in the gill tissue of P. hypophthalmus are shown in Figure 3B. Head DNA (%) was notably lowered (p = 0.016), whereas tail DNA (%) was notably higher (p = 0.025) in the group exposed to concurrent arsenic, ammonia, and high temperature, followed by arsenic and ammonia, ammonia alone, and arsenic alone, compared to the control and other experimental groups. The group fed with dietary Fe-NPs at 15 mg kg-1 diet exhibited noticeably lower tail DNA (%) and higher head DNA (%), with or without stressors, compared to the control and other experimental groups.




3.4 Caspase, metallothionine, and cytochrome p450

In the present study, the gene expression of Cas 3a and 3b, MT, and CYP 450, respectively, was investigated in the liver tissue of P. hypophthalmus reared under multiple stress conditions (As, NH3, As+NH3, and As+NH3+T), and the results are presented in Figures 4A, B. Cas 3a gene expression was significantly upregulated (p = 0.017) by exposure to arsenic alone, followed by As+NH3+T, As+NH3, and NH3-alone groups. Conversely, Cas 3b expression was significantly upregulated (p = 0.0012) by concurrent exposure to arsenic, ammonia, and high temperature stress, followed by As+NH3, arsenic alone, and ammonia alone groups, compared to the control and other experimental groups. However, both Cas 3a and 3b were downregulated by Fe-NPs at 1.5 mg kg-1 diet, with or without stressors, compared to the control and other experimental groups (Figure 4A). MT gene expression was substantially upregulated (p = 0.0031) by As+NH3+T, followed by arsenic, ammonia, and As+NH3 exposure in P. hypophthalmus, compared to the control and Fe-NP-supplemented groups (Fe-NPs 10 and 15 mg kg-1 diet). Conversely, CYP 450 gene expression was notably (p = 0.016) highly upregulated by exposure to arsenic alone, followed by As+NH3+T, ammonia alone, and As+NH3 exposure, compared to the control and other experimental groups. Interestingly, MT and CYP 450 gene expressions were significantly downregulated by dietary Fe-NPs at 15 mg kg-1 diet compared to the control and other experimental groups (Figure 4B).

[image: Three bar graphs (A, B, C) showing fold change in gene expression or activity across different treatments. A: Csa3a and Csa3b; B: MT and CYP450; C: iNOS and Na+K+ATPase. Each graph has multiple treatment groups labeled along the x-axis, with data points marked by letters indicating statistical significance.]
Figure 4 | (A–C) Effect of dietary iron nanoparticles (Fe-NPs) on gene expression of Caspase 3a and 3b, metallothionine (MT), cytochrome P450 (CYP 450), inducible nitric oxide synthase (iNOS) and Na+K+ATPase against multiple stress in fish. Within endpoints and groups, bars with different superscripts differ significantly (a-g). Data expressed as Mean ± SE (n=3).




3.5 Inducible nitric oxide synthase and Na+K+ATPase

The gene expression of inducible nitric oxide synthase (iNOS) and Na+K+ATPase in the liver tissue of P. hypophthalmus reared under multiple stresses is depicted in Figure 4C. iNOS gene was substantially upregulated (p = 0.0071) by arsenic exposure, followed by As+NH3+T, ammonia alone, and As+NH3 exposure, compared to the control and Fe-NP-supplemented groups. Notably, the iNOS gene was significantly downregulated with Fe-NPs at 15 mg kg-1 diet, with or without stressors (As+NH3+T), followed by Fe-NPs at 10 and 20 mg kg-1 diet, with or without stressors, in comparison to the control and stressor-exposed groups. Furthermore, Na+K+ATPase gene expression was noticeably (p = 0.019) highly upregulated with dietary Fe-NPs at 15 mg kg-1 diet, with or without stressors, compared to the control and other experimental groups. Conversely, Na+K+ATPase was significantly downregulated with As+NH3+T, As+NH3, arsenic-alone, and ammonia-alone exposures, compared to the control and Fe-NP-supplemented groups (Figure 4C).




3.6 Cytokines and immunological genes: tumor necrosis factor, interleukin, immunoglobulin, and toll-like receptor

The gene expression of tumor necrosis factor (TNFα), interleukin (IL), and immunoglobulin (Ig), respectively, were determined in the liver tissue of P. hypophthalmus subjected to multiple stressors, and the results are presented in Figures 5A, B. TNFα gene expression was significantly downregulated (p = 0.0018) by As+NH3+T, followed by As+NH3, NH3, and As exposure, compared to the control and other experimental groups. Conversely, TNFα was noticeably upregulated by dietary Fe-NPs at 15 mg kg-1 diet, with or without stressors, followed by Fe-NPs at 10 and 20 mg kg-1 diet, compared to the control and other experimental groups (Figure 5A). Similarly, IL (p = 0.01) and Ig (p = 0.016) gene expressions were substantially downregulated by concurrent exposure to arsenic, ammonia, and high temperature, followed by As+NH3, NH3, and As, compared to the control and diet-supplemented groups. Conversely, both IL and Ig gene expression were significantly upregulated by dietary Fe-NPs at 15 mg kg-1 diet, with or without stressors, compared to the control, Fe-NP-fed groups (10 and 20 mg kg-1 diet), and stressor-exposed groups (Figure 5B). Furthermore, Toll-like receptor (TLR) gene expression was substantially upregulated by As+NH3, followed by As+NH3+T, NH3, and As-alone exposure, compared to the control and other experimental groups. Moreover, Fe-NPs at 15 mg kg-1 diet, with or without stressors, significantly downregulated TLR gene expression compared to the control and stressor-exposed groups. Dietary Fe-NPs at 10 and 20 mg kg-1 diet supplements were less effective in mitigating multiple stressors in fish (Figure 6A).

[image: Two bar graphs labeled A and B show fold change data for different treatments. Graph A depicts TNFα levels with yellow bars, while Graph B shows Ig and IL levels with yellow and blue bars, respectively. Each treatment group is denoted by abbreviations such as Ctr, As, and variations of Fe-NPs with labels indicating statistical significance. Error bars indicate variability.]
Figure 5 | (A, B) Effect of dietary iron nanoparticles (Fe-NPs) on gene expression of tumor necrosis factor (TNFa), immunoglobin (Ig) and interleukin (IL) against multiple stress in fish. Within endpoints and groups, bars with different superscripts differ significantly (a-g). Data expressed as Mean ± SE (n=3).

[image: Bar charts labeled A and B compare fold changes in different treatments. Chart A shows GPx and TLR levels, and chart B shows CAT and SOD levels across several conditions including control, As, NH3, and various Fe-NP combinations. Yellow bars represent GPx and CAT, while blue bars represent TLR and SOD. Each bar has a corresponding letter indicating statistical significance.]
Figure 6 | (A, B) Effect of dietary iron nanoparticles (Fe-NPs) on gene expression of GPx, toll like receptor (TLR), catalase (CAT) and superoxide dismutase (SOD) against multiple stress in fish. Within endpoints and groups, bars with different superscripts differ significantly (a-g). Data expressed as Mean ± SE (n=3).




3.7 Immunological attributes

The immunological attributes, such as nitroblue tetrazolium (NBT), blood glucose, total protein (TP), albumin (A), globulin (G), A:G ratio, and myeloperoxidase (MPO), were determined in P. hypophthalmus subjected to multiple stressors. The data are presented in Table 4. The NBT (p = 0.016), TP (p = 0.012), and globulin (p = 0.0022) levels were significantly decreased by concurrent exposure to arsenic, ammonia, and high temperature, followed by As+NH3, NH3, and As groups, compared to the control and Fe-NP-supplemented groups. Moreover, NBT, TP, and globulin levels were significantly elevated with dietary supplementation of Fe-NPs at 15 mg kg-1 diet, with or without stressors, compared to the control and other experimental groups. Furthermore, blood glucose was noticeably (p = 0.0027) elevated by stressors (As+NH3+T, As+NH3, NH3, and As) compared to the control and dietary Fe-NP-supplemented groups. Conversely, dietary Fe-NPs at 15 mg kg-1 diet significantly reduced the blood glucose levels in fish under both control and stressor conditions. Moreover, the A:G ratio showed similar trends to blood glucose levels, as Fe-NP supplementation improved the A:G ratio. Additionally, concurrent exposure to arsenic, ammonia, and high temperature significantly lowered the MPO levels, followed by NH3-alone and As-alone exposures. Interestingly, dietary Fe-NPs at 15 mg kg-1 diet noticeably enhanced (p = 0.0013) the MPO levels. The other supplemented groups of Fe-NPs at 10 and 20 mg kg-1 diet showed similar MPO levels to the control.

Table 4 | Effect of dietary iron nanoparticles (Fe-NPs) on NBT, BG, total protein, albumin, globulin, A:G ratio, and MPO against multiple stress in fish.


[image: A data table shows various exposure/diet groups with measurements for NBT, BG, Total Protein, Albumin, Globulin, A:G Ratio, and MPO. The groups include different control and experimental combinations like Ctr/Ctr, As/Ctr, NH3/Ctr, As+NH3/Ctr, and others with Fe-NPs at different doses. Each measurement includes a mean with standard error and superscript letters indicate significant differences. A P-value row provides statistical significance for each column. Values are noted as mean ± standard error, with differences marked by a, b, c, d, and e letters.]



3.8 Gene related to anti-oxidative status

The gene expression of GPx, SOD, and CAT in the liver tissue of P. hypophthalmus subjected to multiple stressors is documented in Figures 6A, B. Exposure to As+NH3+T, NH3, As+NH3, and As significantly upregulated the gene expression of GPx (p = 0.011), SOD (p = 0.002), and CAT (p = 0.001) compared to the control and other experimental groups. Interestingly, dietary Fe-NPs at 15 mg kg-1 diet were effective in downregulating the gene expression of GPx, SOD, and CAT compared to the control and other experimental groups. The dietary supplementation of Fe-NPs at 10 and 20 mg kg-1 diet showed similar gene expression levels of GPx, SOD, and CAT as the control group.




3.9 Growth-related gene expression

Figures 7A, B display the results of MYST and SMT gene regulation in the muscle tissue of P. hypophthalmus subjected to multiple stresses. MYST (p = 0.0065) and SMT (p = 0.0037) were substantially upregulated by concurrent exposure to As+NH3+T, followed by arsenic alone, As+NH3, and NH3 exposure, compared to the control and Fe-NP-supplemented groups. Moreover, MYST gene regulation was significantly downregulated by dietary Fe-NP at 15 mg kg-1 diet, with or without stressors, followed by Fe-NPs at 20 mg kg-1 diet, with or without stressors, and Fe-NPs at 10 mg kg-1 diet, compared to the control and other experimental groups. Similarly, SMT gene expression was significantly downregulated with Fe-NPs at 15 mg kg-1 diet, with or without stressors, followed by Fe-NPs at 10 mg kg-1 diet, with or without stressors, and Fe-NPs at 20 mg kg-1 diet without stressors, compared to the control and other experimental groups.

[image: Bar charts labeled A and B compare fold changes in expression levels. Chart A shows MYST and SMT, with MYST generally higher. Chart B shows GHR1 and GHRβ, with GHRβ typically higher. Conditions include control, treatments with As, NH3, and combinations with various Fe-NP concentrations. Error bars and significant differences are marked.]
Figure 7 | (A, B) Effect of dietary iron nanoparticles (Fe-NPs) on gene expression of myostatin (MYST), somatostatin (SMT), and growth hormone regulator (GHR1 and GHRβ) against multiple stress in fish. Within endpoints and groups, bars with different superscripts differ significantly (a-g). Data expressed as Mean ± SE (n=3).




3.10 Growth hormone regulator 1 and growth hormone regulator β

GHR1 (p = 0.0017) and GHR β (p = 0.0042) gene regulations were significantly downregulated in response to stressors (As+NH3+T, As+NH3, NH3, and As) compared to the control and other experimental groups. The GHR1 gene expression was significantly upregulated by Fe-NPs at 20 mg kg-1 diet with stressors, followed by Fe-NPs at 15 mg kg-1 diet without stressors, compared to the control and other experimental groups. Similarly, GHR β was significantly upregulated by Fe-NPs at 15 mg kg-1 diet, with or without stressors, compared to the control and other experimental groups (Figure 7B).




3.11 Growth hormone and insulin-like growth factors (IGF1X and IGF2X)

The gene regulations of GH, IGF1X, and IGF2X in the liver tissue of P. hypophthalmus subjected to stressors are presented in Figures 8A, B. GH was substantially upregulated (p = 0.018) by dietary Fe-NPs at 15 mg kg-1 diet, with or without stressors, compared to the control and stressor-exposed groups. Conversely, GH gene expression was significantly downregulated by As+NH3+T, followed by As+NH3, NH3, and As exposures, compared to the control and supplemented-diet groups. Furthermore, IGF1X and IGF2X gene regulations were noticeably downregulated by concurrent exposure to As+NH3+T, followed by As+NH3, NH3, and As-alone groups, compared to the control and Fe-NP-supplemented groups. Dietary Fe-NPs at 15 mg kg-1 diet, with or without stressors, substantially upregulated the IGF1X and IGF2X genes compared to the control and stressor-exposed groups. Additionally, other dietary groups, such as Fe-NPs at 10 and 20 mg kg-1 diet, were also efficient in upregulating IGF1X and IGF2X gene regulation against arsenic, ammonia, and high temperature stress (Figure 8B).

[image: Two bar graphs labeled A and B compare fold changes of different treatments. Graph A shows data for GH, with yellow bars indicating various treatment effects, ranging from low to high fold change. Graph B compares IGFIX and IGF2X in yellow and dark blue bars, respectively, showing various increases across the treatments. Both graphs include error bars and labels indicating statistical significance.]
Figure 8 | (A, B) Effect of dietary iron nanoparticles (Fe-NPs) on gene expression of growth hormone (GH), insulin like growth factor (IGF IX and IGF 2X) against multiple stress in fish. Within endpoints and groups, bars with different superscripts differ significantly (a-g). Data expressed as Mean ± SE (n=3).




3.12 Growth performance

Table 5 summarizes the results of growth performance indicators such as final weight gain %, food conversion ratio (FCR), specific growth rate (SGR), protein efficiency ratio (PER), daily growth index (DGI), and relative feed intake (RFI) of P. hypophthalmus reared under different stress conditions. The final weight gain % was noticeably enhanced by dietary Fe-NPs at 15 mg kg-1 diet, with (160%) or without stressors (162%), followed by Fe-NPs with (137%) or without stressors (147%), compared to the control and stressor-exposed groups. Conversely, the final weight gain % was significantly reduced by concurrent exposure to As+NH3+T (60%), As+NH3 (68%), NH3 (68%), and As (72%), compared to the control and Fe-NP-supplemented groups. Similarly, SGR, PER, DGI, and RFI followed the same pattern and were enhanced with dietary Fe-NPs at 15 mg kg-1 diet.

Table 5 | Effect of dietary iron nano-particles (Fe-NPs) on growth performance, viz., final body weight gain (%), FCR, SGR, PER, DGI (%), TGC, and RFI against multiple stress in fish.


[image: A table compares various diets' effects on fish, including exposure levels (mg/kg), final body weight gain (%), Feed Conversion Ratio (FCR), Specific Growth Rate (SGR), Protein Efficiency Ratio (PER), Daily Growth Index (DGI %), and Relative Feed Intake (RFI). Diets range from control (Ctr/Ctr) to combinations of arsenic (As), ammonia (NH₃), tannin (T), and iron nanoparticles (Fe-NPs) at different concentrations. Significant variations are noted in these parameters, with specific p-values indicating statistical significance. Superscript letters indicate significant differences between values.]



3.13 Detoxification of arsenic by Fe-NPs diet

The arsenic concentration in the experimental water varied as follows: control (0.02 mg kg-1 diet), As group (1931 µg L-1), NH3 group (0.01 µg L-1), As+NH3 (2160 µg L-1), As+NH3+T (2324 µg L-1), Fe-NPs at 10, 15, and 20 mg kg-1 diet (below detection limit), and Fe-NPs with As+NH3+T at 10 mg kg-1 diet (1730 µg L-1), 15 mg kg-1 diet (507 µg L-1), and 20 mg kg-1 diet (1925 µg L-1). However, the results showed that dietary Fe-NPs at 15 mg kg-1 diet with stressors (As+NH3+T) exhibited the lowest arsenic concentration. Moreover, the highest bioaccumulation was observed in the kidney, followed by the liver, gill, muscle, and brain in the group exposed to As+NH3+T. Dietary Fe-NPs at 15 mg kg-1 diet showed the highest detoxification of arsenic in all tissues (Table 6).

Table 6 | Effect of dietary iron nanoparticles (Fe-NPs) on detoxification of arsenic in different fish tissues reared under control and multiple stress conditions.


[image: Table showing concentrations of various compounds in different tissues under different exposure conditions. Columns list tissues: water, liver, kidney, gill, muscle, brain, and Fe-muscle, with units. Rows detail exposure types: Ctr/Ctr, As/Ctr, NH₃/Ctr, As+NH₃/Ctr, As+T+NH₃/Ctr, with specific measurements. BDL denotes below detection limit. Data are means ± standard error with n=3.]



3.14 Challenging test

The cumulative mortality and relative percentage survival were determined after a 90-day experimental trial. Cumulative mortality rates were observed as follows: 44%, 61%, 61%, 63.9%, 61%, 69%, 44%, 27%, 55%, 50%, and 38.9% in the control, As alone, NH3 alone, As+NH3, As+NH3+T, and Fe-NPs at 10, 15, and 20 mg kg-1 diet without stressors and with stressors, respectively. Similarly, the relative percentage survival varied as (–) 17% (–), 17% (–), 35% (–), 41%, 11%, 41%, 17%, 0%, 35%, and (–) 5.9% in the corresponding groups: control, As alone, NH3 alone, As+NH3, As+NH3+T, and Fe-NPs at 10, 15, and 20 mg kg-1 diet without stressors and with stressors, respectively (Figure 9).

[image: Line graph depicting cumulative mortality and relative percentage survival across various treatments. The black line for cumulative mortality shows fluctuations between 44.4 and 69.4. The brown line for relative percentage survival indicates values ranging from negative 56.3 to 12.5. Specific treatments include Ctr/Ctr, As/Ctr, NH3/Ctr, and others.]
Figure 9 | Effect of dietary iron nanoparticles (Fe-NPs) on cumulative mortality and relative percentage survival of fish reared under multiple stress after infected with pathogenic bacteria. Within endpoints and groups, bars with different superscripts differ significantly (a-g). Data expressed as Mean ± SE (n = 3).





4 Discussion

The present investigation highlights the critical role of dietary Fe-NPs in mitigating various stressors such as arsenic, ammonia, and high temperature (34°C) in P. hypophthalmus. The study primarily elucidates the mechanistic role of different gene regulations involved in immunity, antioxidative status, apoptosis, genotoxicity, growth performance, and more. It demonstrates that dietary Fe-NPs strengthen fish immunity through various gene regulations. In this study, Fe-NPs at 15 mg kg-1 diet substantially decreased the cortisol levels in fish reared under both control and stressor conditions. This reduction could be attributed to Fe-NPs’ activation of the hypothalamus–pituitary–interrenal (HPI) axis to control the stimulating cortisol synthesis in interrenal kidney tissue (36, 37).

Interestingly, dietary Fe-NPs reduced the cortisol levels possibly by suppressing the gene expression of CYP 450 in fish exposed to arsenic, ammonia toxicity, and high temperature stress (38). It is also plausible that non-heme proteins containing iron, present in the adrenal cortex and involved in cortisol synthesis, play a role (39). It was also found that deficiency and overdose of iron supplementation can lead to CYP impairment. Such report has been reflected in our study (40).

The expression of the HSP 70 gene significantly increased under stressors (As, NH3, As+NH3, and As+NH3+T), leading to diminished protein protection from oxidative damage, enhanced ROS production, protein misfolding, and exacerbated oxidative stress (23). Conversely, dietary Fe-NPs at 15 mg kg-1 diet downregulated HSP 70 gene expression, protecting against proteasomal degradation (41), promoting proper protein folding, preventing protein aggregation, degrading denatured proteins, and folding misfolded proteins (42). Surprisingly, dietary Fe-NPs downregulated the HSP 70 gene expression, and this could be due to activation of the HSP transcription factor, which reduces the binding activity of heat shock elements (35, 43).

Furthermore, dietary Fe-NPs at 15 mg kg-1 diet protected against DNA damage and downregulated DDIP gene expression. Even slight changes in the dose of dietary Fe-NPs induced genotoxicity, as demonstrated in the present study, although stressors (As, NH3, As+NH3, and As+NH3+T) induced a higher generation of reactive oxygen species, dysregulation of cell proliferation, apoptosis, diminished DNA repair, and aberrations in histone post-translational modification and DNA methylation (44).

The gene expression of Cas 3a and 3b was regulated by dietary Fe-NPs at 15 mg kg-1 diet, whereas stressors (As, NH3, As+NH3, and As+NH3+T) upregulated Cas 3a and 3b (45). Iron nanoparticles (Fe-NPs) possess the protein disulfide isomerase (PDI) multifunctional enzyme systems, which control apoptosis via Cas 3a and 3b (46, 47). The isomerization and rearrangement of disulfide bonds are the major functions of PDI, which has two active sites of thiol groups. It also has the capacity to bind zinc and copper at active thiol sites (48, 49).

The toxicity induced by arsenic, ammonia, and high temperature stress significantly upregulated MT gene expression. MT gene expression is commonly induced by metal toxicity and various environmental stressors in fish (50, 51). This upregulation might be mediated by the metal-responsive transcription factor 1 (MTF-1), a major activator of MT gene expression (52) primarily regulated by phosphorylation (53). It was reported that protein kinases such as c-Jun N-terminal kinase (JNK), phosphoinositide 3-kinase (PI3K), and protein kinase C (PKC) play roles in modifying the MTF-1 signaling pathway (53). Interestingly, dietary Fe-NPs at 15 mg kg-1 diet noticeably controlled and downregulated MT gene expression, potentially due to the essential role of iron in the erythropoietic system and the production of reticulocytes or other young cells with a basal level of MT-I much higher than that in mature erythrocytes (54).

Cytochrome P450 (CYP 450) is an important heme-thiolate protein involved in detoxifying xenobiotics, drugs, carcinogens, and other toxic substances (55). In this investigation, arsenic, ammonia, and high temperature stress upregulated CYP 450 gene expression in the liver tissue of P. hypophthalmus. This upregulation might be attributed to reactive oxygen species generated by stressors, leading to lipid peroxidation, cellular toxicity, and, ultimately, cell death. Additionally, it is involved in apoptosis and upregulation of the transcription of bcl2-associated X (Bax) (56), an important cell death-promoting gene in fish that induces the release of cytochrome c, leading to caspase activation (57). Interestingly, dietary Fe-NPs at 15 mg kg-1 diet controlled the gene expression of CYP 450 in the liver tissue of P. hypophthalmus.

The iNOS gene expression was significantly upregulated by stressors (As+NH3+T, As+NH3, NH3, and As). iNOS gene expression mainly depends on ammonia toxicity as it accumulates in tissues. Ammonia is converted into urea via the ornithine–urea cycle (OUC) and then into glutamine via glutamine synthetase, including non-essential amino acids (58). Similarly, blood carrying high ammonia concentrations affects the liver tissue (59). Moreover, nitric oxide provides protection to the cellular system against oxidative stress (59). Interestingly, dietary Fe-NPs at 15 mg kg-1 diet substantially downregulated iNOS gene expression. The interrelationship between iron and iNOS gene expression is profound, as iron nanoparticles prevent the accumulation of higher oxygen radicals through a NOS-dependent mechanism (60). Iron also triggers hypertrophy, inducing the expression of antiapoptotic proteins such as Bcl-2 and survivin and hypertrophic agents endothelin (ET-1) and leukemia inhibitory factor (LIF), thus decreasing H2O2-induced necrosis (61, 62). Furthermore, during stress conditions, the organism requires more energy in the form of ATPase; therefore, the gene expression of Na+K+ATPase was highly upregulated. Notably, Fe-NPs at 15 mg kg-1 diet aid in the formation of more ATPase and supply it to the fish reared under multiple stress conditions.

Furthermore, dietary Fe-NPs regulate the expression of cytokine genes such as TNFα. This regulation could be attributed to the role of iron in the regulation of ferritin levels in macrophages, enhancing the gene regulation of TNFα (63). In the present study, TNFα was substantially downregulated by stressors (As+NH3+T, As+NH3, NH3, and As). TNFα is also associated with the activation of B-cell-activating factor (BAFF), which aids in NFkB regulation (64). TNFα and IL are inflammation-related cytokines upregulated after exposure to ammonia, arsenic, and high temperature stress (65). IL promotes T-cell-induced inflammatory responses and releases pro-inflammatory cytokines for amplification. It binds to receptors and plays an important biological role using the nuclear factor kappa-B (NF-κB) and MAP kinase pathway (66). Additionally, TNFα is involved in apoptosis, inflammation, and cell proliferation, stimulating the immune system and activating the NF-κB pathway (67). Hence, exposure to ammonia, arsenic, and high temperature stress increases these gene regulations in fish. Moreover, dietary Fe-NPs at 15 mg kg-1 diet improve IL gene expression and upregulate its expression. This could be due to the potential of Fe-NPs to stimulate the production of hepcidin (68). The iron storage protein ferritin has two units, H-subunits (H-mRNA) and light subunits (L-mRNA), which remain unchanged, indicating that IL is regulated by translational mechanisms during infection and stress (69).

Furthermore, the expression of TLR genes was upregulated by arsenic, ammonia, and high temperature stress, whereas dietary Fe-NPs at 15 mg kg-1 diet downregulated TLR gene expression. These results could be due to heme and iron sequestration in response to inflammatory/infectious stimuli during stress (70). TLR also plays an important role in activating signaling pathways that enhance fish immunity and reduce stress using the NF-κB pathway. Interestingly, dietary Fe-NPs upregulated Ig gene expression in fish reared under control and stressor conditions (As, NH3, and high temperature). This strengthening of fish immunity via the upregulation of Ig gene expression by Fe-NPs diet could be due to enhanced immunoglobulin and T-cell levels in fish under control and stressor conditions (71, 72).

NBT, BG, total protein, albumin, globulin, A:G ratio, and MPO are also important immunological attributes whose levels indicate fish immunity. These immunological attributes were noticeably affected by exposure to arsenic, ammonia, and high temperature, leading to reduced immunity (23). This reduction could be attributed to the higher energy requirements of fish during stress conditions, resulting in significant decreases in these parameters (73). Albumin, crucial for transporting biomolecules such as drugs, hormones, vitamins, and bilirubin, also supports the regulation of hormones and fat metabolism (74). MPO produces hypochlorous acid through respiratory burst via hydrogen peroxide, exhibiting cytotoxic effects on mammals and bacteria (75). Despite higher NBT levels typically indicating better immunity, the present study observed a noticeable reduction in NBT levels under stressors (As, NH3, and T), reflecting compromised immunity in the fish. Surprisingly, dietary Fe-NPs at 15 mg kg-1 diet enhance fish immunity using these immunological attributes (71, 72). Dietary Fe-NPs help activate dendritic cells and enhance interleukin and cytokine production, accelerating the enhancement of fish immunity (76, 77).

Fe-NPs are essential nutrients for antioxidant enzymatic systems as they strengthen antioxidant gene regulation and enzymatic systems such as CAT, SOD, and GPx. In the present investigation, arsenic, ammonia, and high temperature stress substantially upregulated the gene regulation of SOD, CAT, and GPx in fish liver tissue (23). However, dietary Fe-NPs at 15 mg kg-1 noticeably downregulated the gene expression of SOD, CAT, and GPx, reducing reactive oxygen species (78, 79). This could be attributed to the role of Fe-NPs in maintaining oxidative stress by reducing reactive oxygen species (ROS) and acting as oxygen carrier proteins that regulate the antioxidant status of the fish (80). It is important to note that the antioxidant defense system is crucial to maintain overall health by safeguarding cells and tissues from oxidative stress damage caused by excessive hydroxyl radicals and reactive oxygen species (ROS) through scavenging them (81, 82). Moreover, Fe-NPs have many biological functions, including serving as an antioxidant defense system in fish by utilizing superoxide dismutase and glutathione peroxidase to prevent free radical production and lipid peroxidation (83). Interestingly, CAT, known as a heme-containing enzyme, acts together with SOD to counterbalance cellular ROS and improve the antioxidative status (83).

Growth performance indicators such as weight gain %, specific growth rate (SGR), protein efficiency ratio (PER), daily growth index (DGI), and relative feed intake (RFI) were noticeably reduced, and the feed conversion ratio (FCR) was enhanced with stressors (As, NH3, and high temperature). Conversely, dietary Fe-NPs improved the growth performance of the fish. Iron plays an important role in maintaining organismal iron homeostasis and enhances growth performance. Supplementation of Fe-NP diets enhances growth performance, possibly due to the nutrient ability of iron oxide nanoparticles and the enhancement of feed utilization in fish reared under control and stressor conditions (As, NH3, As+NH3, and As+NH3+T) (84). Additionally, Fe-NPs have smaller sizes and are efficiently utilized in dietary form (84). Fe-NPs diets also enhance digestive activities and increase physiological processes, which help in enhancing growth performance (85). Fe-NP diets also have higher bioavailability and better absorption, which enhances growth performance in fish reared under control and adverse conditions (86). Furthermore, genes related to growth performance such as MYST, SMT, GHR1, GHRβ, GH, IGF1X, and IGF2X were also altered by arsenic, ammonia, and high temperature stress. These genes were noticeably upregulated (GHR1, GHRβ, GH, IGF1X, and IGF2X) by dietary Fe-NPs at 15 mg kg-1. Dietary Fe-NPs at 15 mg kg-1 diet substantially downregulated MYST and SMT, possibly due to the role of MYST in decreasing myoblasts, resulting in terminal differentiation and fiber enlargement (87). Moreover, gene regulation of IGF1X1 and IGF1X2 is important for biomolecular regulation via lipid, carbohydrate, protein, and mineral metabolism and differentiation and proliferation of cells, ultimately influencing growth (18). As GH binds to the receptor in liver cells to stimulate the release and synthesis of IGF gene expression, dietary Fe-NPs aid in this process. Fe-NPs diet is responsible for growth enhancement and biomolecular function in the cells of aquatic organisms. Interestingly, Fe has a close relationship with the secretion and regulation of IGF, which directly affects growth performance using the central nervous system of fish reared under control and stressor conditions (88, 89). Ghrelin is also important for stimulating growth hormone from the pituitary gland, which controls the regulation of GH. It also stimulates the growth hormone (GH) releasing hormone and somatostatin axis, resulting in increased production of IGF-I in the liver (90).

Furthermore, the bioaccumulation of arsenic in the liver, kidney, gill, muscle, and brain was determined. The highest bioaccumulation of arsenic was observed in the kidney and liver tissues of the group concurrently exposed to arsenic, ammonia, and high temperature stress. Interestingly, in the group fed with Fe-NPs at 15 mg kg-1 diet with stressors, the arsenic levels were notably reduced. Arsenic levels below the detection limit were observed in the groups fed with Fe-NPs at 10, 15, and 20 mg kg-1 diet without stressors. These results could be attributed to the role of Fe-NPs in enhancing the detoxification of arsenic in kidney and liver tissues through CYP 450 gene expression, as shown in the results.

Moreover, the survival rate of the fish was higher in the groups fed with Fe-NPs at 10, 15, and 20 mg kg-1 diet with or without stressors after bacterial challenge. Dietary Fe-NPs possess strong antibacterial and phagocytic capacities, which enhance the immunity of the fish and reduce mortality after bacterial infection. Moreover, in the present study, the immunity-related genes have been improved by dietary Fe-NPs diet. Genes such as TNFα, TLR, Ig, and IL strongly support the immunity during stress conditions, especially during infection condition (12). Fe-NPs also enhance the fluidity of membranes of antibacterial compounds like lysozyme and reduce lipid peroxidation (91–93).




5 Conclusions

The present investigation revealed that nano-nutrients in the form of iron nanoparticles (Fe-NPs) mitigate multiple abiotic stresses such as ammonia and arsenic toxicity as well as high temperature stress in fish. Moreover, it is the first to report the mechanistic role of Fe-NPs in mitigating arsenic and ammonia toxicity as well as high temperature stress in fish. Fe-NPs regulate genes involved in growth performance, immunity, antioxidative capacity, genotoxicity, and stress responses in P. hypophthalmus. Additionally, Fe-NPs lead to the positive modulation of gene expression related to cortisol regulation, HSP 70 production, apoptosis inhibition, and genotoxicity prevention. Interestingly, Fe-NPs at 15 mg kg-1 diet enhance the detoxification of arsenic in fish tissues. Fe-NPs have also improved immunity against pathogenic bacteria and enhanced fish survival under multiple stresses. Importantly, these findings highlight the potential of Fe-NPs at 15 mg kg-1 in enhancing the wellbeing of fish species in the face of contemporary challenges posed by climate change and pollution.
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The economic importance of lumpfish (Cyclopterus lumpus) is increasing, but several aspects of its immune responses are not well understood. To discover genes and mechanisms involved in the lumpfish antiviral response, fish were intraperitoneally injected with either the viral mimic polyinosinic:polycytidylic acid [poly(I:C)] or phosphate-buffered saline (PBS; vehicle control), and head kidneys were sampled 24 hours post-injection (hpi) for transcriptomic analyses. RNA sequencing (RNA-Seq) (adjusted p-value <0.05) identified 4,499 upregulated and 3,952 downregulated transcripts in the poly(I:C)-injected fish compared to the PBS-injected fish. Eighteen genes identified as differentially expressed by RNA-Seq were included in a qPCR study that confirmed the upregulation of genes encoding proteins with antiviral immune response functions (e.g., rsad2) and the downregulation of genes (e.g., jarid2b) with potential cellular process functions. In addition, transcript expression levels of 12 members of the interferon regulatory factor (IRF) family [seven of which were identified as poly(I:C)-responsive in this RNA-Seq study] were analyzed using qPCR. Levels of irf1a, irf1b, irf2, irf3, irf4b, irf7, irf8, irf9, and irf10 were significantly higher and levels of irf4a and irf5 were significantly lower in the poly(I:C)-injected fish compared to the PBS-injected fish. This research and associated new genomic resources enhance our understanding of the genes and molecular mechanisms underlying the lumpfish response to viral mimic stimulation and help identify possible therapeutic targets and biomarkers for viral infections in this species.




Keywords: antiviral, lumpfish (Cyclopterus lumpus), IRF, RNA seq, qPCR





Introduction

Lumpfish (Cyclopterus lumpus) are commonly used as an environmentally friendly solution for sea lice control (e.g., Lepeophtheirus salmonis) in Atlantic salmon (Salmo salar) farms in the North Atlantic region (1–3). Sea lice infestations lead to decreased fish health, growth, and, consequently, market value (4). Additionally, lumpfish as a biological method to control sea lice help reduce the reliance on chemical treatments, which contribute to environmental pollution. However, lumpfish farming faces several challenges. For example, lumpfish are susceptible to several infectious diseases, which can be transferred to other aquatic hosts such as Atlantic salmon (2, 5). Atlantic salmon and lumpfish can both be infected with pathogens such as the bacterium Renibacterium salmoninarum and the viral hemorrhagic septicemia (VHS) virus (2, 6). While lumpfish may be infected by viral pathogens (e.g., Supplementary Table S1), the development of vaccines for farmed lumpfish has thus far focused on bacterial pathogens (7–12) rather than viruses. The development of vaccines for the protection of lumpfish against viral infection is a priority (7).

Polyinosinic:polycytidylic acid [poly(I:C)] is a synthetic analog of double-stranded RNA (dsRNA) that can mimic viral infections (i.e., elicit a potent antiviral-like response) in several species including teleosts and is commonly used as an immune stimulant in aquaculture research (13–15). Poly(I:C) was previously used in several studies to evaluate the antiviral response of zebrafish (Danio rerio), Chinook salmon (Oncorhynchus tshawytscha), seven-band grouper (Epinephelus septemfasciatus), and Atlantic salmon, as it mimics RNA viral pathogens of fish (15–19). For example, positive-sense single-stranded RNA (ssRNA) viruses such as nodaviruses and flaviviruses form dsRNA intermediates during their replication cycle (20–22). Also, it has been reported that lumpfish can be infected with dsRNA viruses (Supplementary Table S1), such as C. lumpus toti-like virus (CLuTLV) (23), and ssRNA viruses that likely produce dsRNA during their replication cycle including C. lumpus virus (CLuV) (24) and nervous necrosis virus (NNV) (25).

RNA sequencing (RNA-Seq) is a highly robust method for assessing global gene expression responses, as it generates accurate and reproducible results (26). Transcriptomic studies may be used to identify genes and pathways that respond to immune challenges. As examples, the transcriptomic responses to viral infection [e.g., infectious salmon anemia virus (ISAV) and infectious pancreatic necrosis virus (IPNV)] and/or poly(I:C) were previously explored in Atlantic salmon, rainbow trout (Oncorhynchus mykiss) (27), red-spotted grouper (Epinephelus akaara) (28), yellowhead catfish (Tachysurus fulvidraco) (29), ya-fish (Schizothorax prenanti) (30), and yellow catfish (Pelteobagrus fulvidraco) (31). To our knowledge, the lumpfish transcriptomic response to a viral pathogen has not been studied. While lumpfish primary leukocytes’ transcript expression responses to poly(I:C) have been studied recently (32, 33), the lumpfish systemic immune antiviral transcriptomic response [e.g., response of immune tissue/organ such as head kidney to in vivo stimulation with poly(I:C)] had not been characterized prior to the current study. Characterization of the lumpfish head kidney transcriptomic response to poly(I:C) will provide a foundation for understanding the mechanisms underlying the lumpfish immune response to viral infections, thereby aiding in the development of vaccines and the improvement of aquaculture practices.

In addition to the transcriptomic response to poly(I:C), several aspects of lumpfish antiviral mechanisms remain uncharacterized. Interferon regulatory factor (IRF) family members are key elements of fish immune responses (34). Transcript expression levels of several members of the IRF family (e.g., IRF3, 5, and 7) are upregulated following viral infections (34). IRFs are transcription factors, and their activation leads to the induced expression of interferons (IFNs) and IFN-stimulated genes (ISGs), which play crucial roles in antiviral responses. Additionally, irf expression is dysregulated in response to several stressors such as viral and bacterial infections, heat shock, and toxins (35–37). Moreover, while members of the IRF family are suggested to be highly conserved in their structure across vertebrate species, they also play some species-dependent roles (38–40). Several members of the IRF family were characterized in teleost species such as common carp (Cyprinus carpio L.) (41), Japanese flounder (Paralichthys olivaceus) (42), turbot (Scophthalmus maximus) (43, 44), Japanese seabass (Lateolabrax japonicus) and Atlantic cod (Gadus morhua) (45–47). However, the antiviral response of the lumpfish irf family members remained unknown prior to this study. In addition to transcriptomic profiling, in this study, we focused on evolutionary aspects and poly(I:C) responses of irf family members to investigate if these genes play conserved roles in lumpfish.

In the current study, we analyzed the transcriptomic response of lumpfish head kidney to intraperitoneal (IP) injection with poly(I:C) using RNA-Seq. Real-time quantitative polymerase chain reaction (qPCR) analyses were then utilized to assess expression levels of selected transcripts (e.g., representing hub genes in pathway analyses and well-known antiviral biomarkers) to confirm the results of the RNA-Seq analyses and, specifically, to elucidate the expression profiles of the 12 members of the lumpfish irf family in response to poly(I:C). Also, we investigated the molecular phylogeny of IRF members from lumpfish and three other teleost species representing different superorders to improve our understanding of the evolutionary history of the IRF family across Teleostei. The results of the current study enhance our knowledge of the genes and molecular pathways involved in the antiviral immune responses of fishes.





Materials and methods




Animals, experimental design, and sample collection

Juvenile lumpfish were raised at the Dr. Joe Brown Aquatic Research Building (JBARB), Ocean Sciences Centre, Memorial University of Newfoundland, Canada (48). At 300 days post-hatch, 18 fish (average weight ± standard deviation = 85.4 ± 14.6 g) were randomly selected and distributed into three 500-L tanks. The fish were held in 8–10°C filtered and UV-treated seawater, with a flow rate of 7.5 L/min, and the oxygen level was maintained at a saturation range of 95%–110%. The photoperiod was 12-h light and 12-h dark. The fish were fed a commercial diet (Marine grower diet, Zeigler Bros., Inc., Gardners, PA, USA) at 0.5% of the average body weight per day.

After 1 month, the poly(I:C) challenge study was conducted. Briefly, the fish were fasted for 24 h and then lightly anesthetized with MS-222 (50 mg/L, Syndel Laboratories, Vancouver, BC, Canada). Three individuals per tank were intraperitoneally injected with either poly(I:C) [2 µg/g fish, dissolved in phosphate-buffered saline (PBS)] or PBS (sham-injection/vehicle control). Immediately after injection, each fish was stitched with nylon surgical thread on one fin [the left pectoral fin for poly(I:C) or the right pectoral fin for PBS] and then returned to the same tank. At 24 hours post-injection (hpi), fish were euthanized using MS-222 (400 mg/L), and the head kidneys were collected. The samples were flash-frozen in liquid nitrogen and stored at −80°C until RNA extraction. All procedures in this experiment were performed following the Canadian Council of Animal Care guidelines (Memorial University of Newfoundland Animal Care Protocol, 17–03-RG and 18–01-MR) and in accordance with ARRIVE guidelines (https://arriveguidelines.org). Figure 1A depicts an overview of the workflow in this study.

[image: Panel A illustrates the experimental workflow, detailing the injection of fish with polyinosinic:polycytidylic acid or phosphate buffered saline, followed by RNA extraction, library construction, and RNA sequencing. The results show 4,499 transcripts increased and 3,952 decreased. Panel B presents a heatmap displaying gene expression differences; red indicates upregulation and blue indicates downregulation. Panel C shows a principal component analysis plot distinguishing PBS (blue triangles) and poly(I:C) (red inverted triangles) treated samples based on gene expression profiles.]
Figure 1 | (A) Overview of the methods used in the current study. This figure was generated using Biorender.com. (B) Heatmap and hierarchical clustering of polyinosinic:polycytidylic acid [poly(I:C)]-responsive transcripts [i.e., differentially expressed transcripts (DETs)]. The transcripts per million (TPM; log2 transformed) values for each DET are clustered along the vertical axis, the ID of the sample subjected to RNA-Seq is shown on the base of the figure, and the sample cluster is plotted on the top of the map. (C) Principal component analysis of DET of all the samples used in sequencing using TPMs.





Total RNA sample preparation

The RNA extractions were performed as described in Emam et al. (49). Briefly, the head kidney samples were homogenized in TRIzol Reagent (Invitrogen/Thermo Fisher Scientific, Burlington, ON, Canada) using stainless steel beads (5 mm; QIAGEN, Mississauga, ON, Canada) and a TissueLyser (QIAGEN), and the total RNA extractions were then completed following the manufacturer’s instructions. Total RNA samples (~25 µg) were treated with 6.8 Kunitz units of DNaseI (RNase-Free DNase Set, QIAGEN) for 10 min at room temperature and then purified using the RNeasy MinElute Cleanup kit (QIAGEN) following the manufacturer’s instructions. The integrity and the purity of the purified RNA were evaluated using 1% agarose gel electrophoresis and NanoDrop spectrophotometry (NSW-1000), respectively. The RNA samples used in this study showed high integrity (i.e., tight 28S and 18S ribosomal RNA bands at a ratio of ~2:1) and purity (i.e., A260/280 and A260/230 ratios above 1.9 and 2.0, respectively).





RNA−seq analysis

Library construction and RNA-Seq services were performed at the Centre d’expertise et de services (CES), Génome Québec, Montréal, QC, Canada. Prior to library construction, RNA quality was further evaluated using the Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA), and all samples were of high integrity (i.e., with RNA Integrity Numbers of 9.8–10). Ten libraries (i.e., for head kidney RNA samples from five of the nine poly(I:C)-injected fish and five of the nine PBS-injected fish) were constructed using the NEBNext mRNA Library Prep Reagent Set for Illumina (New England Biolabs, Whitby, ON, Canada) following the manufacturer’s instructions. Sequencing was performed on the Illumina NovaSeq 6000 [S2] with paired-end 100 bp (PE100) and at least 50 million reads per library. A summary of the RNA-Seq and library construction can be found in Supplementary Table S2.





RNA-seq data processing

The quality control, trimming, and filtering of low-quality reads were performed using FastQC version 0.11.8 and Trimmomatic version 0.3971. The sequencing reads were aligned to the lumpfish genome [C. lumpus (assembly fCycLum1.pri), ID: 86363] using HISAT2 version 2.1.0. StringTie version 2.0 was used to assemble and calculate the expression levels of all transcripts using reference gene models provided in the form of Gene Transfer Format (GTF) annotation files that are distributed with the lumpfish genome. StringTie was also used to assemble and quantify novel genes and transcripts. The accuracy of transcript assembly was evaluated using gffcompare version 0.11.2. The read count data used for differential expression analysis were obtained from the python script “prepDE.py” provided by the StringTie authors. The differential expression analysis was performed using DESeq2 version 1.28.1 in the Bioconductor package at an adjusted p-value (padj) threshold of <0.05, |log2 fold change| > 1, and filtering for transcripts with expression transcripts per million (TPMs) greater than 1 in at least two replicates in each group.

A heatmap with the TPM values (log2 transformed) of all differentially expressed transcripts (DETs) was generated using the “heatmap3” function of the “gplots” package in R (2023.03.1; Figure 1B). A principal component analysis (PCA; Figure 1C) was performed using the standardized TPMs of all of the identified DETs. A volcano plot was used to show significance (−log10 padj) against the expression log2 fold change (LFC). Gene Ontology (GO) term enrichment analysis was conducted using the ClueGO (50) plugin of Cytoscape (51) version 3.5 and using the C. lumpus ontology database. The enrichment analyses considered biological process, cellular component, and molecular function. The distribution of up- and downregulated transcripts within each leading GO term were plotted by LFC using density plots (Figure 2B). Leading GO terms were then manually classified based on related function into 1) intracellular processes and regulation of gene expression; 2) immune system, movement, cell structure, and apoptosis; and 3) cell signaling and response to stimuli (Figure 2). A circular bar plot was used to show GO terms with the highest percentage of DETs, after removing redundant GO terms, using library(tidyverse). The standard lumpfish gene symbols for all transcripts in our RNA-Seq dataset were used as references for the enrichment analyses, which were performed at the transcript level since ClueGO conducts the analyses using standard symbols. The heatmap and hierarchical clustering of DETs (using TPMs; log2 transformed) that participated in enriching “response to virus”, “regulation of retinoic acid receptor signaling pathway”, and “response to lipid” were generated using TBtools software (52).

[image: Visualization showing gene ontology analysis. On the left, a bubble chart categorizes processes like RNA splicing and immune response by color and size indicating significance. On the right, ridge plots display fold changes for these categories, highlighting RNA processing, immune responses, and cell signaling variations.]
Figure 2 | (A) Gene Ontology (GO) term enrichment and pathway term network analysis of differentially expressed transcripts (DETs). The GO term enrichment analysis was performed using ClueGO plugin in Cytoscape. The p-value was adjusted at 0.05, kappa score level was ≥0.4 on ClueGO, and Benjamini–Hochberg correction was used. Biological process, cellular component, and molecular function were the selected ontologies on ClueGO. Nodes represent enriched GO terms. A complete list of the enriched GO terms is found in Supplementary Table S4, while the leading GO terms are also labeled in the figure. (B) Density plots of the fold change for the leading GO terms, showing the upregulated and downregulated genes in each GO term.





qPCR overview

To confirm the results of the RNA-Seq analyses, transcript expression levels of 18 genes (either hub genes or known antiviral biomarkers) that were identified as differentially expressed were also assessed using qPCR. In addition, expression levels of the 12 members of the lumpfish irf family [seven of which were also identified as poly(I:C)-responsive by RNA-Seq] were assessed to elucidate the response of this gene family to poly(I:C). Levels were assessed in all of the 18 study samples (i.e., head kidney samples from the poly(I:C)- and PBS-injected fish at 24 hpi; n = 9 per group).





cDNA synthesis and qPCR parameters

First-strand cDNA templates for qPCR were synthesized in 20-µL reactions from 1 µg of DNaseI-treated, column-purified total RNA using random primers (250 ng; Invitrogen), dNTPs (0.5 mM final concentration; Invitrogen), and M-MLV reverse transcriptase (200 U; Invitrogen) with the manufacturer’s first-strand buffer (1× final concentration) and DTT (10 mM final concentration) at 37°C for 50 min.

The qPCR amplifications were performed in 13 µL reactions containing 1× Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 50 nM of both the forward and reverse primers, and the indicated cDNA quantity. All reactions were performed in triplicate and included no-template controls (NTCs). Amplifications were performed using either the ViiA 7 Real-Time PCR system or the QuantStudio 6 Flex Real-Time PCR system (384-well format) (Applied Biosystems). The qPCR analysis program included 1 cycle of 50°C for 2 min, 1 cycle of 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min, with fluorescence detection at the end of each 60°C step, and was followed by dissociation curve analysis.





Primer design and quality assurance testing

Previously published (2) and newly designed qPCR primers were used in this study. For the 25 qPCR-analyzed genes that were identified as differentially expressed in the RNA-Seq analyses, a BLASTn search of the non-redundant nucleotide (nr/nt) sequence database of the National Center for Biotechnology Information (NCBI) [C. lumpus (taxid: 8103) sequences only] was performed to identify annotated sequences corresponding to the transcript sequence generated herein [i.e., transcript of interest (TOI)]. This search also determined if gene paralogues/isoforms were present; the additional five irf family members were identified using BLASTn. A database of the sequences obtained from GenBank was compiled using Vector NTI (Vector NTI Advance 11.5.4, Life Technologies, Carlsbad, CA, USA). For a given gene, if paralogues/isoforms were present, multiple sequence alignments were performed using AlignX (Vector NTI Advance 11.5.4) to identify regions where paralogue/isoform-specific qPCR primers for the TOI could be designed (i.e., in an area with ≥3-bp difference between them). However, if sequences for transcript variants were present, primers were designed in a region that was conserved among the variants and generated identical amplicons. Most primers were designed using either PrimerQuest (www.idtdna.com/Primerquest/Home/Index) or Primer3 (53, 54) however, some were manually designed in paralogue/isoform-specific areas to ensure specificity. All primers had a melting temperature (Tm) of 60°C and were located in the CDS.

The qPCR primers utilized herein were subjected to quality control testing as described previously (55). All showed single-product amplification and the absence of primer dimer in the NTC using dissociation curve analysis. Amplification efficiencies were calculated for two cDNA pools generated from all individuals in the PBS group and from all individuals in the poly(I:C) group. Standard curves were generated using a 5-point 1:3-fold dilution series starting with cDNA representing 10 ng of input total RNA. The reported efficiencies are an average of the two values. The sequences, amplicon sizes, and efficiencies for all primer pairs used in the qPCR analyses are presented in Table 1.

Table 1 | Primers used in qPCR analysis.


[image: A table listing genes and corresponding data, including gene name, symbol, GenBank accession number, efficiency percentage, nucleotide sequences (forward and reverse), amplicon size in base pairs, and reference source. Highlighted study references include original research and citations marked as "(2)".]
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Figure 3 | Phylogenetic tree analysis of putative interferon regulatory factor (IRF) orthologues across the four teleost superorders. Putative IRF amino acid sequences from a fish representing each of the four teleost superorders, namely, Protacanthopterygii [Salmo salar (Atlantic salmon)], Acanthopterygii [Cyclopterus lumpus (lumpfish)], Paracanthopterygii [Gadus morhua (Atlantic cod)], and Ostariophysi [Danio rerio (zebrafish)] were collected from the National Center for Biotechnology Information (NCBI) non-redundant protein database (see Supplementary Table S5). The 59 amino acid sequences were aligned using ClustalW, and the tree was constructed using the Neighbor-Joining method with Poisson correction; the bootstrap test of phylogeny was performed with 10,000 replicates in the MEGA 11 (v.11.0.13) (60) software. The numbers at the branch points represent the bootstrap values, and branch lengths are proportional to calculated evolutionary distances. The scale represents the number of amino acid substitutions per site. The Atlantic salmon IRF paralogues were named as suggested in Clark et al. (2021), with the exceptions being IRF2–1 and IRF2–2, which were named as in Crossman et al. (2023); IRF1a (alias IRF11). The four subgroups—IRF1-G (IRF1 and IRF2), IRF3-G (IRF3 and IRF7), IRF4-G (IRF4, IRF8, IRF9, and IRF10), and IRF5-G (IRF5 and IRF6)—are shown in different colors. Corresponding proteins to transcripts explored using qPCR in the current study are marked by "*".





Endogenous control (normalizer) selection

Transcript expression levels of each gene of interest (GOI) were normalized to expression levels of two endogenous control genes. These endogenous controls were selected from five candidate normalizers [ribosomal protein lateral stalk subunit p1 (rplp1), ribosomal protein l32 (rpl32), poly(A) binding protein cytoplasmic 1b (papbc1b), eukaryotic translation initiation factor 3 subunit d (eif3d), eukaryotic translation elongation factor 1 alpha 2a (ef1a2a)]. Briefly, the fluorescence threshold cycle (CT) values for all 18 samples were measured for each of these transcripts using cDNA representing 5 ng of input total RNA and then analyzed using geNorm (qBase plus, Biogazelle NV, Zwijnaarde, Belgium) (56). This analysis identified rpl32 and ef1a2a as the most stably expressed normalizers, with geNorm M-values of 0.20 and 0.21, respectively.





Experimental qPCR and data analyses

The qPCR analyses were conducted according to MIQE guidelines (57). cDNA representing 5 ng of input total RNA was used as a template in the PCRs. The relative quantity (RQ) of each GOI in each of the 18 samples was then determined using the qBase relative quantification framework (58, 59). This was performed using the CT values measured for each GOI, with normalization to both rpl32 and ef1a2a and with the amplification efficiencies incorporated. For each GOI, the sample with the lowest normalized expression was used as the internal calibrator (i.e., assigned an RQ value = 1.0). The RQ values are presented as mean ± SE (Figures 4, 5).
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Figure 4 | qPCR results of selected transcripts that were identified as differentially expressed in response to polyinosinic:polycytidylic acid [poly(I:C)] in RNA-Seq analyses. Transcript levels are presented as mean ± SE relative quantity (RQ) values (i.e., values for the transcript of interest were normalized to both rpl32 and ef1a2a transcript levels and were calibrated to the individual with the lowest normalized expression level of that given transcript). For transcripts exhibiting homogeneity of variance across samples, significance was assessed using t-tests and is denoted with asterisks. For transcripts with unequal variance across samples, significance was assessed using the Mann–Whitney U test and is denoted with underlined asterisks. For both methods, significance levels are “**” for p ≤ 0.01, and “***” for p ≤ 0.001. FC, fold-change [mean RQ values for poly(I:C)/mean RQ values for phosphate-buffered saline (PBS)]. The plotted transcripts represent (A) Toll-like receptor 7 (tlr7), (B) ATP-dependent RNA helicase lgp2 (dhx58), (C) activating transcription factor 3 (atf3), (D) Interleukin-1 beta-like (il1b), (E) Interferon alpha/beta receptor 2-like (ifnar2), (F) Interferon-induced GTPbinding protein Mx-like (mx1), (G) Radical S-adenosyl methionine domain containing 2 (rsad2), (H) Cholesterol 25-hydroxylase like 3 (ch25hl3), E3 ubiquitin/ISG15 ligase, (I) TRIM25-like (trim25), (J) Tripartite motif-containing protein 16-like (trim16), (K) ADAM metallopeptidase domain 22 (adam22), (L) ADAM metallopeptidase with thrombospondin type 1 motif, 15a (adamts15a), (M) Sacsin (sacs), (N) Sacsin-like (sacs-like), (O) Adenosine monophosphate deaminase 2b (ampd2b), (P) Jumonji, AT rich interactive domain 2b (jarid2b), (Q) PHD finger protein 8 (phf8), (R) Vesicle-associated membrane protein 8 (endobrevin), vamp8.
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Figure 5 | qPCR analysis of the response of the 12 irf family members in lumpfish to intraperitoneal (IP) challenge with polyinosinic:polycytidylic acid [poly(I:C)]. Transcript levels are presented as mean ± SE relative quantity (RQ) values (i.e., values for the transcript of interest were normalized to both rpl32 and ef1a2a transcript levels and were calibrated to the individual with the lowest normalized expression level of that given transcript). Significance was assessed using t-tests and is denoted with asterisks (“**” for p ≤ 0.01, and “***” for p ≤ 0.001). FC, fold-change [mean RQ values for poly(I:C)/mean RQ values for phosphate-buffered saline (PBS)]. The irfs with underlined gene symbols were identified as differentially expressed in the RNA-Seq analysis and were validated using qPCR. The irfs with non-underlined symbols were not differentially expressed in the RNA-Seq analysis using the preidentified cutoff criteria. Both irf1a [named in National Center for Biotechnology Information (NCBI) as irf1-like] and irf4b (named in NCBI as irf4-like) were named based on the closest orthologues in the phylogenetic tree (Figure 3). (A) interferon regulatory factor 1a (irf1a), (B) Interferon regulatory factor 1b (irf1b), (C) Interferon regulatory factor 2 (irf2), (D) Interferon regulatory factor 3 (irf3), (E) Interferon regulatory factor 4a (irf4a), (F) Interferon regulatory factor 4b (irf4a), (G) Interferon regulatory factor 5 (irf5), (H) Interferon regulatory factor 6 (irf6), (I) Interferon regulatory factor 7 (irf7), (J) Interferon regulatory factor 8 (irf8), (K) Interferon regulatory factor 9 (irf9), (L) interferon regulatory factor 10. (irf10).





Phylogenetic tree analysis of putative IRF orthologues

Putative orthologous amino acid (AA) sequences for IRF family members from a fish representing each of the four teleost superorders, namely, Protacanthopterygii (Atlantic salmon), Acanthopterygii (lumpfish), Paracanthopterygii (Atlantic cod), and Ostariophysi (zebrafish; D. rerio), were collected from the NCBI GenBank non-redundant (nr) protein database (59 in total). The GenBank accession numbers and AA sequences are provided in Supplementary Table S5. The sequences were subjected to BLASTP analyses to help identify all of the IRF isoforms/paralogues for each species and to ensure that all sequences used in the tree were unique (i.e., the tree did not include transcript variants; if present, the best representative sequence was selected). Phylogenetic and molecular evolutionary analyses were conducted using MEGA 11 (v.11.0.13) (60). Briefly, a multiple sequence alignment was performed using the ClustalW algorithm. The phylogenetic tree was then constructed using the Neighbor-Joining method with the Poisson correction; the bootstrap test of phylogeny was performed with 10,000 replicates.





Statistical analysis

All of the residuals were tested for homoscedasticity and normality (i.e., Levene’s and Shapiro–Wilk tests). Significant (p < 0.05) differences in transcript expression levels between the PBS- and poly(I:C)-injected groups were assessed using either Student’s t-test or the Mann–Whitney U test (for genes that failed the normality test). These analyses were performed using SPSS (IBM SPSS Statistics, Version 25, Armonk, NY, USA). PCA (Figure 1C) was performed using PRIMER 7 (PRIMER-E Ltd., Auckland, New Zealand). The scatter plot for the LFC (Supplementary Figure S2) was generated using the function “ggscatter” for the library “ggpubr”.






Results




Lumpfish head kidney transcriptome assemblies and RNA-Seq analyses




Transcriptome sequencing and assemblies

In this study, RNA-Seq was used to profile the responses of lumpfish to viral mimic, poly(I:C). Supplementary Table S2 summarizes the RNA-Seq read quality control for the 10 samples. The average number of raw reads across all samples was 79.7 M (range, ~62M to 92M). On average, 98% of the read pairs (across all samples) survived the trimming process (range, 97.8% to 98.2%). The average percentage of reads that dropped during trimming was 0.4% (range, 0.3% to 0.5%). Overall, the results show that most reads were successfully trimmed and kept. Both uniquely and multi-mapped reads were used for transcript assembly. Overall, ~94%–96% of the processed reads in each sample were mapped to the lumpfish genome (Supplementary Table S2).





Poly(I:C)-responsive transcripts in lumpfish head kidney

We identified 4,499 upregulated and 3,952 downregulated transcripts by poly(I:C) in the head kidney of lumpfish (Supplementary Table S3, Figures 1B, 6). All of the samples belonging to a given group (i.e., PBS- or poly(I:C)-injected) clustered together based on the expression of all of the identified DETs. In addition, the PBS- and poly(I:C)-injected fish were clearly segregated in the PCA space. PC1 explained 38.7% of the variability, and PC2 explained 10.4% of the variability (Figure 1C).
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Figure 6 | Volcano plot reporting −log10 adjusted p-values (padj) against log2 fold-changes. Dots represent differentially expressed transcripts. The colored dots represent the most significant transcripts from the upregulated and downregulated probes (red and green, respectively) (Supplementary Table S3). Dots are labeled with the gene symbols of the putative human orthologues, and one uncharacterized is labeled with the locus annotation.

There were 311 GO terms enriched in the poly(I:C)-induced transcript list including 248 biological processes, five cellular components, and seven molecular functions. The most enriched biological process GO terms were related to “defense response”, “cytokine-mediated signaling pathway”, and “response to other organisms” (Figure 2). Enriched molecular function GO terms included “immune receptor activity”, “cytokine receptor binding”, and “interleukin-1 binding”. Enriched cellular component GO terms included “chromosome”, “nuclear protein-containing complex”, and “lipid droplet” (Supplementary Table S4). GO terms with the highest percentage of DETs included “regulation of retinoic acid receptor signaling pathway” (Supplementary Figure S1).

The TPMs of the genes represented by the enriched GO term “response to virus” were used to generate the heatmap plotted in Figure 7. It showed upregulation of transcripts including lysosomal trafficking regulator (lyst), complement component 1, q subcomponent binding protein (c1qbp), DEAD-box helicase 3 X-linked a (ddx3xa), interleukin-12 subunit beta (il12b), stimulator of interferon response cGAMP Interactor 1 (sting1), toll-like receptor 7 (tlr7), cholesterol 25-hydroxylase A (ch25ha), mitochondrial antiviral signaling protein (mavs), BCL2 apoptosis regulator B (bcl2b), and irf2 with poly(I:C) challenge. Also, it showed downregulation of several genes, for example, vesicle-associated membrane protein 8 (vamp8), spondin2a, and scavenger receptor cysteine-rich type 1 protein M130-like.
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Figure 7 | Heatmap and hierarchical clustering of differentially expressed transcripts (DETs) associated with “response to virus” using transcripts per million (TPMs; log2 transformed).

To investigate dysregulation in metabolism during a viral mimic challenge, we plotted a heatmap for DETs representing the enriched GO terms “regulation of retinoic acid receptor signaling pathway” and “response to lipid” GO terms (Figures 8A, B). The GO term regulation of the retinoic acid receptor signaling pathway was one of the GO terms with the highest percentage of DETs. Figure 8A shows the upregulation of different transcripts including tripartite motif containing 16-like (trim16-like) and tripartite motif containing 25-like (trim25-like). Also, it shows downregulation of genes including dehydrogenase/reductase 3B (dhrs3b), kruppel-like factor 17 (klf17), c-terminal binding protein 2a (ctbp2a), and others representing mitogen-activated protein kinase 11-like, vesicle-associated membrane protein 8 and fibroleukin with poly(I:C) injection.

The GO term “response to lipid” was enriched with a mixture of upregulated and downregulated genes (Figure 8B). For example, mucosa-associated lymphoid tissue lymphoma translocation protein 1 (malt1), NLR family CARD domain containing 3-like (nlrc3l), and B-cell lymphoma 2 B (bcl2b) were upregulated with poly(I:C). While frizzled class receptor 4 (fzd4), annexin a2 receptor (anxa2r), prostaglandin E receptor 2 (ptger2a), peroxisome proliferator-activated receptor alpha B (pparab), and peroxisome proliferator-activated receptor gamma coactivator 1 alpha (ppargc1a) were downregulated with poly(I:C) stimulation.
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Figure 8 | Heatmap and hierarchical clustering of differentially expressed transcripts (DETs) that participated in enriching “regulation of retinoic acid receptor signaling pathway” in panel (A) and “response to lipid” in panel (B) using transcripts per million (TPM; log2 transformed).






qPCR validation

The qPCR results confirmed the RNA-Seq results for all of the selected transcripts (Supplementary Figure S2). There was a significant correlation (p = 0.007; Pearson’s coefficient = 0.61) between the qPCR and the RNA-Seq results (Supplementary Figure S2).

The qPCR analysis confirmed the poly(I:C) induction of tlr7, ATP-dependent RNA helicase lgp2 (dhx58), activating transcription factor 3 (atf3), interleukin 1 beta (il1b), interferon alpha/beta receptor 2 (ifnar2), interferon-induced GTP-binding protein Mx-like (mx1), radical S-adenosyl methionine domain containing 2 (rsad2), ch25ha, trim25, trim16, ADAM metallopeptidase domain 22 (adam22), and spastic ataxia of Charlevoix-Saguenay (sacsin)-like (sacs-like) (Figure 4).

The qPCR analysis confirmed the poly(I:C) repression of ADAM metallopeptidase with thrombospondin type 1 motif 15 (adamts15a), sacs, adenosine monophosphate deaminase 2b (ampd2b), jumonji and at-rich interaction domain containing 2 (jarid2b), histone lysine demethylase phf8 (phf8), and vamp8 (Figure 4).





Lumpfish irf family qPCR and phylogenetic analysis

To characterize the response of the 12 irf family members in lumpfish stimulated with poly(I:C), their transcript expression levels were assessed using qPCR. Seven members, i.e., irf1b, irf2, irf3, irf7, irf8, irf9, and irf10, were identified as dysregulated with poly(I:C) challenge in the RNA-Seq analyses, whereas irf1a, irf4a, irf4b, irf5, and irf6 were not detected as differentially expressed using a cutoff level of LFC = 1.0. With the exception of irf6, all irf family members subjected to qPCR analysis were found to be poly(I:C)-responsive. The transcript levels of irf1a, irf1b, irf2, irf3, irf7, irf8, irf9, and irf10 were upregulated with poly(I:C) injection when compared with the PBS-injected group. The levels of irf4a and irf5 were suppressed in response to poly(I:C) injection. The levels of irf6 were not significantly different between the poly(I:C)- and PBS-injected groups (Figure 5).

A total of 59 IRF family members in species representing the four teleost superorders (lumpfish, Acanthopterygii; Atlantic salmon, Protacanthopterygii; zebrafish, Ostariophysi; and Atlantic cod Paracanthopterygii), identified in the GenBank nr protein database, were used to build a phylogenetic tree (Figure 3). As anticipated, the teleost IRF sequences cluster into the four previously defined subgroups: IRF1-G (IRF1 and IRF2), IRF3-G (IRF3 and IRF7), IRF4-G (IRF4, IRF8, IRF9, and IRF10), and IRF5-G (IRF5 and IRF6) (61). The phylogenetic tree shows that lumpfish IRF2, IRF4a, IRF4b, IRF5, IRF6, IRF7, IRF8, and IRF10 are evolutionarily more closely related to the Atlantic cod compared with the Atlantic salmon or zebrafish putative orthologues (Figure 3). However, the tree also reveals that lumpfish IRF3 is most closely related to Atlantic salmon IRF3 (i.e., sharing a branch point); likewise, lumpfish IRF9 is more closely related to Atlantic salmon IRF9 paralogues (IRF9–1 and IRF9–2, arising from duplication in the salmonid lineage) than to Atlantic cod or zebrafish IRF9 sequences (Figure 3). Finally, for IRF1a and IRF1b, zebrafish and Atlantic salmon sequences are more closely related to each other than either are to the lumpfish putative orthologous sequences.






Discussion

The current RNA-Seq results detected an extensive global gene expression response (i.e., 4,499 upregulated and 3,952 downregulated DETs) in the head kidney of poly(I:C)-challenged lumpfish, shedding light on the molecular mechanisms and immune pathways involved in response to this viral mimic. GO term analyses identified enriched immune-related GO terms consistent with an immune response to a viral challenge based on the current knowledge about molecular antiviral responses in teleost fish (13, 14). Several leading immune-related GO terms (e.g., “antigen processing and presentation of peptide antigen via MHC class I”, “leukocyte apoptotic process”, “pattern recognition receptor signaling pathway”, “response to virus”, “type I interferon signaling pathway”, and “NIK/NF-kappaB signaling”) were primarily represented by poly(I:C)-induced DETs compared with downregulated ones (Figure 2B). Many of the leading GO terms within cellular component and biological process categories (e.g., “RNA splicing, via transesterification reactions with bulged adenosine as nucleophile”, “chromosome”, “nuclear protein-containing complex”, and “cell migration”) were represented by a higher number of downregulated DETs compared with upregulated DETs. These results suggest a possible shift in cellular activity toward fighting infection, highlighting gene expression regulation patterns toward the induction of immune-relevant genes.

Our GO term enrichment results generally agreed with those of a recent in vitro study (32) investigating the effects of poly(I:C) on the transcriptome of lumpfish primary leukocytes after 24 h of exposure, especially in terms of general immune-relevant GO terms such as “cytokine receptor binding” and “response to virus”. However, the present study identified a more varied suite of enriched biological processes, including GO terms related to cell migration (e.g., “leukocyte migration”), apoptosis (e.g., “leukocyte apoptotic process”), and adaptive immunity (e.g., “antigen processing and presentation of peptide antigen via MHC class I”), which may be a consequence of analyzing transcriptome changes in head kidney samples as opposed to primary leukocytes. Notably, in Rao et al. (32), biological processes associated with the metabolism of nitrogen-containing compounds (e.g., “peptide metabolic process”) were dominant. Our analyses also identified enriched GO terms related to retinoic acid (e.g., “regulation of retinoic acid receptor signaling pathway”) like in Rao et al. (32) but also other terms associated with lipids (e.g., “lipid droplet” and “response to lipid”). We anticipate that single-cell RNA-Seq in lumpfish will likely allow the assignment of transcript expression changes to specific cells within the head kidney, elucidating GO terms enriched in each type of cell.

During viral infection, the host’s metabolism undergoes various changes to combat the virus and support the immune response. This may be evidenced in the current study by enrichment in GO terms relevant to metabolism (e.g., GO terms related to lipid and retinoic acid metabolism; Supplementary Table S3, Figures 2A, B). In mammals, lipid droplets (62, 63) and retinoic acid (64) are key players in the viral infection mechanisms and the inflammatory processes they trigger. The GO term “regulation of retinoic acid receptor signaling pathway” was one of the GO terms with the highest percentage of DETs (Supplementary Figure S1). The heatmap for “regulation of retinoic acid receptor signaling pathway” (Figure 8A) shows that several trim16-like transcripts were upregulated by poly(I:C), except for one downregulated transcript (accession number: XM_034555257.1). The heatmap also showed decreased transcript levels for ftr83 (tripartite motif-containing protein 11), dhrs3b, foxc1a (forkhead box C1a), klf17 (krüppel-like factor 17), ctbp2a (C-terminal binding protein 2a), and znf536 (zinc finger protein 536) in the poly(I:C)-injected fish (Figure 8A). These poly(I:C)-responsive genes encode proteins involved in regulating the retinoid metabolic process (dhrs3b), regulation of cell proliferation (foxc1a), differentiation (klf17), and response to external stress (e.g., ctbp2a and znf536) (65–68). Their regulation may be instrumental to mounting the immune response to the viral mimic challenge in lumpfish and highlights the role of vitamin A (retinoic acid) during viral infection in lumpfish. However, vitamin A modulation of the immune response during viral infection requires further research.

Several upregulated and downregulated genes by poly(I:C) identified herein contributed to enriching the GO term “response to lipid” (Figure 8B). For example, transcripts encoding receptors (e.g., fzd4, anxa2r, and ptger2a) and transcription factors involved in metabolism, energy homeostasis, and immunomodulation (69) (e.g., pparab and ppargc1a) were found downregulated by the viral mimic challenge (Figure 8B). Others were found to be upregulated, for example, transcripts encoding proteins involved in the activation of the transcription factor NF-κB (i.e., malt1), intracellular pattern recognition receptors previously suggested to regulated innate immune response (70) (e.g., nlrc3l), and apoptosis (e.g., bcl2b) (71). Overall, the enrichment of “response to lipid” and other lipid-related GO terms may highlight the role of lipids during viral infection (62, 72–74), emphasizing the potential of dietary lipids to modulate the antiviral fish immune response.

The enriched GO term “response to virus” was predominantly represented by upregulated transcripts involved in antiviral immune defense [e.g., mavs, and signal transducer and activator of transcription 1a (stat1a)] (75), inflammation (e.g., ch25h, tumor necrosis factor-alpha, and il6) (76), oxidative stress (e.g., c1qbp) (77), and apoptosis regulation (e.g., bcl2b) (78). Although to a lesser extent, this GO term was also represented by poly(I:C)-repressed genes related to various cellular process, like vesicle trafficking (e.g., vamp8) (79) and autophagy (e.g., autophagy related 7 homolog and atg7) (80) as well as deubiquitination and protein metabolism (e.g., mitochondrial E3 ubiquitin protein ligase 1b and mul1b) (81). The dysregulated transcripts representing this GO term indicate the involvement of genes with diverse functions in the antiviral immune response.




qPCR results of lumpfish response to poly(I:C)

In the current study, all of the 18 genes used in the qPCR validated the RNA-Seq, indicating the reliability of the RNA-Seq results (Supplementary Figure S1). In the qPCR study, two pattern recognition receptor (PRR)-encoding genes, tlr7 and dhx58, were found to be upregulated by poly(I:C). Tlr7 contributed to 59 enriched GO terms, including “NIK/NF-kappaB signaling”, “pattern recognition receptor signaling pathway”, “response to virus”, and “regulation of cytokine production”. Similarly, dhx58 contributed to enriching 83 GO terms, including “response to virus”, “positive regulation of intracellular signal transduction”, and “regulation of response to stimulus” (Supplementary Table S3). PRRs detect conserved pathogen-associated molecular patterns (PAMPs) and consequently activate the innate immune response (82). Upon recognition of viral single-stranded RNA molecules, TLR7 triggers the production of type I IFNs and pro-inflammatory cytokines, which are critical for the host’s antiviral response (83–85). DHX58 is a member of the RLR family and an ATP-dependent RNA helicase, also known as LGP2 or RIG-I-like receptor 1 (RLR1), and has several antiviral roles such as regulation of TLRs and RLRs (86). Dhx58 was also found to be upregulated in Atlantic cod spleen and brain after IP injection with poly(I:C) in the brains of nodavirus-positive Atlantic cod (87, 88) and lumpfish infected with R. salmoninarum (2). Dhx58 was upregulated in lumpfish larvae after oral immunization against Vibrio anguillarum (8); also, it was highly upregulated in lumpfish leukocytes after stimulation with poly(I:C) (32). The results of previous and current studies suggest that DHX58 plays a role in both the antibacterial and antiviral immune responses of lumpfish, whereas TLR7 dysregulation occurs following the activation of its antiviral responses.

In the current study, the transcript levels of atf3 were strongly upregulated (over 69-fold) in the head kidneys of lumpfish stimulated with poly(I:C), as it was previously reported for Atlantic salmon macrophages (13) and Atlantic cod spleen (89). Mammalian ATF3 is activated by cellular stress response pathways and plays a role in the host’s immune response to viral infections (89, 90). ATF3 upregulation during viral infections promotes a stronger immune response and increased resistance in various mammalian species including mice and humans (91–93). Additionally, human ATF3 can directly inhibit the replication of some viruses by suppressing their transcription (93) and regulating the expression of the host’s immune-related genes such as IFN-induced and pro-inflammatory cytokines (94). While our results indicate the involvement of atf3 in lumpfish’s antiviral immune response, its viral inhibitory and regulatory functions are yet to be investigated in this species.

Two lumpfish transcripts encoding proteins classified as cytokines and cytokine receptors (i.e., il1b and ifnar2) were found to be over fourfold upregulated by poly(I:C). Several ILs contributed to enriching key GO terms, including “response to interleukin-1”, “signaling receptor binding”, “leukocyte migration”, and “defense response to other organism” (Supplementary Table S3). IL1B is a pro-inflammatory cytokine mediating the immune response of fish to viral and bacterial infection (95, 96). The production of IL1B by immune cells such as macrophages is triggered by the detection of viral nucleic acid by PRRs, such as TLRs (97). Previous studies showed il1b induction in the kidney of Sockeye salmon (Oncorhynchus nerka) infected with infectious hematopoietic necrosis virus (IHNV) (95, 96). Type I interferons, including IFNA, are produced following viral detection (98) and can activate cellular antiviral immune mechanisms (e.g., the expression of IFN-stimulated genes) and the recruitment of immune cells such as natural killer cells and T cells (98). It was previously reported that IFNA inhibited Salmonid Alphavirus Subtype 3 replication in a salmon cell line (i.e., TO cells originated from head kidney leukocytes) (99). Additionally, ifna was found upregulated in the head kidney of Atlantic salmon with New Piscine Orthomyxovirus (POMV) infection (100). These results collectively emphasize the conserved roles of IL1B and IFNA in the antiviral responses of lumpfish as in other teleost fishes.

Antiviral markers mx1, rsad2 (alias viperin), and ch25hl3 were found upregulated by poly(I:C) stimulation. Rsad2 and ch25hl3 contributed to enriching several GO terms, e.g., “response to virus” (Figure 7) and “defense response to other organism” (Supplementary Table S3). Atlantic salmon mx and rsad2 showed strong upregulation in ISAV-infected TO cells (101), poly(I:C)-stimulated macrophages (13), and the head kidney of poly(I:C)-injected fish (55). MX1 plays a role in the salmon immune response to viral infections, notably myxoviruses such as ISAV (102), and spring viraemia of carp virus (SVCV) (103). The poly(I:C)-induced mx1 can enhance resistance to viral infections in salmonids (104). RLR-activated RSAD2 (105) regulates the RLR signaling pathway through phosphorylation of downstream targets, e.g., MAVS (mitochondrial antiviral-signaling protein) and IRF3 [interferon regulatory factor 3; one of the top upregulated transcripts in the current study], leading to amplified antiviral response (106). CH25H plays a role in the immune response of salmon to bacterial infections (e.g., Renibacterium salmoninarum and Piscirickettsia salmonis) (49, 107, 108). Viral infections can lead to increased expression of ch25h in salmon (109). Additionally, it has been found that fish CH25H can directly inhibit the replication of some viruses (110). Altogether, mx1, rsad2, and ch25hl3 responses seen herein reflect the activation of antiviral agents by poly(I:C) in lumpfish and suggest these transcripts as potential antiviral biomarkers for this species.

The mRNA levels of trim16 and trim25, which play roles as immune regulators, were upregulated by poly(I:C) in lumpfish. TRIM25 shared in enriching several GO terms, such as “signaling receptor binding”, “response to virus”, “regulation of cytokine production”, and “response to lipid” (Supplementary Table S3). TRIM16 and TRIM25 are E3 ubiquitin ligases that play key roles in the host’s immune response to viral infections (111). Lumpfish leukocytes stimulated with poly(I:C) showed higher levels of trim25 from 6 to 24 h post-challenge (32). In Atlantic salmon TO cells, trim16 and trim25 were strongly upregulated by ISAV infection (101). The literature regards TRIM16L as a negative regulator of IFN-mediated antiviral responses in fish. However, the role of this protein in antiviral immune responses may be cell type-dependent, based on the available gene expression regulation data from fish and human cells exposed to viral infection (65, 112, 113). Human TRIM25 is reported to be able to target and degrade viral proteins (e.g., influenza A virus), thereby inhibiting viral replication (114). The conserved induction of trim16 and trim25 found in the current study highlights the importance of these factors in the antiviral response of lumpfish and suggests their role in the regulatory mechanism by which lumpfish respond to viral pathogens.

Adam22 was found upregulated with poly(I:C) stimulation and contributed to enriching “organonitrogen compound metabolic process” GO term (Supplementary Table S3). In a similar direction to our results, transcript levels of adam22 were previously found upregulated in the brain of Atlantic cod injected with poly(I:C) (88). Human ADAM22 has been shown to mediate the entry of the human rhinovirus (HRV) (115). However, the role of ADAM22 during antiviral immune response remains to be elucidated in lumpfish.

Lumpfish sacs-like (accession number: XM_034562115) was upregulated by poly(I:C) stimulation, whereas its paralogue (XM_034549198) was poly(I:C)-suppressed (Figure 4, Supplementary Table S3). The levels of Atlantic cod sacs have been reported to increase in the brain of nodavirus carrier fish (88) and Atlantic cod macrophages stimulated with poly(I:C) (14). It was also found upregulated in the brain of sockeye salmon infected with IHNV (116). The current study results may indicate paralogue-specific functions for lumpfish sacs genes. Opposite transcriptional regulation was previously reported for some paralogues in zebrafish and salmon (117, 118). However, further research is needed to understand the implications of the different sacs regulation patterns in lumpfish antiviral immune responses.

We identified several immune-related genes downregulated in poly(I:C)-stimulated lumpfish. The transcript levels of ampd2b were found to be downregulated by poly(I:C) and contributed to enriching the “GTP metabolic process” GO term. AMPD2 is an enzyme involved in the regulation of cellular energy levels, i.e., purine metabolism by converting adenosine monophosphate (AMP) to inosine monophosphate (IMP) (119). Therefore, the downregulation of ampd2b may indicate a decrease in energy production or utilization in the head kidney cells of the lumpfish, which could be part of the response to the stress caused by the viral mimic. Transcripts encoding proteins that are involved in epigenetic regulation and histone modification, such as jarid2b (120) and phf8 (121), were suppressed (qPCR and RNA-Seq results) in the head kidney of the poly(I:C)-injected fish (Figure 4, Supplementary Table S3). Jarid2b contributed to enriching several GO terms, including “regulation of cellular protein metabolic process”, and phf8 contributed to enriching different GO terms including “immune system development” (Supplementary Table S4). Although histone modifications were found to play a protective role in the body’s defense against viral infections (122), the functions of jarid2b and phf8 in epigenetic interaction and immune response of teleost fish require further study. The transcript levels of vamp8 were downregulated in both the RNA-Seq and qPCR results (Figure 4, Supplementary Table S3). Also, they shared in enriching several GO terms, e.g., “regulation of cell activation” and “positive regulation of multicellular organismal process” (Supplementary Table S4). VAMP8 plays several roles in intracellular membrane trafficking and fusion (123). VAMP8 may also be implicated in the release of cytokine and the inhibition of phagocytosis (124). The downregulation of vamp8 may be part of the above-hypothesized inhibited cellular function or the immune response regulation.





Different members of irf family response to poly(I:C)

IRFs are a family of transcription factors that play a key role in the host’s immune response to viral infections, especially in regulating IFN and interferon-stimulated genes (125). In the current study, the qPCR results showed that irf1a, irf1b, irf2, irf3, irf4b, irf7, irf8, irf9, and irf10 were significantly and strongly upregulated (FC range, 3.2 for irf4b and irf7 to 23.7 for irf1b) by poly(I:C) injection (Figure 5). Similar to qPCR results, the RNA-Seq also identified significant induction of irf1b, irf2, irf3, irf7, irf8, irf9, and irf10 by poly(I:C) (Supplementary Table S3, Figure 5). Various irfs (e.g., irf1, irf2, irf3, irf4b, irf7, irf9, and irf10) (46) were previously found upregulated with poly(I:C) or viral infection in teleost species (13, 126–129). The irf family members (i.e., irf1, irf2, irf3, irf7, irf8, and irf10) detected in our transcriptomic analysis contributed to enriching various GO terms, for example, “pattern recognition receptor signaling pathway”, “response to type I interferon”, “regulation of signaling”, and “cytokine production”. In contrast, irf9 was only involved in enriching “cytokine production”. These IRFs have been shown to play several roles in the activation of innate immunity and the production of type I interferons, which are important in the defense against viral infections (46, 47). IRF1 is a negative regulator of cytokine-induced cell proliferation in mammals (130). It has been reported that irf2 positively regulates the antiviral responses of large yellow croaker (Larimichthys crocea) (129). IRF7 and IRF3, key family members involved in antiviral responses, are activated downstream of the RLR and RLR pathways and enhance the expression of several immune genes such as IFNs (131). Human IRF8 supports the rapid expansion of virus-specific natural killer cells by enhancing the expression of genes involved in the cell cycle (132). IRF9 mediates the type I interferon responses, resulting in the production of IFN-induced genes (133). Zebrafish IRF 2, 4b, and 10 were suggested to be negative regulators of IFN (134), indicating that their role in the host’s antiviral response may be different among species. The induction of irf genes by poly(I:C), alongside dysregulation of several genes involved in TLR, RLR, and IFN pathways seen herein, highlights the importance of these transcription factors in antiviral responses of lumpfish. However, despite conserved structure, IRF family members may have species-specific regulatory functions (135, 136); further studies are needed to functionally characterize the lumpfish IRFs.

Unlike other lumpfish irfs studied here, irf4a and irf5 were significantly downregulated (less than twofold) in response to poly(I:C). IRF4 was previously reported to play a role in the differentiation of immune cells and the regulation of the immune response (137–139). In agreement with these findings, seabream irf5 was found to be downregulated with NNV at 12 h post-infection (140). Poly(I:C)-dependent irf4a and irf5 downregulation seen herein suggest their potential role in the regulation of antiviral responses in lumpfish.

The phylogenetic analysis of IRF sequences from lumpfish, Atlantic salmon, Atlantic cod, and zebrafish was used to examine the evolutionary history of IRF family members in lumpfish in the current study. The majority of lumpfish IRF family members (e.g., IRF2, IRF4a, IRF4b, IRF5, IRF6, IRF7, and IRF10) were grouped with the corresponding Atlantic cod orthologues. Overall, the phylogenetic tree suggests a high degree of similarity and evolutionary conservation between the IRF family members in lumpfish and their orthologues in other species. The observed grouping supports the notion that these specific IRF genes have been conserved over evolutionary time in teleost fishes, highlighting their functional importance across species, e.g., lumpfish and Atlantic cod. This finding contributes to our understanding of the evolutionary relationships and conservation of IRF genes in lumpfish.






Conclusion

Our findings suggest that poly(I:C) injection dysregulated diverse pathways associated with the antiviral immune system, cellular differentiation, cytokine production and response, NF-κB signaling, response to retinoic acid and lipids, and cell migration in the lumpfish head kidney. The leading GO terms related to cellular processes were enriched with more downregulated transcripts than the upregulated ones (e.g., “chromosome”). In contrast, GO terms with immune-relevant enriched pathways were dominated by upregulated genes. Our qPCR results validated the upregulation of genes involved in innate immunity and antiviral defense mechanisms and the downregulation of those with putative roles in cellular processes (e.g., histone modification: jarid2b and phf8).

The regulation of several lumpfish irf family members with poly(I:C) injections suggests their involvement in the host’s antiviral response. However, the functional characterization of IRF family members in lumpfish requires additional investigation. The results of the current study provide valuable insight into the underlying mechanisms of the induction of the innate immune system using poly(I:C) and suggest potential targets for developing therapeutic strategies and evaluating vaccine efficacy in lumpfish.
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0.12 +0.03 0.39 £0.20 0.18 + 0.05 0.21 = 0.06 0.12 +0.02 0.36 + 0.24 0.14 + 0.04 0.54 + 0.29 0.34 £ 0.16
mucus protease
. 10.08 9.90
Serum antiprotease 12.20 £ 0.93 9.97 £ 0.75 11.60 + 0.80 10.70 + 1.30 8.55 + 1.01* 1191 + 0.82a 8.68 + 1.07b
+0.82 + 0.52ab
Skin 1.89
. 2.07 £ 0.27a 2.98 + 0.29ab 330 +0.33b 2321020 220 +£0.22* 2.38 £0.21* 1.85 £ 033 1.86 + 0.22*
mucus antiprotease +0.31%
T —— 1,018.42 1,210.83 1,164.10 968.28 1,190.50 1,230.77 1,001.42 1,036.09 974.36
ysozy +48.32 +183.28 +103.27 +7219 +7837 +82.93 +70.92 +215.57 +87.00
Skin 26.70 129.29 4522 56.81 23.31 21.61
15.67 + 6.22 6.54 £ 3.04 27.65 £ 7.73
mucus lysozyme +7.87a +37.60b + 8.90ab* +6.552* + 5.15b% + 6.64b*
L 13.87 13.89
Serum bactericidal 17.38 + 3.06 16.70 + 3.74 10.78 + 3.04 +218 1294 £2.37 9.95 £ 2.20 17352113 11.65 £ 3.73 265
Skin L 8.74 + 1.45 10.04 + 2.55 10.02 £ 1.73 12.29 14.92 + 1.80 10.34 + 2.14 11.56 + 1.97 10.77 £ 2.73 1272
mucus bactericidal + 181 +3.39

Lowercase letters denote statistically significant differences between different rearing densities at the same time point. Asterisk denotes statistically significant differences between time points at
the same rearing condition (p < 0.05).
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Mock-infected

30 kg/m?®

NNV-infected

15Kg/m?®

Serum cortisol 4.35 + 0.66 4.87 £ 0.70 3.84 +£0.52 344+ 086
Skin mucus cortisol 0.62 + 0.16 1.64 + 0.50 2.08 +0.67 1.28 + 0.58
Serum glucose 73.65 + 2041 | 61.95 + 441 11132 £ 9.70 82.49 + 12.37
Skin mucus glucose 6.67 + 0.64 5.56 £ 0.39 6.48 + 0.63 6.11 + 0.41
Serum lactate 29.04 +8.18 33.12 + 1.93 37.61 + 1.64 3217 +3.48
Skin mucus lactate 0.55 + 0.06 0.74 £ 0.12 1.05 + 0.17* 1.01+0.31
Skin mucus ABTS 1.64 £ 0.19 f 1.37 £ 0.13 1.82 +£0.20 1.57 £ 0.16

Asterisk denotes statistically significant differences between mock-infected and infected specimens (p < 0.05).
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Mock-infected NNV-infected

30 kg/m’® 15Kg/m®
Serum peroxidase 122,06 + 11.67 137.75 + 14.51 133.48 + 24.71 138.23 +£25.51
Skin mucus peroxidase 152 +0.19 1.26 +0.20 1.16 £0.22 1.22+0.20
Serum protease 0.88 + 0.14 1.01 £0.11 0.95 +0.13 0.93 + 0.29
Skin mucus protease 0.07 £ 0.02 0.11 £ 0.04 0.16 + 0.10 0.08 + 0.04
Serum antiprotease 7.89 £ 0.54 6.37 £ 0.86 7.49 +£2.07 6.43 + 1.30
Skin mucus antiprotease 325+05 | 2.70 £ 044 2,51 £0.16 170 £ 0.31*
Serum lysozyme 644 +2.02 12.15 £ 2.77 1273+ 3,57 8.65 + 2.00
Skin mucus lysozyme 3825 + 11.14 86.47 +20.16 113.16 + 36.13 66.81 + 14.62
Serum bactericidal 18.19 +3.34 2525+ 4.19 25.18 £ 5.17 32.13 £ 5.06*
Skin mucus bactericidal 1.88 + 1.02 7.93 + 1.40* 6.97 £229 944 £3.17*

Asterisk denotes statistically significant differences between mock-infected and infected specimens (p < 0.05).
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7 days PANCEVS 27 days

2kg/m® 15kg/m*® 30kg/m®> 2kg/m® 15kg/m® 3 2 kg/m® 15 kg/m*® 30 kg/m®
SGR (%) 094 + 1.04 -0.65 + 1.08 134+ 129 132 £0.35 0.28 + 0.27 0.28 + 0.45 1.19 £ 0.24a 0.46 + 0.16b 0.68 + 0.26ab
CF (%) 1.24 £ 0.02 1.30 £ 0.03 1.33 £ 0.05 1.20 £ 0.01 1.30 £ 0.04 1.29 £ 0.03 1.20 + 0.03 1.32 £ 0.03 1.34 £ 0.04

Shown are the specific growth rate (SGR) and condition factor (CF) of shi drum specimens reared at 2, 15, and 30 kg/m” for 7, 21, and 27 days. Lowercase letters denote statistically significant
differences between different rearing densities at the same time point (p < 0.05).
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Lowercase letters denote statistically significant differences between different rearing densities at the same time point. Asterisk denotes statistically significant differences between time points at

the same rearing condition (p < 0.05).
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GenBank : »  Amplicon
Gene name 4 E (%) PNucleotide sequence (5'-3') B Reference
accession number size (bp)
Activating transcription F:AGGAGCTGAAGCAGCAGAAG
5 atf3 XM_034528323 976 135 This study
Sactor RTGCTCTCCTTGATGTGTTGC
; F:CCAGTGTCCAACAAATGTGC
:D AM metallopeptidase adam22 | XM_034553371 %68 143 This study
omain 22 RAGAACTTGTCAGCCGCTGTT
ADAM metallopeptidase with F:GACCAGCCTCAGAAACCGTT
thrombospondin type 1 adamtsl5a | XM_034550916 929 120 This study
motif, 15a R:TGGCTGCATAAAGGGACAGG
F:GCAACCTGGTGGTACGCTAT
:?'dzpf"dem A dlhxss XM_034539875.1 952 104 o)
elicase Igp2 (gp2) R-CTCGGCGACCACTGAATACT
) F:CACGTTGTGGGTTTTGACAG
Ade hosphat
p st '2"; noprosphate ampdzb | XM_034537011 806 100 This study
caminase RTGTGCTCCTCTGTCCAGTTG
F:GCTCTCTGGAGCTGCTGTCT
Ic_)i‘”?tm’ 2-lparoxglase ch25hi3 XM_034540810 899 103 This study
e R:CAGCTGTTGATGAGGTGGAA
- ; F:CTCCTTCCTCTGTGTGTTTATGG
52‘;;’??;”15615 Hgase trim25 XM_034531793 918 80 This study
=like RTCCTGCAGATGAATATGAGTTCAG
Taterferon-indiiced GTP- FTGCACAGACTCAAGCAGAGC
i S mxl XM_034531951 90 144 )
indimg prote Mel R:CCACACTTGAGCTCCTCTCC
F:ACATGGAGCACACACTGAGC
2";3:&”’" phiabets Feceptor ifnar2 XM_034560853 90.6 80 This study
s R:CGGCTGTCAGTTTCAAACAA
EATTGTGTTCGAGCTCGGTTC
Interleukin-1 beta-like illb XM_034542525 104 98 (2)
R:CGAACTATGGTCCGCTTCTC
I . F:CTGGTGTACTTGGATGCGGT
, AT rich interact
Z‘ma'fj' “ riCh Ineractive 1 aridob XM_034544699 100 11 This study
amain2 R:AAAACGCATCTCCTCGCTCA
F:AGTAATGGTGCAGGAAGGGC
PHD finger protein 8 Phf8 XM_034538118 964 103 This study
R:GGGTTTCGTCAATCTGCAGC
Radical S-adenosyl F:AGGAGAGGGTGAAGGGAGAG
methionine domain rsad2 XM_034563028 92 133 )
containing 2 R:ATCCAGAGGCAGGACAAATG
F:CCAGATTGGTACTGCCTGGT
Sacsin sacs XM_034549198 829 102 This study
R:GTCCGAGTTGTCCATGTGTG
F:CAGACGATGCTAAAGCCACA
Sacsin-like sacs-like XM_034562115 903 111 This study
R:CGTAGAGAGCAGGACCTTGG
F:GGCAAACTGGAAGAATTGGA
Toll-like receptor 7 tr7 XM_034560839 92.1 100 @)
R:GAAGGGATTTGAGGGAGGAG
Tripartite motif-containin F:GGAGTCGACTAAACATCCAGCA
i 4 trim16 XM_034532965.1 97.9 209 This study
protein 16-like RTCGACTCACTTCAGTTCTCTGC
. ! F:GGTGGCTGGAGTGAAAGACA
Vesicle- ted memb
e ch'g 2 MmO amps XM_034541982 928 144 This study
proteir8 (eRdobreviit) R:CGAGCCACTTTCTGAGACGT
h F:CAAGCCAGATCCCAAGACAT
I"'e'felm" regulatory irfla XM_034527913 896 100 This study
Jactor la R:GCTGCCTCTCTTCTTGCTGT
F:CCGGCTTCTCAAACAACTTC
Interferon regulatory factor 1b | irflb XM_034551153 101 112 This study
RGAGTCTTTCTCCGGTTGCTG
F:GCTTCCCACGTGTCCTCTAC
Interferon regulatory factor 2 irf2 XM_034543211 101 110 This study
RCGGTGTGGTAGCTGATGAGA
FTCATTGAGGGGAGAAACTGC
Interferon regulatory factor 3 irf3 XM_034559314 91 118 This study
R:GTCAGGACCACCTCCACTGT
FTCAGGAGAGAAGGGACTGGA
Interferon regulatory factor 4a | irfda XM_034554744 975 120 This study
R:AACGGTGACGGATAGTGGAG
F:CAGGGAGGACTGTCCCAGTA
Interferon regulatory factor 4b | irf4b XM_034529934 97.5 108 This study
R:CCCGTAGCTCTGGATTTCTG
E:GTCCAGGTTGTTCCTGTCGT
Interferon regulatory factor 5| irfs XM_034526472 975 130 This study
RTGAACTGCTCCACTGTCTGG
F:CTTCGGGCCAGTGAACTTAG
Interferon regulatory factor 6 | irf6 XM_034533756 110 125 This study
R:AGGCCTCTGTCCATCACATC
F:GAATTCGGACGACCCTCATA
Interferon regulatory factor 7 irf7 XM_034535915 104 140 This study
RCTGAGGGGAAGCACTCTACG
F:CAGCCCTGCAGAGATAGAGG
Interferon regulatory factor 8 | irf8 XM_034528338 99.9 109 This study
R:CCTGATGCAGATGAAAAGCA
F:AGTTCACGGAGGTGATGGAG
Interferon regulatory factor 9 | irfo XM_034560118 849 119 This study
RCTTCGCTCTGGGCTTCTTCT
ETGATCCAGGCTCTGAGGTCT
Interferon regulatory factor 10 | irfl0 XM_034537944 100 111 This study
R:CATCGGGCAACGTCTTTACT
E:GTAAGCCCAGGGGTATCGAC
60S ribosomal protein L32 pl32 XP_034392188.1 100 107 )}
R:GGGCAGCATGTACTTGGTCT
F:GAGAAGATGGGCTGGTTCAAG
Elongation factor 1-alpha eflaza XM_034545962.1 98.1 87 This study

°E, efficiency.
°F, forward; R, reverse.

R:GGCATCCAGAGCCTCCA

“Both irfla (named on NCBI as irfI-like) and irf#b (named on NCBI as irfi-like) were re-named based on that of the closest orthologues in the phylogenetic tree (Figure 3).
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G0O:0009615; response to virus

lysosomal trafficking regulator (lyst), transcript variant X8, mRNA

complement component 1, g subcomponent binding protein (c1gbp), mRNA
mitogen-activated protein kinase kinase kinase 14a (map3k14a), transcript variant X3, mRNA
DEAD-box helicase 3 X-linked a (ddx3xa), transcript variant X2, mRNA
interleukin-12 subunit beta (si:dkey-88e18.2), mMRNA

stimulator of interferon response cGAMP interactor 1 (sting1), mRNA
interferon-induced protein with tetratricopeptide repeats 5-like (LOC117729687), mRNA
toll-like receptor 7 (LOC117750010), mRNA

ADP-ribosylation factor 2b (arf2b), mRNA

toll-like receptor 7 (tIr7), mRNA

interferon-induced protein 44-like (LOC117729434), mRNA

E3 ubiquitin/ISG15 ligase TRIM25-like (LOC117741159), mRNA

apolipoprotein B-100-like (LOC117727740), mRNA

cyclic GMP-AMP synthase (LOC117739511), mRNA

radical S-adenosyl methionine domain containing 2 (rsad2), mRNA

TRAF3 interacting protein 2-like (traf3ip2l), mMRNA

interferon phi 1 (ifnphi1), mMRNA

tumor necrosis factor receptor superfamily member 5 (LOC117745476), mRNA
cholesterol 25-hydroxylase (ch25h), transcript variant X1, mRNA

TRAF3 interacting protein 2a (traf3ip2a), mRNA

immunoresponsive gene 1, like (irg1l), mMRNA

triokinase/FMN cyclase (tkfc), mMRNA

potassium inwardly rectifying channel subfamily J member 8 (kcnj8), mRNA
integrin, beta 8 (itgh8), transcript variant X1, mRNA

mitochondrial antiviral signaling protein (mavs), mRNA

BCL2 apoptosis regulator b (bcl2b), mRNA

interferon-induced protein 44-like (LOC117727145), transcript variant X1, mRNA
inhibitor of nuclear factor kappa B kinase subunit epsilon (ikbke), mMRNA
endoribonuclease ZC3H12A (LOC117745559), mRNA

uncharacterized protein LOC563108 homolog (si:dkey-206d17.12), mRNA

unc-13 homolog D (C. elegans) (unc13d), transcript variant X2, mRNA

gasdermin Eb (gsdmeb), mRNA

poly(ADP-ribose) polymerase family member 9 (parp9), transcript variant X2, mRNA
uncharacterized protein LOC436996 homolog (zgc:92594), transcript variant X4, mRNA
C-C motif chemokine 19-like (LOC117736465), mRNA

toll-like receptor 3 (1Ir3), transcript variant X1, mRNA

ring finger protein 216 (rnf216), transcript variant X3, mRNA

toll-like receptor 9 (1Ir9), mRNA

E3 ubiquitin/ISG15 ligase TRIM25-like (LOC117740735), transcript variant X2, mRNA
DEXH (Asp-Glu-X-His) box polypeptide 58 (dhx58), transcript variant X2, mRNA
tripartite motif containing 25 (trim25), transcript variant X2, mRNA

interferon induced protein 449 (ifi44g), transcript variant X2, mRNA

interleukin-10 receptor subunit beta-like (LOC117750018), mRNA

eukaryotic translation initiation factor 2-alpha kinase 2 (eif2ak2), transcript variant X2, mRNA
interferon induced with helicase C domain 1 (ifih1), mMRNA

interferon-induced, double-stranded RNA-activated protein kinase-like (LOC117744491), mRNA
interferon regulatory factor 3 (irf3), mRNA

itchy E3 ubiquitin protein ligase b (itchb), mMRNA

interferon-induced protein 44-like (LOC117725422), mRNA

CD40 molecule, TNF receptor superfamily member 5 (cd40), transcript variant X2, mRNA
baculoviral IAP repeat containing 2 (birc2), transcript variant X1, mRNA

interferon phi 3 (ifnphi3), mMRNA

interferon-induced, double-stranded RNA-activated protein kinase-like (LOC117744489), transcript variant X1, mRNA
E3 ubiquitin-protein ligase DTX3L-like (LOC117731369), mRNA

C-X-C motif chemokine 10-like (LOC117744389), mRNA

Fas (tnfrsf6)-associated via death domain (fadd), mRNA

interleukin 12Ba (il12ba), mRNA

uncharacterized protein LOC557230 homolog (si:ch211-244b2.3), mRNA

E3 ubiquitin/ISG15 ligase TRIM25-like (LOC117741631), mMRNA

E3 ubiquitin/ISG15 ligase TRIM25-like (LOC117746709), transcript variant X1, mRNA

interleukin 12 receptor subunit beta 1 (il12rb1), mMRNA

galectin-9-like (LOC117728177), transcript variant X3, mRNA

NLR family member X1 (nIrx1), transcript variant X2, mRNA

TANK-binding kinase 1 (tbk1), transcript variant X2, mRNA

polymerase (RNA) Il (DNA directed) polypeptide G (polr3g), mRNA

E3 ubiquitin/ISG15 ligase TRIM25-like (LOC117746104), mRNA

BCL3 transcription coactivator (bcl3), transcript variant X2, mMRNA

calcitonin gene-related peptide-receptor component protein (crcp), mRNA

NACHT, LRR and PYD domains-containing protein 3-like (LOC117747623), transcript variant X1, mRNA
adenosine deaminase RNA specific (adar), transcript variant X3, mRNA

interferon regulatory factor 7 (irf7), mMRNA

TNF receptor-associated factor 3 (traf3), transcript variant X3, mRNA

ATP-binding cassette, sub-family E (OABP), member 1 (abce1), mRNA

signal transducer and activator of transcription 1a (stat1a), transcript variant X1, mRNA

caspase recruitment domain family, member 9 (card9), transcript variant X1, mRNA

unc-93 homolog B1, TLR signaling regulator (unc93b1), mRNA

mitogen-activated protein kinase 11-like (LOC117726208), transcript variant X2, mRNA

SIN3 transcription regulator family member Aa (sin3aa), transcript variant X8, mRNA

vesicle-associated membrane protein 8 (endobrevin) (vamp8), mRNA

filamin A, alpha (actin binding protein 280) (flna), transcript variant X5, mRNA

POU class 2 homeobox 2a (pou2f2a), transcript variant X3, mRNA

A kinase (PRKA) anchor protein 1b (akap1b), transcript variant X3, mRNA

toll-like receptor 22 (tIr22), mRNA

perforin-1-like (LOC117735687), mMRNA

tripartite motif-containing protein 14 (si:dkey-219e21.4), mRNA

BCL2 like 1 (bcl2I1), transcript variant X2, mRNA

interferon regulatory factor 2 (irf2), transcript variant X1, mRNA

interleukin enhancer-binding factor 3-like (LOC117729522), transcript variant X3, mRNA

POU domain class 2-associating factor 1 (LOC117741188), mMRNA

latus ATP binding cassette subfamily C member 9 (abcc9), transcript variant X6, mRNA

mitochondrial E3 ubiquitin protein ligase 1b (mul1b), mMRNA

BCL2 interacting protein 3 like a (bnip3la), mRNA

adaptor related protein complex 1 subunit sigma 3b (ap1s3b), transcript variant X1, mRNA

GLI family zinc finger 2a (gli2a), mRNA

fibroleukin (si:ch211-157b11.8), mRNA

paired amphipathic helix protein Sin3a-like (LOC117732890), mRNA

BCL2 interacting protein 4 (bnip4), mRNA

ATG7 autophagy related 7 homolog (S. cerevisiae) (atg7), transcript variant X2, mRNA

fibrinogen-like 2a (fgl2a), mRNA

POU domain, class 2, transcription factor 1 (LOC117739534), mRNA

hyaluronidase 1 (hyal1), transcript variant X1, mRNA

URI1 prefoldin like chaperone (uri1), mRNA

uncharacterized protein LOC569690 homolog (zgc:171971), transcript variant X1, mRNA

scavenger receptor cysteine-rich type 1 protein M130-like (LOC117727605), transcript variant X1, mRNA
receptor-interacting serine/threonine-protein kinase 3-like (LOC117732832), transcript variant X3, mRNA
spondin 2a, extracellular matrix protein (spon2a), mRNA
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Caspase 3

Heat shock protein 90 class A member 1

Laboratory of genetics and physiology 2

Peripheral myelin protein 22

Colony stimulating factor 1 receptor

Cyclin-D2

FMS-like tyrosine kinase 3

Primer (5’ to 3')
For_ ACAGCTCTACTGGAGTCAT
Rev_ CGAAGCCGATGTCCTTAG
For_ GCAAGAGGCACTTCAATG
Rev_ ACCTGGACTTCGTCATCT
For_GCCACATACAGGTTCTCTT
Rev_ACGACAGCAGACAGGAA
For_CTGTGCGAGATGCTGAC
Rev_GTGGTGATGGCTGGAATC
For CGAGAAGAAGAAGCAGGAT
Rev_GGTTGGAGACGGAGACT
For_GGTGGTGGTCCTGGTTA
Rev_AGCGTGTCTGTCCTCAT
For_TTCTTCTTGGAGTGCTTGT
Rev_CATTGCTGGCTGGTAGG
For_CGTGGTGGATGCTAACTT
Rev_TCATTGGTGGAGAGGAGAT
For_CTACACAGACAACTCCATCA
Rev_GCAGCCTCCTCACAATG
For_ACAACGACTCCAACTACG

Rev_CTCCAGCACTTACACATCA

Product lengt

146 bp

127 bp

210 bp

143 bp

104 bp

217 bp

159 bp

177 bp

128 bp

271 bp
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Description Ensembl ID (coint) Conto i cotnts)
HBAA2 Hemoglobin subunit alpha-4 [ENSSSAG00000044737 797987 157 172
- Ferritin heavy subunit [ENSSSAG00000049977 671668 112424 70642
HBB1 Hemoglobin subunit beta-1-like [ENSSSAG00000044957 579951 130 137
- Hyperosmotic glycine rich protein [ENSSSAG00000068063 421881 200118 163430
HBA4 Hemoglobin subunit alpha-4 [ENSSSAG00000065254 321654 89 87
HBB Hemoglobin subunit beta-like 'ENSSSAG00000045065 321344 83 92
HBA Hemoglobin subunit alpha 'ENSSSAG00000065229 244043 75 68
HSPA8 Heat shock protein 8 'ENSSSAG00000049191 213336 55203 37017
HBB Beta globin [ENSSSAG00000065233 210828 44 47
HBB1 Hemoglobin subunit beta-1-like ENSSSAG00000065315 187925 106 117
FRIH Ferritin, heavy polypeptide 1-1 ENSSSAG00000051567 156074 32006 99410
HBBA2 Hemoglobin subunit beta-1-like 'ENSSSAG00000065226 150808 45 44
NRK2 Nicotinamide riboside kinase 2-like [ENSSSAG00000077245 142822 9601 2613
TSSP Thymus-specific serine protease 'ENSSSAG00000053130 136772 32 38
BLVRB Biliverdin reductase B [ENSSSAG00000069097 117596 965 1314
ALAS2 5’-aminolevulinate synthase 2 [ENSSSAG00000068428 106223 28 30
Major histocompatibility complex class I-related gene protein isof. X1 ENSSSAG00000077419 87427 29250 54093
MIBP2 Nicotinamide riboside kinase 2-like 'ENSSSAG00000068654 79622 4905 3683
WBP4-like WW domain-binding protein 4-like [ENSSSAG00000077000 78270 434 278
SNTC Cytosolic purine 5-nucleotidase [ENSSSAG00000045618 67967 23 21
Cd4 S. salar T-cell surface glycoprotein CD4 ENSSSAG00000076595 1 6 0
Cd8a CD8- alpha ENSSSAG00000065860 0 0 0
Cdsb CD8- beta 'ENSSSAG00000045680 1 o 0
Cd34 CD34 molecule ENSSSAG00000079346 0 ‘ 952 589
MME Neprilysin- like [ENSSSAG00000042374 5 0 1

Transcript counts of five distinct T cells and B cells markers (in bold) were also included to assess RBC culture purity. The expression levels of the genes were measured as median normalized
count reads (counts). Al listed genes indicated significantly higher expression in RBC (p < 0.5).
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RBC

Ensembl ID (counts)

Ligands Reference in teleost

Toll-like receptors (TLRs)

TMSB4X (or TLR8) ENSSSAG00000076485 2060 sSRNA (38)
TLR3 ENSSSAG00000040910 1244 dsRNA ®)

TLR2 [ENSSSAG00000003781 50 LPS 39)
TLR19 [ENSSSAG00000042328 31 Non specified (39)

Retinoic acid-inducible gene (RIG)-like receptors (RLRs)

MDAS ENSSSAG00000078885 2264 dsRNA (40)
DDX58 ENSSSAG00000045391 2232 (ds)RNA (41)

DHX58 [ENSSSAG00000037858 1824 sSRNA; dsRNA (40)

Nucleotide oligomerization domains (NOD)-like receptors (NLRs)

'ENSSSAG00000005336 1461
NLRC3L1 ENSSSAG00000056446 1177 DNA and RNA oligonucleotides (42)
[ENSSSAG00000046213 1033
NLRC5 [ENSSSAG00000068298 233 Bacterial components (43)
NODI ENSSSAG00000053537 170 Bacterial PGNs (44)
NOD2 [ENSSSAG00000076025 26 Bacterial PGNs (44)

The majority of mapped PRRs were categorized in 3 major groups: toll-like receptors (TLRs), retinoic acid inducible gene (RIG)- like receptors and nucleotide- oligomerization domain (NOD)-
like receptors. The basal expression levels of the genes were measured as median normalized count reads (counts). Only genes with transcripts > 10 (cutoff > 10 median counts) were included in
the analysis. LPS, lipopolysaccharides; PGNs, peptidoglycans.
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Non- RLR DEAD/H IFN regulatory
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Exposure/diets (mg kg™) Final body

weight

gain, %
Ctr/Ctr 96.15 + 554 3.15+0.15° 0.75 + 0.03° 091 + 0.03° 1.08 + 0.04° 300.92 + 2.84¢
As/Ctr 72.78 £ 4.70° 3.80 + 0.18° 0.61 +0.02° I 0.76 + 0.06* 0.84 + 0.02° 274.85 + 4.10°
NH,/Ctr 68.02 = 5.83° 3.99 + 027% 0.58 + 0.04™ 0.72 £ 0.04° 0.80 + 003" 268.40 + 3.52%
As+NH,/Ctr 68.81 = 433" 3.87 £ 0.22% 0.58 £ 0.03™ 0.76 + 0.02* 0.83 + 0.05” 264.32 + 2.15°
As+T+NH,/Ctr 60.03 + 0.97" 427 +0.05° 0.52 + 0.01° 0.73 + 0.04* 0.76 + 0.04* 256.26 + 1.59"
Fe-NPs-10 102.24 + 2.93° 3.07 + 0.07° 0.78  0.02° 1.01 £ 0.01° 1.17 + 0.02¢ 313.34 + 255"
Fe-NPs-15 162.10 + 1.88" 223+ 003" 1.07 + 0014 1.52 £ 0.10° 1.59 + 0.02° 361.70 + 146"
Fe-NPs-20 147.68 + 9.01% 2.15 +0.15% 1.01 + 0,04 1.39 + 0.04* 1.57 + 0.09° 31528 + 2.77°
As+T+NH,/Fe-NPs-10 10155 + 7.34° 3.04 + 0.18° 0.78 + 0.04° 0.95 + 0.08" 1.12 + 0.06 305.75 + 421°
As+T+NH;/Fe-NPs-15 160.06 + 0.31" 2.18 +0.01° 1.06 + 0.03¢ 1.35 + 0.03¢ 168+ 0.11° 349.30 + 1.85"
As+T+NH,/Fe-NPs-20 137.51 + 6.46" 2.34 + 0.09° 0.96 + 0.05° 1.26 + 0.07° 1.49 + 0.06° 321.05 + 4328
P-value 0.0028 0.001 0.001 0.0025 0.014 0.0011

Values in the same row with different superscript letters (a, b, ¢, d, e) differ significantly. Data expressed as mean + SE (n = 3).
ECR, feed conversion ratio; SGR, specific growth rate; PER, protein efficiency ratio; DGI, daily growth index; TGC, thermal growth coefficient; REL, relative feed intake.
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Exposure/diets Total Albumin Globulin

(mg kg™ protein

Ctr/Ctr 057 +0.03¢ 100.86 + 3.20° 1.05 = 0.07¢ 022 +0.01 0.83 = 0.07° 027 +0.02° 038 +0.02°
As/Ctr 0.46 + 0.01° 121.30 + 3.11¢ 0.52 + 0.03° 0.17 +0.02 036 + 0.02 048 +0.11 024 +001°
NH,/Ctr 037 +0.02° 127.19 +0.30° 038 +0.01° 0.13 £ 0.01 025 +0.01° 052 +0.07¢ 026 +0.02°
As+NH,/Ctr 032 +0.01° 132.35 + 2.26° 025 +0.01° 0.12 £ 0.01 0.13 +0.02° 1.02 + 0.30° 0.19 £ 0.01°
As+T+NH,/Ctr 021 +0.01° 14861 + 2.32¢ 024 +0.02° 0.13 +0.03 0.11 £ 0.01° 128 £0.17° 017 £ 001°
Fe-NPs-10 0.57 +0.03¢ 9532 £2.71° 1.09 +0.02¢ 0.09 + 0.02 1.00 +0.12¢ 0.09 +0.01° 035 + 0.02°
Fe-NPs-15 0.74 £ 0.05° 79.83 + 165" 147 £0.11° 0.15 +0.01 131 0.02° 0.12 £ 0.01° 047 + 003
Fe-NPs-20 0.56 +0.02¢ 103.30 + 0.58 1.00 + 0.04° 0.12  0.01 0.89 +0.03° 0.13 +0.01° 038 + 0.02°
As+T+NH,/Fe-NPs-10 | 0.56 + 0.01¢ 105.05 + 0.74¢ 0.4 + 0.03% 0.11 +0.01 0.33 +0.02% 0.33 +0.07° 0.32 +0.02°
As+T+NH,/Fe-NPs-15 | 0.74 + 0.02° 79.45 + 065" 1.83 +0.17° 0.19 +0.05 1.64 + 0.06" 0.12 0.03* 046 + 0.03¢
As+T+NHy/Fe-NPs-20 | 0.53 + 0.04% 10423 £ 130 098 +0.02¢ 0.15 +0.02 0.83 +0.03° 0.18 +0.02° 038 +0.02°
P-value 0016 0.0027 0012 0.18 0.0022 0.0019 0.0013

Values in the same row with different superscript letters (a, b, ¢, d, ¢) differ significantly. Total protein, albumin, globulin: g dL™ blood glucose: mg dL™. Data expressed as mean + SE (n = 3).
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Primer sequence (5’ -3') Accession
number

SOD F-GTCCATCTTACCCGGTGCCC XM_034299545.1
R-CGAGAGAAGACCCGGAACGC

CAT F-AGCAGGCGGAGAAGTACCCA XM_026919141.2
R-GCTGCTCCACCTCAGCGAAA

GPx F- GTCACTGCAGGATGCAACAC XM_026947312.2
R- TTGGAATTCCGCTCATTGAT

HSP 70 F- CTCCTCCTAAACCCCGAGTC XM_026934573.2
R- CCACCAGCACGTTAAACACA

iNOS F-ACACCACGGAGTGTGTTCGT XM_026931613.2
R-GGATGCATGGGACGTTGCTG

DNA damage = F-CACCTTCGCCCTCGAAGTCT XM_026938137.2

inducible R-GCTCGGGTGAGGTCTCTCAG

protein

TNFo. F-TGGAGTTCTGCTTGCCGTGG XM_026942329.2
R-GCAGCCTTTGCAGTCTCGGA

TLR F: TCACCACGAACGAGACTTCATCC XM_026916808.2
R: GACAGCACGAAGACACAGCATC

Ghrl FTATTGGCTACAGCTCGCCGC XM_034306157.1
R-AATCACCCCGACTGTGCTGC

Ghrb F-TTGAGCTTTGGGACTCGGAC XM_026942987.2
R-CGTCGATCTTCTCGGTGAGG

GF-1X1 F-GCAACGGCACACAGACACGC XM_034313382.2
R-CAGACGTTCCCTCACCATCCTCT

GE-1X2 F-CGAGAGCAACGGCACACAGA XM_034313383.2
R-TTCTGATGGACCTCCTTAC
AAGATG

I F- AGCAGGATCCATCAAAGTGG XM_026918084.2
R- GTGCTCCAGCTCTCTGGGTA

g F- GGCCAGTAATCGTACCTCCA XM_026923540.2
R- CTTCGTAAGGTCCCCACTGA

MYST F-GGGAAAGACCTGGCCGTGAC XM_026910492.2
R-TCGAGGCCGGATTCTCGTCT

SMT F- CTCTGGGTGGCAGAATGAAT
R- AACATGAAGAGAACGTTTTCCAG | M-026921272.2

GH F-CCCAGCAAGAACCTCGGCAA GQ859589.1
R-GCGGAGCCAGAGAGTCGTTC

CYP P450 F-GATTCGGCATCCGTGCGTGC NC_047599.1
R-GATGTGGCTGGGACGAGCA

MT F-CACGGCTTTTCCTGTCCGCT AF087935.1
R-AACAGCGCCCCCAGGTGTC

Cas 3a F-CGGCATGAACCAGCGCAAC NC_047622.1
R-TCCACCGCACCATCTGTCCC

Cas3b F-AGCTTTCCGTGAGCTGGGCT NC_047601.1
R-TGGCTGACTTGCTGTGGTCCT

Na'K*ATPase = F-AACTACAAGCCCACGTACCA XM_026923907.3
R-CTTGCCAGCCTTAAAGCCAA

B-actin F-CAGCAAGCAGGAGTACGATG XM_031749543.1
R-TGTGTGGTGTGTGGTTGTTTTG

SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; HSP, heat shock
protein; iNOS, nitric oxide synthase; TNFa,, tumor necrosis factor; TLR, Toll-like receptor;
Ghr, growth hormone receptor; IL, interleukin; Ig, immunoglobulin; MYST, myostatin; SMT,
somatostatin; CYP P450, cytochrome P450; MT, metallothionine; Cas 3a and 3b, caspase 3;
GH, growth hormone; IGF1 and 2, insulin-like growth factor.
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Feed S Fe-NPs—10 mg kg™ diet Fe-NPs—15 mg kg™ diet Fe-NPs—20 mg kg™ diet
; : Fe-NPs—0 mg kg™ diet 9%9 9K9 9K9
ingredients
Soybean meal® | 355 355 355 35.5
Fish meal® 25 25 25 25
Gratfditic 10 10 10 10
meal
Wheat flour® 17.47 17.46 17.455 17.45
Sunflower oil® | 45 45 45 45
Cod liver oil® 1.5 1.5 1.5 1.5
Y (o 2 2 2 2
Vitamin and
. e 53 2 2 2
‘mineral mix!
Vitamin C¢ 0.03 0.03 0.03 0.03
Lecithin® 2 2 2 2
Fe-NPs 0 001 0015 0.02

Proximate composition of the diets

Crud
ruee 35224028 3528 + 0.03 35.05 % 0.09 35124 003

protein (CP)
Ether 929 £ 0.04 954 £ 0.12 9.57 £ 0.16 9.56 £ 0.12
extract (EE)
Total
carbohydrate 37.69 £ 0.18 37.19 £ 0.35 36.72 + 045 37.45 +0.10
(TC)
Organic

9075 + 0.04 90.19 + 0.49 90.29 + 0.54 90.40 + 0.14
matter (OM)
Dry

9144 £ 0.20 91.82 +0.43 91.05 + 0.18 91.73 £ 0.17
matter (DM)
Digestible 356.62 £ 0.82 356,67  1.21 354,05 ¢ 169 357.19 £ 1.22
energy (DE)
I:;?)(Fe’ mg 262013 1381 £0.32 19.48 + 0.60 2373097

Digestible energy (DE) (kcal/100 g) = (% CP x 4) + (% EE x 9) + (TC x 4). Data are expressed as mean + SE; n = 3.

*Procured from the local market.

"Himedia Ltd.

“Manually prepared vitamin mineral mixture—composition of the vitamin mineral mix (quantity/250 g starch powder): vitamin A—55,00,00 IU; vitamin D3—11,00.00 IU; vitamin B1—20 mg;
vitamin E—75 mg; vitamin K—1.00 mg; vitamin B12—0.6 mcg; calcium pantothenate—2.50 mg; nicotinamide—1,000 mg; pyridoxine—100 mg; Zn—500 mg; I—1.00 mg; Mn—100 mg; Cu—
200 mg; Co—45 mg; Ca—50 g P—30 g; Se—2 ppm.

9$D Fine Chemicals Ltd., India.
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S.no. Details of the treatments Notation
1 Control Ctr
2 Arsenic exposure and fed with control diet As
3 Ammonia exposure and fed with control diet NH;
4 Concurrent exposure to arsenic and ammonia As+NH;
and fed with control diet
6 Concurrent exposure to arsenic, ammonia, and As+NH;3+T
high temperature and fed with control diet
7 Fed with iron nanoparticles at 10 mg kg™ diet Fe-NPs at 10
mg kg diet
8 Fed with iron nanoparticles at 15 mg kg™ diet Fe-NPs at 15
mg kg diet
9 Fed with iron nanoparticles at 20 mg kg™ diet Fe-NPs at 20
mg kg diet
10 Concurrent exposure to arsenic, ammonia, and Fe-NPs at 10
high temperature and fed with iron mg kg diet+As
nanoparticles at 10 mg kg diet +NH;+T
11 Concurrent exposure to arsenic, ammonia, and Fe-NPs at 15
high temperature and fed with iron mg kg diet+As
nanoparticles at 10 mg kg diet +NH;+T
12 Concurrent exposure to arsenic, ammonia, and Fe-NPs at 20
high temperature and fed with iron mg kg diet+As
nanoparticles at 10 mg kg diet +NH;+T
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Daily growth index, DGI (%) = (FBW'/* - IBW'/) /days x 100
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Thermal growth coeficient (TGC)
= EBWY W)
 (SD0)"", where ED0 is the thermal sum (feeding days
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PER = Total wet weight gain (g)/ crude protein intake (g)
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F: GTCCCTGTATGCCTCTGGTC

B-actin XM_020109620.1 215
R: TGTCACGCACGATTTCCCTC

F: ACTTCCGCAAGGTGGGTGAT
wnt5a XM_020096312.1 178
R: GAGCCCGTGCTTTGGTTCTT

F: AGAAACGTCTGTCGGTGGA
ctnnbl XM_020090668.1 161
R: GCCGTAGGCTGATGGGTAT

F: ACTAAACGCCTTCATGCTC
lef1 XM_020101320.1 160
R: TTCCTTGCGGGCTAACT

s

CCTGGATTTCAGTGCGATGT
tef3 XM_020107767.1 109
R: GCCGCTACGCTCGTCTATT

w

TTTACGAGACCAACTGCCACTG
gli2 XM_020109184.1 147
R: GCTTCTGCTCCCGAGAACACT

b}

TACTGTGCTGCGAGGTGGACT
cendl XM_020080206.1 116
R: GTTGGGAGACGGTAGGTAGGTTT

o

CATGTTCCTCGCATCCAAAT
cend2 XM_020078448.1 114
R: ACCACCAGTTCCCATTCCAG

<o

GGAATCCTGTTCCTGGCTCAA
belo XM_020089951.1 181
R: GCCTCCGTCTTCGGTTTAG

b

ACCACCCGAGTGCCTTTGA
bellla XM_020088700.1 182
R: TGTCTGGAATGGCTGGAGTAA

k< 2]

TGGTGGAGTTCTTTATCAGTTACA
bel-xl XM_020111495.1 133
R: TTGACCAGCAAGCCATTACT

F: CTGAAGGAAGGTCACCGTATG

fgfrla XM_020107117.1 194
R: GAGTATTGGTCCAGAGGCAC
F: TCCTATGGTGTGTTGTTGTGG

fgfr3 XM_020108467.1 138
R: GTACAGCTCATGTGTGCAGTTTG
F: CGATATGCTCAGCGGCGT

fzd2 XM_020113633.1 108

R: AGGAACGAGGTCCCGATGAA

< o

ACAACTGCTCCAACTGTTTACTG
fzd8 XM_020113464.1 138
R: ACGAGTCCAGGGTCTTGCC

F: TAGAGCCCTTGCCGAGAT
pik3rl XM_020082241.1 136
R: TGGAGCAGCCTGACTTTCAC

F: GATCCACGCTGGGAGTTT
fgfr2 XM_020088824.1 128
R: TCACGGCTTCCTTAGGTTT

F: CAGCGTCAGAACAACCAAGCA
mtor XM_020088845.1 169
R: AGCAGTGAAGGTGTCCCCA

F: CGAAGCCCACAGCAACTAC
fzd9 XM_020095313.1 136
R: CCCAGAGTCCATACTCCCTAC

Irp5. XM_020104881.1 F: CATTGACTATGTAGACCATCGAC 150
R: CAGTAGATAAAATCTTGGTATTGTG

F: ACGAGACAACTATGCGGCTAAC
tef712 XM_020083352.1 167
R: GCCCGAACAAGGCACGAC

F: ACAGAGGCAGCACATAGTCCA
mdm4 XM_020086872.1 140
R: CAGCGTCAGAACAACCAAGCA

F: AGGTGCCCTTCTGTCCTAT
ruvbl1 XM_020086807.1 117
R: CCTTGGTTTCTTTGATACGC
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Samples Raw reads Clean reads (%) Q20 GC (%) Total mapped (%)
Cs-1 41131938 40994192 (99.67%) 97.90% 94.08% 47.93% 37936874 (92.84%)
cs-2 47039530 46893012 (99.69%) 97.94% 94.17% 49.08% 43447661 (92.86%)
CS-3 41052022 40908092 (99.65%) 97.91% 94.09% 48.85% 37935490 (92.89%)
CS-4 49796204 49650708 (99.71%) 96.92% 91.48% 48.33% 45105990 (91.25%)
LS-1 52959048 52683364 (99.48%) 97.34% 92.83% 49.46% 48216058 (91.85%)
152 42753138 42481640 (99.36%) 97.15% 92.35% 47.52% 38516818 (91.11%)
183 48225006 47979600 (99.49%) 97.35% 92.83% 48.58% 43851911 (91.71%)
LS-4 39663740 39471322 (99.51%) 97.36% 92.83% 49.00% 36186336 (92.00%)
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